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ABSTRACT

Background. Junction fires occur when two fire fronts merge. The rate of spread (ROS) and
heat release rate (HRR) of the junction increase more quickly than that of each fire front, this
effect exacerbated by slopes. Aims. Numerical modelling of junction fires and an interpretation
of their behaviour are given examining the key influencing factors. Methods. Twenty physics-
based simulations of laboratory-scale junction fires were performed for a shrub fuel bed using
FIRESTAR3D, varying slope (0°—40°) and junction angles (15°-90°). Key results. Accelerative
and decelerative behaviours were observed for junction angles lower than 45°, but above this,
deceleration was absent. The behaviour was firmly related to junction angle evolution, which
controlled the flame and interactions between fire fronts. HRR followed similar trends; maximum
HRR increased with increasing junction angle. Convection was the primary heat transfer mode in
the initial propagation phase. In no-slope cases, radiation was the dominant method of heat
transfer, but convection dominated fires on slopes. Conclusions. The physics-based model
provided great insight into junction fire behaviour. The junction angle was critical for determining
ROS and fire behaviour. Implications. The research helped to assess the effects of some
topographical parameters in extreme fires. Situational awareness, operational predictions and
firefighter safety will consequently improve.

Keywords:
multiphysics and multiscale CFD-based model, sloping terrain, unsteady forest fire, zippering effect.

bushfire, eruption, fully physical model, high-performance computing, merging fire,

Introduction

Extreme wildfire behaviour, namely the intersection and merging of wildfire fronts, can
have devastating impacts on the wildland-urban interface (WUI), wildlife and forest
ecosystems, such as observed during the 2019-20 Australian summer bushfires. Junction
fire is an idealisation of the major problem of the intersection of two fire fronts. The rate
of spread (ROS) of a junction point is significantly higher than that of a single fire front
(Viegas et al. 2012). In Fig. 1, the geometry of vegetation representing a junction fire as
well as fundamental parameters considered in this study are represented.

The idealisation of the junction fire problem consists of a formulation in which two
linear fire fronts intersect, making an angle 0 between them and spreading over a
uniform fuel bed making an angle a with the horizontal plane. The fire fronts then
spread where the junction point advances faster than the propagation of each fire front
(Viegas et al. 2012, 2013; Raposo et al. 2018).

According to Raposo et al. (2018), at the start of the merging process, the ROS of a
junction point increases very rapidly. Given the very high values of ROS that the junction
point can reach, the early stage is considered the acceleration phase. Even on a horizontal
fuel bed, ROS can reach very high values. The fire behaviour may be related to fast jumps
of the junction point, which is followed by a steady decrease in its displacement velocity
over time, which is referred to as the deceleration phase. This process is enhanced by the
reduction of the initial angle between the two fire fronts or by the presence of an aligned
ground slope or driving wind (Raposo et al. 2018).

One particular example motivated researchers to study junction fires: the fire that occurred
in the vicinity of Canberra, Australia, in 2003 when the MacIntyre’s Hut and Bendora fires
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Fig. I. Schematic representation of the vegetation (green shading)
in V-shape on a slope.

merged in a junction configuration (Doogan 2003). This
merging led to a devastating and intense fire that spawned
the first known pyrogenic tornado (McRae et al. 2013).

To reduce this natural hazard and other extreme wildfire
events, which are becoming more frequent in many parts of
the world, sometimes as a result of human activities or
environmental factors, we need a better understanding of
merging wildfire behaviour. These phenomena are charac-
terised by extremely large energy accumulation due to feed-
back between that fire and its environment, leading to
extreme behaviour and dramatical acceleration of ROS.
Physics-based simulation tools have been developed to gain
more insights into the underlying physics of such phenomena
and such simulations appear to be a promising approach to
understanding extreme fire behaviour (Pastor et al. 2003).

Previous attempts to examine the behaviour of junction
fire were mostly experimental, at the laboratory scale
(Viegas et al. 2012, 2013; Raposo et al. 2018; Sullivan
et al. 2019) with some work at the field scale (Raposo
et al. 2018; Filkov et al. 2021). Viegas et al. (2012) con-
ducted a set of non-slope junction fire experiments. The
finding of extremely large ROS triggered interest in this
phenomenon. Their study was limited to junction angles
10, 20, 30 and 45° with a single type of fuel (dead needles
of Pinus pinaster) over a horizontal fuel bed. An analytical
model based on an assumed distribution of energy produced
by the fire front near the intersection point was proposed.
There was a discernible acceleration phase in such condi-
tions at fire ignition, followed by a subsequent deceleration
phase after which the fire was extinguished. This appeared
similar to counter-eruptive fire behaviour. Note that in
counter-eruptive fire, acceleration can be followed by a
deceleration phase. The rate of increase of 8 with time is
generally larger for smaller initial values. With higher initial
0 values, the deceleration of fire was limited.

The research was extended to encompass the effect of
slope angle and the effect of fuel bed vegetation (Viegas
et al. 2013). The maximum values of ROS that were reached
were possibly the highest values that have been measured in
laboratory experiments in the corresponding fuel bed and

slope test conditions. However, ROS evolution and distance
to achieve maximum propagation speed did not vary signif-
icantly as the vegetation changed and the fire behaviour was
the same for all tested fuels. The maximum value of scaled
rate of spread R’ increased with slope angle a. With higher
slopes, only an acceleration phase was observed; no decel-
eration phase was observed.

Thomas et al. (2017) conducted some field-scale numerical
simulations for junction fire using a coupled fire-atmosphere
model, taking advantage of the inclusion of atmospheric
dynamics, fire progression and fire-atmosphere interactions
using WRF-Fire - the Weather Research and Forecasting
model with surface fire model (Coen et al. 2013). The
simulations reproduced all qualitative features, albeit no
quantitative agreement was found with experiments. The
discrepancies were attributed to differences in scale between
experiments and simulations. The relationship between the
dynamic behaviour of junction fire and fire convective flow
induced by the geometry of fire fronts was investigated
using the modelled pyro-convective processes in WRF-Fire.
The mechanism for the rapid fire spread included the for-
mation of counter-rotating pairs of vertical vortices lying on
or ahead of the fire front. There was clearly a relationship
between fire front geometry and ROS in the WRF-Fire model
output; however, no relationship between local fire front
curvature and instantaneous local ROS was found. The
underlying empirical model of fire spread used in the
WRF-Fire simulations, with no explicit treatment of radia-
tive heat transfer, may contribute to some of the discrepan-
cies observed. Scale is also likely an issue, as larger-scale
fires seem to exhibit greater instabilities than observed in
smaller-scale experiments and simulations.

Raposo et al. (2018) demonstrated that two phases of
evolution (acceleration and deceleration) change with
slopes. The scale of fire and type of vegetation did not affect
fire behaviour. Radiation was found as the primary driving
mechanism only during the last phase of deceleration.

Sullivan et al. (2019) conducted small-scale experiments
(maximum fire line length 1.5 m) including wind as a varia-
ble within a wind tunnel. In this case, the V-shaped fire
fronts were inside a larger rectangular fuel bed. The fire
moved forwards into the V-shape, with weak short-lived
fronts interaction in no-wind cases. The asymmetry in the
pattern of spread of fires outside the V-shape in no-wind
cases suggests that there was enough interaction between
the two arms to effect fire spread outside the V-shape.
However, there was no enhanced ROS over what was
expected from geometric considerations.

Filkov et al. (2021) conducted field-scale experiments
and developed a method to track fire front propagation
using emerging drone technologies for various fire scenarios
including merging fire. They found almost constant propa-
gation with an acceleration in the last phase for some
cases, in contrast to Viegas et al. (2012, 2013) and Raposo
et al. (2018). They assumed that the asymmetry, due to
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inconsistent wind directions and speeds, could affect the
ROS. Igniting multiple fires concurrently may have caused
a certain level of interaction between the flames; hence, the
propagation dynamics of the merging fires observed in these
experiments could be different to independent junction fires.

In this study, the objective is to conduct three-dimensional
(3D) physics-based simulations with the validated FIRES-
TAR3D model (Morvan et al. 2018) (which was also rigorously
validated against laboratory-scale junction fire experiments;
Hassan et al. 2022) to investigate the details of phases of fire
propagation as slope and junction angles change. The study
also aims to analyse various important parameters in junction
fire propagation behaviour: heat release rate (HRR), mode of
heat transfer propagation and flame shape.

FIRSTAR3D (Morvan et al. 2018) is a 3D model developed
by a collaboration among Aix-Marseille University, Lebanese
University and Toulon University. FIRESTAR3D is based on a
multi-phase formulation and solves the conservation equa-
tions of the coupled system formed by the vegetation and the
surrounding gaseous medium. The model takes into account
the vegetation degradation processes, combustion, the inter-
action between the atmospheric boundary layer and vegeta-
tion, and transport in the gaseous phase.

In the present paper, which is the first part of more
general research, a numerical set-up on multiple fuel bed
slopes without wind was developed with FIRESTAR3D.
Previously, model validation and sensitivity studies were
carried out (Hassan et al. 2022). The validation was carried
out against some of the experiments that were conducted at
Coimbra University (Raposo et al. 2018). The description of
the numerical set-up along with some numerical sensitivity
analyses are available in Hassan et al. (2022); however, an
overview is presented in this paper.

Framework of humerical model

A multiphase formulation is the basis of the physics-based
modelling that comprises formulating the conservation equa-
tions (mass, momentum, energy, etc.) governing the behaviour
of the coupled system formed by the vegetation and the sur-
rounding atmosphere inside elementary control volumes
including both the solid phase (vegetation) and the gaseous
phase. Like a homogenisation step, this first operation results in
the introduction of source and sink terms on the right-hand side
of the equations, representing the contributions of the interac-
tion terms (exchanges of mass, drag, heat flux, etc.) between
the gaseous phase and the vegetation. Full details of FIRES-
TAR3D are presented in Grishin (1997), Morvan and Dupuy
(2004), Morvan et al. (2007, 2009) and Morvan (2011).

The FIRESTAR3D model comprises two parts that are
distinctly solved on two grids. The first consists of the
equations of a reacting turbulent flow in the gaseous
phase composed of a mixture of fresh air with the gaseous
products resulting from the degradation of the vegetation
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(by drying, pyrolysis and heterogeneous combustion). This
represents a homogeneous combustion in the flame zone.
The second part comprises the equations governing the state
and the composition of the vegetation subjected to an
intense heat flux coming from the flaming zone. Solving
the gaseous-phase model comprises solving conservation
equations of mass, momentum, energy (in enthalpy formu-
lation) and chemical species (O,, N5, CO, CO, and H,0)
filtered using an unsteady reynolds averaged navier-stokes
approach (TRANS) with Favre average formulation (Faver
et al. 1976) or, alternatively, using a large eddy simulation
(LES) approach. To account for turbulence, the unsteady
LES approach (with the Smagorinsky constant Csgs = 0.07
sub-grid-scale model) was used in the resolution of conser-
vation equations of mass, momentum, energy and chemical
species. The temperature dependence of the gas-mixture
enthalpy is based on CHEMKIN thermodynamic tables
(Kee et al. 1990). A combustion model based on the Eddy
Dissipation Concept (Cox 1995; Morvan et al. 1998) is used
to evaluate the combustion rate occurring in the gaseous
phase. Eventually, as the radiation heat transfer (mainly due
to the presence of soot particles in the flame) plays an
important role in the propagation of the fire front, the
field of soot volume fraction in the gas mixture is computed
by solving a transport equation (Moss and Cox 1990; Syed
et al. 1991) including a thermophoretic contribution in the
convective term and taking into consideration soot oxida-
tion (Nagle and Strickland-Constable 1962).

In the vegetation model, during thermal degradation,
the composition of the solid fuel particles representing the
vegetation is characterised as a mixture of dry material (the
generic term for a mixture of cellulose, hemicellulose and
lignin), charcoal, moisture and residual ashes. The model
involves solving the equations governing the time evolution
of the mass fractions of water, dry material and charcoal.
Additionally, the total mass of the solid particle, its volume
fraction and its temperature as a function of time are also
calculated. The model does not assume a thermodynamic
equilibrium between the gas mixture and solid fuel particles
for each solid particle. The degradation of the vegetation
is governed by three temperature-dependent mechanisms:
drying, pyrolysis and charcoal combustion. The pyrolysis
process starts once the drying process is completed and
charcoal combustion starts once the pyrolysis process is
achieved. The constants of the model associated with char-
coal combustion (activation energy and pre-exponential
factor) were determined empirically from a thermal analysis
conducted on various solid fuels samples (Incropera and
DeWitt 1996; Grishin 1997).

The interaction between the gaseous and solid phases is
taken into account through coupling terms that appear in
both parts of the model. The coupling in the momentum
and turbulence equations is obtained by adding aerodynamic
drag terms. These terms (both source and sink) are
proportional to the local average of the velocity magnitude,
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V (for turbulence destruction), to V2 (for the momentum
equation), and to V2 (for turbulence production), and include
a drag coefficient (evaluated empirically) multiplied by a
reference surface, defined here as the Leaf Area Density.
Convective heat transfer between the gas mixture and the
solid fuel is based on empirical correlations for the convective
transfer coefficient (Incropera and DeWitt 1996). The radia-
tive heat transfer equation is solved (Siegel and Howel 1992)
using the soot in the flaming zone and the hot particles in the
vegetation layer (embers) (Grishin 1997) as sources of radia-
tion. Finally, mass transfer from the solid phase to the gaseous
phase is represented by adding source or sink terms in the
mass conservation equations of both phases.

In the second part of the model, a fully implicit finite volume
method is used to solve the governing equations in the gaseous
phase, in a segregated formulation (Patankar 1980). The FIRE-
STAR3D model predicts turbulent reacting flows in rectangular
domains using a structured but non-uniform staggered mesh.
Time discretisation relies on a third-order Euler scheme with a
variable time-stepping strategy. To ensure numerical stability,
the spatial discretisation of the equations is based on second-
order schemes with flux limiters (i.e. the QUICK scheme; Li and
Rudman 1995; Versteeg and Malalasekera 2007) for convective
terms while diffusion terms are approached by central differ-
ence approximation with deferred corrections (Ferziger et al.
2002) to maintain the second-order accuracy in space. The
Radiative Transport Equation (RTE) is solved using a Discrete
Ordinate Method, consisting in solving the radiation-intensity
equation in a finite number of directions (Modest 2003). The
RTE accounts for the absorption of radiative intensity by the
gas-soot mixture depending on the amounts of combustion
products (CO, and H,0), gas mixture temperature and soot
volume fraction (Kaplan et al. 1994). This set of discrete contri-
butions is then integrated using a numerical Gaussian quadra-
ture rule (the Sg method is used; Modest 2003) for the
computation of the total irradiance. The set of ordinary differ-
ential equations describing the time evolution of solid-fuel state
(mass, temperature and composition) are solved separately
using a fourth-order Runge-Kutta method. From the implemen-
tation point of view, the computation code is parallelised
(Accary et al. 2007) and optimised (Accary et al. 2009) using
OpenMP directives (operational on shared memory platforms
and Intel Xeon Phi coprocessors). Notably, the hydrodynamic
module of the code has been extensively validated on several
benchmarks of laminar and turbulent natural convection, forced
convection and neutrally stratified flow within and above a
sparse forest canopy (Accary et al. 2009; Khalifeh et al. 2009).

Experimental junction fires and validation
results

The junction fire experiments used for the model validation
study (Hassan et al. 2022) were conducted at the Forest Fire
Research Laboratory of Coimbra University, using Canyon

Fig. 2. General view of Combustion Table DE4 during the prepa-
ration and the performing of one of the tests: (a) reference image
before the test; (b) at t — tigniion = 0's (Raposo et al. 2018).

Table DE4 (Viegas et al. 2012), which has a working area of
6 x 8 m? (see Fig. 2). The fuels used were dead pine needles,
Erica shrubs and straw. The fuel load was kept constant at
0.6kgm ™2 (Raposo et al. 2018). The experiments were
designed to measure ROS with fuel bed slopes ranging
from O to 40°, as measured from a horizontal plane (the
ground). Four different junction angles (20, 30, 40 and 45°)
were used with the three different fuel types. The experi-
ments reported by Raposo et al. (2018) provide many experi-
mental measurements; ROS is the main output, along with
fire perimeter evolution, junction angle evolution, flow
velocity and radiative heat flux. Only five carefully selected
experiments (out of 28 experiments) with shrub as vegetative
fuel were considered for our validation study.

In our simulations, a homogeneous distribution of a sin-
gle fuel type (Erica shrub) is used with a very low packing
ratio (0.784%) and a thickness of 15 cm. The ignition starts
along two 5-m-long lines (red dashed line in Fig. 1) making
an angle 6 between them.

The experimental conditions were replicated in the
numerical modelling. Relatively good agreement between
the simulations and the experimental measurements con-
ducted by Raposo et al. (2018) was obtained. The average
relative error in the ROS was ~26%. Further details about
the validation study and comparison with experiments can
be found in Hassan et al. (2022).

Modelling methodology

The simulations presented here used thermo-physical prop-
erties, domain size, numerical configuration and grid reso-
lutions identical to those used in Hassan et al. (2022).
Numerical simulations were carried out using V-shaped
vegetation immersed inside a larger computational domain
(29 m long, 29 m wide and 12m high) as shown in Fig. 3
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12m
Upper boundary:

Open

(Iength and width change with 6). Open boundary condi-
tions (Frangieh et al. 2020) were imposed on all computa-
tional domain sides except its bottom where a solid-wall
condition was applied. This configuration allows a fire to
create its own airflow. The homogeneous fuel bed, of height
0.15m and with two edges (5m long), was located 12m
away from lateral boundaries. The fuel moisture content
was fixed at 20%.

The homogeneous shrub fuel layer had the following
main properties: fuel volume fraction as = 0.00784,
surface-to-volume ratio og = 6900m~' and dry material
density ps = 500 kg m 3. Solid-fuel particles were assumed
to have a cylindrical shape and to behave as a black body
with a drag coefficient Cp = 0.42 (Gilliers et al. 2002).
A uniform mesh with (Ax, Ay, Az) = (0.025, 0.025,
0.0125m) was used for the solid phase, while a non-
uniform grid of 160 x 160 x 160 cells was used for the
fluid phase over the whole computational domain. Within
the vegetation zone, the fluid-phase grid was uniform
with (Ax, Ay, Az) = (0.05, 0.05, 0.025m) and then it was
coarsened gradually toward the open boundaries according
to a geometric progression coefficient. Both the solid-phase
and the fluid-phase grids were characterised by cells sizes
below the extinction length scale (Morvan 2011) within the

vegetation. The extinction length scale is i = 0.073m in

our case. To avoid false fire extinction, this value should not
be exceeded, especially in the case of a radiation-dominated
fire. The domain inclination angle to the horizontal earth, a,
was specified through the angle of gravitational acceleration
to the z coordinate of the computational domain. In such a
specified computation domain, gravitational acceleration
has two non-zero components: g, = —gsin(a) and g, = —
gcos(a), where g = 9.81 ms ™~ 2 is acceleration due to gravity.

The minimum and maximum time-step values for the
adaptive time-stepping strategy were set at 10”3 and
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Fig. 3. Perspective view showing the computa-
tional domain and the vegetation cover used in
V-shape.
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Dry material density
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Gas mixture temperature 1800
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Fig. 4. Solid-phase dry material density (Yp,, in kg m™3), charcoal
density (Ycpar in kgm™) and gas mixture temperature (K) within
vegetation thickness in the midplane of V-shaped vegetation.

Table 1. Cases simulated.

Junction angle (°) Slope angle (°)

15 0, 10, 20, 40
30 0, 20, 40

45 0, 20, 40

60 0, 10, 20, 30, 40
90 0, 10, 20, 30, 40

10~ 2s, respectively, to obtain a truncation error of less
than 10 3. Finally, global convergence was obtained
(at each time step) when the L,-norms of all transport
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equations residuals reached 10~ in non-normalised form.
The important thermo-physical properties used in these
simulations are summarised in Appendix 1.

Table 2. Basic rate of spread Ry for different slopes deduced
experimentally (EXP180y).

a(°) Ro (cms™')
0 |

10 1.4

20 1.9

30 254

40 4.34

The fire lines were ignited in the model by activating a
burner. A 10-cm wide burner was activated instantaneously
(at tignition = 25) along entire ignition lines by injecting CO gas
at 1600 K from the bottom of the computational domain for 5s.

Impactful propagation of junction fires occurs as a very
high propagation speed at the top of vegetation and accom-
panied by jumps of flames. Sometimes in small-scale simu-
lations, like the laboratory-scale experiments in Raposo
et al. (2018), fire ignition occurs in an unexpected location
in the vegetation zone, making numerical tracking of junc-
tion points harder. To mitigate this problem and to avoid
false estimation of ROS, a method based on the examination
of dry vegetation amount and determination of the so-called
pyrolysis front was used. The overall evolution of the fire

X (m)

Fig. 5. Evolution of fire perimeter according to pyrolysis edge (a;p,=0.001 kg m~) for cases
S1500 (a), SI510 (b), S3000 (c), S3020 (d), S4500 (e), and S4520 (f). The first perimeter is at
t = tignicion = 0's and the time difference between each perimeter is 5s (the time corresponding to

each perimeter is indicated in the figures).
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front during simulations was determined using the distribu-
tion of dry material (Yp,,) given by a,o for a fixed value of
0.001 kg m 3. This value was selected to represent the fire
edge, where the amount of dry material is the smallest, and
in direct contact with burning charcoal (flame edge repre-
sented in Fig. 4).

The junction point was assumed to have coincided with
the midplane of the V-shaped form of the vegetation.
Overall, the fluctuation in flame length was negligible in
comparison with the ROS; accordingly, no differences
between the pyrolysis edge and flame leading edge can be
seen. To compensate for the dynamic effects and to accu-
rately track the junction point, the edge was defined inside
the vegetation at an elevation of 5 cm (four cells).

As the setup was identical to Hassan et al. (2022), there
was no compelling reason to repeat the careful grid conver-
gence and validation studies here. A minimal effect (changes
in ROS(¢) < 0.2cms™ 1Y) of grid resolution and domain size
on junction point propagation was observed in Hassan et al.
(2022). Consequently, the domain size and mesh considered
allowed us to obtain a solution that is quasi-independent of
these parameters as far as global fire behaviour is concerned
(ROS, fire intensity, etc.).

In the current parametric study, the simulated cases are
given in Table 1. From here on, the designation of each
simulation is according to both angles in the form Sxy
where the first number, x, denotes the junction angle (%)
and the second number, y, denotes the slope angle (°). For
instance, S3020 represents the simulation for junction fire
with a junction angle of 30° and slope angle 20°.

The fires studied here all spread with dynamic ROS. We
omitted 2s of data (time before ignition). The ROS was
obtained from the time derivative of the position of the
junction point using a first-order forward difference approx-
imation: ROS = %, with a period At of 3s. By computing
ROS as a function of time, at the high temporal resolution, it
was easy to detect changes between fire propagation phases.

To allow non-dimensional representation, the simulated
ROS was scaled by a reference ROS R, obtained for a single

straight fire front spreading in one direction using the same

fuel bed and the same conditions, i.e. R’ = RR—(:)S. The simu-

lations to determine R, consisted of burning a 1 x 1 m? area
of fuel, with the same proprieties, igniting a linear fire front
from one end. However, it resulted in unrealistically high
ROS. Therefore, values of experimental Ry from Raposo
et al. (2018) for each slope angle are used, which are
given in Table 2. Each experiment is designated by
EXP180y where y denotes the slope angle (°).

Results and discussions

In this section, firstly, fire fronts at different times deduced
from the 3D dry material data are presented for six
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simulations, as shown in Fig. 5. The isochrones data are
also analysed to obtain junction angle changes. The junc-
tion point position data are assessed to determine the ROS
of the junction point as a function of time. These values
are then normalised by R listed in Table 2. Flame shape
and flow streamlines around the junction fire are illus-
trated and finally, heat transfer rate and HRR data are
presented.

Fire front evolution

Plots of fire spread for some of the simulated cases are
shown in Fig. 5. Visual assessment of the junction fire
propagation may be conducted using fire perimeter
advance. The evolution is assessed using the iso-surface
representation of the least amount of dry material (pyrolysis
edge). Sample results for three junction angles (for each one
two slope angles) are shown in Fig. 5. The time of each
contour, expressed in seconds, is indicated near the fire front
in each corresponding figure.

Table 3. Ratio between non-dimensional rate of spread R’
(nominal value).

a(’) R’60°/R’90° R’30°/R’g0° R’i5°IR'3¢0°
0 1.25 1.9 1.78

20 1.27 1.55 1.7

40 1.21 1.68 1.52

Overall evolution

As can be seen in Fig. 5, the behaviour of the fire was
quite symmetrical with some minor perturbations. Focusing
our attention on the advance of the fire fronts, lateral devel-
opment can be observed, although the lateral development
was relatively slow compared with the longitudinal progres-
sion of the junction point. Note that the fire perimeter is the
lower edge of each of the black—grey areas. The thickness of
this area and the upper line do not represent any sign or
have any meaning. This pyrolysis edge is an upper view of
the edge of the black spot in the dry-material density (Yp,y)
in Fig. 4.

By analysing the six figures, it is possible to verify that
the fire perimeter advance increased with a (for each junc-
tion angle) as fire spread was higher along the central axis
OX for larger values of a and consequently the adjacent
points experienced a stronger advance.

Moreover, it is possible to recognise that the initial angle
between the fire fronts played an important role in leading
to different spreading conditions. Keeping other parameters
fixed, it was observed that for smaller 0, the fire progressed
very rapidly at the intersection zone compared with lateral
spread. As 6 increased, the advance of the junction point
occurred less rapidly.

Evolution of junction angle

For smaller initial 6 (15° and 30°), the overall spread of fire
fronts involves gradual increase of the junction angle, but
this increase was not evident in all simulations, particularly

Fig. 8.
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Schematic of computational domain and streamlines in case S3000 at t = tignition = 10's.
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those with larger initial 8. In S1500, 0 increases progressively
to 180° at t — tignition = 20s. Similarly, in S3000, the
junction angle reached 100° at t — tignition = 255.
However, the increase was slight in S4500. It was almost
constant until t — tigniion = 30 5. Examining all other non-
slope cases (for 6 = 60° and 90°), we did not see an increase
or change of 6.

The existence of a slight slope helped in maintaining the
V-shape at a constant 6, as can be seen in Fig. 5 for cases
$1510, S3020 and S4520. Similarly, for slopes of 30 and 40°,
6 was almost constant, even for higher initial values.

Experimentally, Raposo et al. (2018) and Viegas et al
(2013) noted that the tendency to achieve a linear fire front
(6 = 180°), is more evident and faster for a = 0° than for
a = 30° and more evident for smaller initial 6. There were a
few exceptions with different types of fuel, but the major
observation is that the increase is more evident for lower a
and 0. The numerical results showed good agreement with
this experimentally observed feature.

Role of slope and propagation phases

In order to analyse the role of slope, results of junction point
position and ROS as a function of time for five values of 0
are presented in Fig. 6. For each 0, the results are presented
in separate rows where a is varied. The progression of the
intersection point is crucial to understand the junction fire
behaviour because this is the location where junction fires
have the largest effect and maximum ROS is always
observed. Note that in Fig. 6 (left column), some vertical
jumps are observed shortly after the ignition that are caused
by numerical errors and not included in the ROS calculation.
In Fig. 6 (right column), ROS results are presented.

For the junction angle 15°, the fronts are very close in
distance; the maximum distance between them is 1.3 m as
seen in Fig. 5a, b. This could account for repetitive fire
jumps (Fig. 6) due to the strong interaction between fire
fronts. The distinctive characteristic of this junction angle
is the absence of a fuel-bed slope effect. All curves
followed a similar pattern with nearly the same slope
(representing the same ROS). Each curve could be divided
into two sections, the first one is with a ROS value
11.5cms™ !, and the second part is with a ROS value
34.2cms ™', which was the highest value estimated in
all the study. In the case of @ = 0°, the junction point
decelerated for t — tignition > 12's; deceleration was signif-
icant, and the minimum ROS reached 3cms™!. For
6 = 30°, both accelerating and decelerating behaviours
were dependent on a (Hassan et al. 2022). As can be
seen in Fig. 6, the value of ROS increased with «a
when 6 = 30°.

The junction angle 45° appeared to be the threshold
angle in terms of propagation behaviour, where the deceler-
ation phase was absent even in the case with no slope.
For this junction angle, the fire propagated steadily for

(@)

‘T{K) 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 ‘

"
(7 "" :Zg

Fig. 9.

obtained numerically in the vertical median plane (Y=0m) at

Temperature fields and streamlines of the gaseous phase
t — tignition = 65 for case SI1500 (a); t—tignicion=6s for case

SI1540 (b); t — tignition = 15s for case S6000 (c); and t — tignition = 15s
for case S6040 (d).
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Fig. 10. Representation of flame shape using the temperature fields in the vertical median plane (Y=0m) for 6 = |5°.

t — tignition > 7 5. For slope angles 20° and 40°, the ROS
appeared to be close, with a slight initial acceleration fol-
lowed by steady propagation. For the no-slope case, despite
two large fire jumps, the ROS remained steady for
9s =<t — tignition < 34 .

For junction angles 60° and 90°, the propagation was
monotonically influenced by the change of a with only an
initial slight acceleration. For lower slope angles, the propa-
gation continued to accelerate steadily, instead of showing a
deceleration later, unlike narrower junction angles.

Effect of junction angle

To provide a better understanding of the junction angle
effect, ROS are represented in Fig. 7 in the non-
dimensional form. The scaled ROS R’ generally decreases
as the junction angle 6 increases.

The cases that exhibit a significant deceleration phase are
those that have undergone a significant increase in junction
angle during the propagation (i.e. S1500 and S3000),
whereas for the other cases, the junction angle was constant
over the burning time and the propagation was either accel-
erative or steady. The existence of a slight slope or wide
initial junction angle led to this single propagation phase, as
discussed previously.

In Table 3, the increasing ratios of nominal R’ (value that
lasts for the longest time) were the lowest when 6 decreased
from 90 to 60°. Although the change of R’ followed a non-
linear trend for smaller O, the changes in R’ were higher
when 0 decreased from 30 to 15°.
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Flame and streamlines

In Fig. 8, a 3D representation of the computational domain
shows the streamline at the top slice of the vegetation zone
(h =0.15m) and the vertical upward streamlines above
the burning area. The temperature and the flow fields
(streamlines) in the vertical median plane (Y = Om) are
presented in Fig. 9. We noticed that fresh air was drawn
in from the vicinity of the fire front supplying the thermal
plume; the streamlines clearly showed the existence of aspi-
ration regions behind and ahead of the fire front with and
without slope conditions. There is clear tilt of the flame in
Fig. 9b, d to the side of the unburned vegetation; however,
this was not the case in Fig. 9a, c. A very high degree of
turbulence is observable above the flame zone. The inter-
actions of fire fronts led to this intense turbulence produc-
tion in and around the fire front.

Fig. 10 illustrates the temperature in the vertical median
plane (Y = 0m) of the V-shape (6 = 15°) at different times
and for different slope angles. The results show the typical
evolution of fire flame. For no-slope, the flame above the
junction point seemed to be vertical owing only to the effect
of the natural convection flow. The presence of a constant
slope caused an inclination of the flame, decreasing its angle
with the horizontal surface.

In the acceleration phase, the flame depth was larger
and spread significantly above the vegetation layer
(t — tignition = 65). The larger value of ROS increased the
flame depth and therefore the amount of fuel that was
burning simultaneously.
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However, in the deceleration phase (S1500/t — tignition =
13 s), the flame was more coherent and less inclined toward
the vegetation. This is the typical flame shape that follows
with the decelerating behaviour.

For higher slope cases (S1540/t — tignition = 135), the
flame was tilted and spread toward the vegetation. This
can be seen in Fig. 9b in the streamlines representation.
Examining all cases, we noted that the flame depth was
decreasing with higher 0, which is an indication of a smaller
degree of interaction of fire fronts in those cases, accord-
ingly lower ROS.

Heat transfer mode

The heat transfer mode was investigated using the rate of
heat exchanged by convection and radiation between ambi-
ent air and the entire vegetation layer. In the case of positive
(respectively negative) heat rate, the fuel receives more
(respectively less) energy than it emits.

As shown in Fig. 11, the vegetation received more
energy through convection in the first phase of propagation;
however, the convective heat transfer rate decreased
with time. Nevertheless, for the horizontal fuel bed, at
t — tignition = 95, the fuel lost more energy by convection
than by radiation. The radiative transfer was most intense in
no-slope situations, whereas for high slopes, the fuel
received more heat by convection than by radiation during
the entire simulation. This result can be generalised for all
junction angles.

Taking into account the different propagations phases,
it can be seen that convection decreased with time
even in deceleration phases (S1500 and S3000 at t —
tignition > 13s). However, in case S6000, we can see an
increase in the convective heat rate for t — tignition > 135;
this increase for junction angles 45°, 60° and 90° under
no-slope condition can be related to the steady propagation
(see Fig. 6) in these cases. Similarly, the decrease of con-
vection can be related to the decelerative propagation for
cases S1500 and S3000.

HRR

Fig. 12 represents HRR for cases with junction angles 15°,
30° and 60°. The burner is turned off at t — tignition = 5.
The HRR maximum value for each junction angle occurred
usually in simulations with the highest a (40°); however, the
trend of HRR appeared to not be significantly influenced by
a. It was observed that the maximum HRR was higher for
larger O (see Table 4). This may be related to slower ROS
and greater residence time.

In the cases of junction angles 15° and 30°, the HRR
reached its maximum value during the first 5s, then
decreased sharply, reflecting the accelerating behaviour of
the fire, except for case S3000, where the HRR decreased
slowly, reflecting the reduction of ROS in this case (deceler-
ation phase).

For the other cases, the HRR fluctuated around a
certain value near the maximum, then decreased gradually,
showing a slower decrease for smaller a (see Fig. 12c).
We expected such behaviour owing to the almost steady
propagation (only slight initial acceleration) for 6 > 45°.
Note that the HRR is not affected by the total amount of
vegetation (which changes with ) as the fire fronts have the
same length (5m) for different junction angles.
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Fig. 1. Rates of heat transfer received by the solid fuel by con-

vection from the gas mixture and by radiation in cases of junction
angles 15° (a), 30° (b), and 60° (c).
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Table 4. Maximum value of HRR for different junction angles.
X6 Maximum HRR (MW)
15 25
30 3
45 33
60 35
90 4

Conclusion

The modelling of junction fire using a physics-based model
to describe the behaviour of two intersecting fire fronts is
reported in this study. The parametric study of the main
geometrical parameters that govern the behaviour (slope
and junction angles) encompassed a wide range of values.
In a previous validation study (Hassan et al. 2022), the
model predicted the correct order of magnitude of ROS
and the correct trends induced by variation of junction
and slope angles; hence, the model could be used for a
wider range of angles. It was shown that the analysis of
the ROS of the junction point was adequate to describe the
overall behaviour of junction fire.

In this parametric study, a smaller junction angle induced
different propagation behaviours (acceleration or decelera-
tion) as a function of slope angle. However, the angle 45°
was found to be the threshold junction angle where no decel-
eration phase was found. Fire propagation for the higher
junction angles accelerated slightly and then appeared to be
steady. For the lower junction angles, the deceleration phase
was only evident for no-slope conditions, where the junction
angle underwent an significant increase, and the propagating
flame was less inclined toward the vegetation. The accelera-
tion could be related to the positive convective heat transfer.
The vegetation received energy through convection more than
radiation in steeper slope cases, whereas the vegetation lost
more heat through convection in no-slope conditions; such
behaviour was common for most simulated cases. A correla-
tion between the deceleration phase and decreasing convec-
tion could be drawn but further investigation is required.
Considering the HRR results, the fire released more energy
for higher junction angles. No significant effect on HRR due to
slope was observed except for the deceleration phase.

This research showed how, in complement to experimental
investigations, a detailed physics-based model could help under-
stand the basic physical mechanisms governing the behaviour
of extreme wildfires. More work must be carried out to explore
this important mode of extreme fire behaviour, especially in
wind-driven conditions and non-symmetrical slope and wind
orientations. The combined effect of wind and slope on junction
fires is also an important topic to be addressed.

In an extension of the present study, the effect of driving
wind on the development of junction fire will be studied and
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the results obtained will be used to provide an interpretation
of fire behaviour in real fire cases.
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Appendix I. FIRESTAR3D input parameters

The input parameters listed in Table Al and used in the simulations are the same as Hassan et al. (2022).

Table Al. Thermo-physical, pyrolysis and combustion parameters for shrub modelling.

Input parameters Values used
Soot yield 0.05gg™"
Vegetation drag coefficient 0.42
Vegetation load 0.6kgm™
Vegetation packing ratio 0.00784
Vegetation height 0.15m
Vegetation moisture content 20%
Surface-to-volume ratio of vegetation 6900 m™'
Vegetation char fraction 0.338

Dry vegetation density 500 kgm™>
Emissivity |
Vegetation heat of pyrolysis 711 k) kg™
Smagorinsky model constant 0.07
Ambient relative humidity 50%
Ambient temperature 288.15K
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