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ABSTRACT

The interaction of wind and fire on a sloped terrain is always complex owing to the mechanisms
of heat transfer and flame dynamics. Heating of unburned vegetation by attached flames may
increase the rate of spread. The relative intensities of convective and radiative heat fluxes may
change fire behaviour significantly. This paper presents a detailed analysis of flame dynamics,
mode of fire propagation and surface radiative and convective heat fluxes on sloped terrain at
various wind speeds using physics-based simulations. It was found that with increasing slope
angles and wind velocity, the plume inclines more towards the ground and becomes elongated in
upslope cases, whereas in downslope cases, the plume rises from the ground earlier. For higher
wind velocities, the flame and near-surface flame dynamics appear to show rising, even though the
plume is attached. The flame contour results indicate that the near-surface flame dynamics are
difficult to characterise using Byram’s number. A power-law correlation was observed between
the simulated flame lengths and fireline intensities. The convective heat fluxes are more relevant
for wind-driven fire propagation and greater upslopes, whereas both fluxes are equally significant
for lower driving wind velocities compared with higher wind velocities.

Keywords: Byram number, fire propagation, flame, grassfire, heat fluxes, plume, rate of spread
(RoS), slope, wind velocity.

Introduction

In the preceding companion paper, the first part of this study, Innocent et al. (2022), we
described the model set up, validation and the comparisons of the rate of spread (RoS)
with existing empirical models. The current part focuses on flame dynamics, identifies
the mode of fire propagation, and examines surface radiative and convective heat fluxes.
The overarching aim of this study is to identify the limitations of current empirical fire
spread models, with an eye toward incorporating more complex fire behaviour into
empirical models in the future.

Sharples et al. (2011) highlighted the role of environmental factors such as the
modification of fire weather conditions by topography, and coupling between terrain,
fire and atmosphere, that can significantly affect the dynamic nature of fire propagation.
This results in the potential for fire to propagate laterally along certain terrain elements
such as slope (Sharples et al. 2011).

Viegas (2004) in their laboratory-scale experiments and Dold and Zinoviev (2009) in
their laboratory- and field-scale experiments observed a rapid increase in RoS for fires
burning on steep slopes, despite burning under constant environmental conditions. This
rapid acceleration of fires has been termed ‘fire blow-up’ or ‘fire eruption’. Sharples
(2017) stated that eruptive behaviour occurs owing to an interaction between the slope
of the terrain and the fire plume. According to Sharples (2017), for steep slopes, a

"Part 1 of this paper is available at International Journal of Wildland Fire, https://doi.org/10.1071/
WF21124.
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localised pressure deficit can form immediately upslope
ahead of the fire, and this causes the flames and plume to
attach to the terrain surface.

Dold and Zinoviev (2009) conducted a series of labora-
tory experiments (using a uniform layer of loosely packed
straw as fuel) on upslope scenarios (15°, 20°, 25°, 30° and
35°) and a field experiment (40 X 25 m plot, at +23° slope)
with straight-line fires in mild or negligible wind conditions.
They observed eruptive growth of fire and flame attachment
at a slope of 23° with the field experiment, and closer to 30°
in the laboratory experiments. They found that for a low
driving wind velocity (their experiments were conducted at
a low ambient wind speed of 1.6 = 1 m s~ 1, for fires burn-
ing above 20° slope, the interaction of wind and topographi-
cal effects (such as slope) can have significant implications
for plume behaviour. This interaction notably affects heat
transfer from the burning zone into unburnt fuel (Apte et al.
1991; Cobian-Ihiguez et al. 2019).

Mendes-Lopes et al. (2003), Dold and Zinoviev (2009),
Dupuy and Maréchal (2011), Sharples (2017) and Sanchez-
Monroy et al. (2019) in their separate studies with labora-
tory experiments observed that flame or plume attachment
leads to enhanced preheating of fuels upslope ahead of the
fire and resultant acceleration of the fire spread. If such
phenomena occur, convective heat transfer significantly
increases. It is therefore important to understand how and
under which conditions plume and flame attachment beha-
viour occur.

Fire propagation is often characterised as either wind-
driven mode or buoyancy-driven mode (Apte et al. 1991).
Morvan and Frangieh (2018) analysed a large set of wildfire
experimental data (both field and laboratory scale) from the
literature to understand the role of RoS and wind velocity on
fire propagation. They used Byram number, N, analysis to
investigate the existence of two regimes of fire propagation
(wind-driven fire vs plume-dominated fire) and hypothe-
sised that heat transfer in buoyancy-driven fires is domi-
nated by radiation, and by convection in wind-driven fires.
This hypothesis is untested at large experimental scales;
however, there are experimental measurements of heat
fluxes in laboratory-scale fires (Dupuy and Maréchal 2011).

Characterising convective heating within flames is com-
plex because the flames are highly non-steady (Finney et al.
2015). Finney et al. (2015) focused on the role of convective
heating in wildfire spread. They conducted field experi-
ments (stationary fire, with ~6m flame length on 16-m
wooden crib) and compared the results with laboratory-
scale experimental studies in a wind tunnel facility. These
experiments revealed that the structure and intermittency of
flames that ignite fuel particles were correlated with
instabilities induced by the strong buoyancy of the flame
itself. They found that buoyancy generated by the fire
induces vorticity and instabilities in the flame zone, and
that controls the convective heating needed to ignite fuel
particles and produce fire spread.

B

Mendes-Lopes et al. (2003) carried out a set of wind-
tunnel experiments over a bed of Pinus pinaster needles
with varying wind velocities of 0-3ms~ ', fuel moisture
contents of 10 and 18%, and slope angles of —15° to
+15°. They analysed the flame parameters (flame length,
height and angle) and RoS of both headfire and backing fire.
They observed the strongest influence on RoS by far is wind
velocity, followed by fuel moisture content, then slope. They
also noted that the wind-driven flames bend over, increasing
radiative heat transfer to the fuel, which is also heated by
the convective heat transfer from the hot gases emanating
from the flame. For upslope and wind-driven flames, the
proximity of the flame and fuel due to the slope further
increased heat transfer to the fuel bed.

Dupuy and Maréchal (2011) conducted laboratory fire
experiments under no-wind conditions (in Pinus halepensis
fuels beds) to understand the role of radiation and convection
heat transfer on slopes on fire spread. In their experiments,
they measured fuel and gas temperatures simultaneously at
the same location (using an infrared camera and thermocou-
ples, respectively) and measured the incident radiant heat
flux received by a small fuel bed volume ahead of the fire
line. These measurements were used to compute heat transfer
for each slope angle (0°, 10°, 20° and 30°). Overall, they
found radiative heating dominated the heat transfer mecha-
nism on the slope between 0° and 20°, but close to the fire
line (<10 cm), the heat flux due to convective heating was
also significant, reaching one-third of the net heat flux at 20°
slope. When the slope angle increased from 20° to 30°, the
RoS rose by a factor of 2.5 owing to a marked increase in
convective heating, while radiative heat flux remained con-
stant or decreased slightly (Dupuy and Maréchal (2011);
this may be due to eruptive behaviour where the plume
and flame attach to the slope (Sharples 2017). Based on
the Byram number data and trend presented there, all the
fires reported by Dupuy and Maréchal (2011) are likely
buoyancy-driven fires.

Similar behaviour was observed by Sanchez-Monroy et al.
(2019) in their laboratory-scale experiments, with a fuel bed
of coarse excelsior heartwood, slopes ranging from —16° to
+45° and no wind imposed, accompanied by numerical
simulations using the physics-based model Wildland—urban
interface Fire Dynamics Simulator (WFDS). They observed
radiative heat transfer as the dominant mechanism of heat-
ing for slopes between 0° and +20°; however, for steep
slopes of +31° and +45°, the convection heat transfer
mechanism began to be relevant and became more impor-
tant than the radiative heat flux term.

Morandini et al. (2018) conducted a series of laboratory fire
spread experiments with no wind across a porous bed of excel-
sior with no slope and 30° upslope. They found that under no-
slope conditions, preheating of the fuel particles was dominated
by radiation from the flames, as expected from a buoyancy-
driven fire. However, under 30° upslope conditions, they addi-
tionally observed a convective heat transfer mechanism that
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resulted from the interaction between upstream air entrain-
ment and the fire-generated buoyancy forces.

Chen et al. (2018) performed a series of laboratory-scale
fire spread experiments on a pine needle board with +5° to
+30° slopes under no-wind conditions. Fire spread rate and
radiative heat flux were measured from the experiments
along with flame parameters. The results showed a significant
increase in flame length from +20° slope. For higher slope
angles, the flame was observed to be tilted to the unburnt
portion of the fuel bed owing to unbalanced air entrainment
pushing the flame towards the unburned region. They noted
that this behaviour intensified the radiative heat flux from the
flame onto the fuel bed surface, leading to an increase in fire
spread rate. However, they did not measure convective heat
transfer. The flame attachment contributed significantly to
increasing the fire spread rate for higher slope angles.

In the literature, experimentally, the aspects of flame
dynamics and preheating of virgin fuels ahead of the fire
front via heat fluxes related to surface fire on slopes have
mostly been investigated at laboratory scale. In some stud-
ies, aspects were studied theoretically. Furthermore, the
mode of fire propagation for these kinds of fires has not
been investigated in detail.

Physics-based simulations have recently been established
as an insightful and valid tool for studying wildfires (Mell
et al. 2007; Moinuddin et al. 2018; Sanchez-Monroy et al.
2019; Sutherland et al. 2020). In the present study, we use
WEDS (Mell et al. 2007; McGrattan et al. 2013) to investi-
gate the combined effect of slope and wind on grassfire
behaviour. These simulations can also be reliably used to
investigate flame parameters, mode of fire propagation, and
radiative and convective heat transfer processes. As the
simulations presented here are a continuation of Part 1,
Innocent et al. (2022), only a brief description of the

\g nition \ine

Fig. I.
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numerical methodology follows here; readers who are inter-
ested in the details of the simulation set-up, model reliability
and accuracy, and the validation of the simulations should
consult Moinuddin et al. (2018) and Innocent et al. (2022).
The simulated flame dynamics, mode of fire propagation and
heat fluxes were analysed to answer the following questions:

« What effect does the driving wind velocity have on the
flame parameters (plume and flame behaviour and flame
length) and mode of fire propagation (wind-driven or
buoyancy/plume-driven) as the slope angle varies?

« What are the relative contributions of radiative and con-
vective heat transfer on sloped terrain at different driving
wind velocities?

Simulation methodology

A rectangular domain of 360 x 120 X 60m, as shown in
Fig. 1, was selected after conducting domain sensitivity
tests. The burnable grass plot of dimensions 80 x 40 m was
placed in the domain as shown and a 0.25m grid size was
used over the burnable region to ensure grid convergence
(Innocent et al. 2022). For larger upslopes, +30°, +25° at
125ms™ ! and +30° at 6ms™?}, the simulations were
repeated with a longer grass plot of 120 X 40 m section.
The same thermo-physical and flammability properties as in
Moinuddin et al. (2018) were used. A linear pyrolysis sub-
model was adopted to model the thermal degradation of
vegetation in a boundary fuel method, where ground vegeta-
tion is modelled like a porous solid with a thickness equal to
the height of the vegetation. The slope was implemented by
changing the components of the gravitational force in the
X- and Z-directions. When the flow field was fully developed,

e grass plot

The geometry of the domain: X, Y and Z dimensions are 360, 120 and 60 m, respectively. The geometric centre line axes Y =0 and

X =0 are as shown in the figure. The burnable grass plot is 80 x 40 m (repeated with 120 % 40 m grass plot for greater upslopes (+30°, +25° at
12.5ms™" and +30° at 6 ms™')) (olive green region). At the inlet (YZ plane at X =—150 m), a wall of wind boundary condition is applied, which
follows a 1/7 power law (velocity vs height) with wind speeds of 12.5, 6 and 3ms ™" at 10-m height. The ‘open’ boundary condition is applied at
the top (XY plane at Z =60 m) and outflow (YZ plane at X = +210 m) while symmetry boundary conditions are applied on both the left (ZX plane
at Y=-60m) and right side (ZX plane at Y=+60 m) of the domain. The bottom (XY plane at Z=0) is considered the solid ground.
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a prescribed line fire of 1000 kW m ~ 2 was used as the ignition
fire. The ignition fire was 40 m wide and 1 m deep, aligned
with the leading edge of the burnable grass width as shown in
Fig. 1. Further details of the model implementation, model
reliability and accuracy, grid, ignition intensity and domain
sensitivity studies can be found in Innocent et al. (2022).
Simulations were conducted at field scale for both
upslopes and downslopes (—30° to +30°) with varying
U;o (open wind speed at 10 m above the ground) of 12.5,
6 and 3ms~ ! at the domain inlet (corresponding to 11.9,
5.6 and 2.8 ms~ ', respectively, prior to the ignition line).
Table 1 lists the simulations conducted in this study for
different slopes and driving wind velocities. Thermo-
physical, pyrolysis and combustion parameters of vegetation
and other input parameters used in the simulations are
detailed in Table S1 of Supplementary Appendix A.

Results and discussion

Plume and flame dynamics

To visualise the plume contours, the instantaneous temper-
ature slice output files obtained from the simulations were
analysed using the numeric computing software Matlab
(Davis and Sigmon 2005). The temperature slice data were
obtained along the geometric centreline of the burnable
grass plot and temperature contours for all cases were
extracted at approximately the same instant of time, 30s
after ignition (*1s variation). This study acknowledges
that fire behaviour can vary as the fire progresses. Caution
needs to be taken in interpreting these plots because they

Table I. List of simulations.

Slope Simulation Driving wind velocity (ms™")
angle abbreviation 125ms"' 6ms' 3ms”!
-30° Downslope 30 Vv v N
-25° Downslope 25 N

-20° Downslope 20 Vv v N
-15° Downslope 15 V

-10° Downslope 10 Vv v v
-5° Downslope 5 \

0° Noslope v Vv v
+5° Upslope 5 v

+10° Upslope 10 \V v \V
+15° Upslope 15 v

+20° Upslope 20 \ v \
+25° Upslope 25 Na

+30° Upslope 30 e e Vv

ARepeated with a longer burnable grass plot (extended to 120m in the X-
direction).

D

represent indicative plume behaviour of the turbulent flow
at that instant. This instant in time was selected after cau-
tious examination as being a broadly representative of the
fields that reflect the finest graphic representation of plume
attachment and rising behaviour for the cases presented.

The temperature contours (representing plumes) are
plotted in Fig. 2, at the same instant in time, as the fire
moves through the burnable grass plot in the X-direction,
from a number of simulations. The plume is shown by colour
shading that represents air temperature in degrees Kelvin,
with the same temperature scale (indicated in the colour
bar) for the same wind speed cases. Plumes (instantaneous)
emanating from the fire front for 0°, +10°, +20° and +30°
upslopes at wind velocity 12.5m s~ ' are shown in Fig. 2a—d;
and at 3ms~ ! are shown in Fig. 2i-l. Fig. 2m—o represents
the downslope angles —10°, —20°, —30° at 12ms~'; and
Fig. 2p-r shows —10°, —20° at 6ms ' and —10° at
3ms~'. The contours at 6ms~ ' cases are shown in
Fig. S1 in Supplementary Appendix A (frames e-h).

At 12.5ms™ ! wind velocity, the fire front travels more
quickly (than that of the lower wind velocity cases) and the
plume leans (which leads to its attachment) towards the
ground in all cases, as shown in Fig. 2a-d. At +20° and
+30°slopes, the plume is more inclined towards the ground,
as is evident for +30° where the plume can be seen attached
nearly up to the end of the burnable plot. The same trend is
generally observed with 6 m s ™! upslope cases as well (Fig. S1
in Supplementary Appendix A) where the plume can be seen
inclined towards the ground; however, for the instances
shown, the inclination distance (the distance covered by the
plume when it is attached to the ground) is shorter compared
with 12.5ms ™' cases for the same upslope angle. However,
inspecting the same data slightly later or earlier, the observa-
tion can be different on higher upslopes (for greater upslopes,
the inclination distance may not at all time be shorter for
6 ms~ ' compared with 12 ms™?). The interaction between
the plume and the terrain is captured clearly for +30° slope
cases where the plume is leaning to nearly halfway along the
burnable grass plot in most instances.

Frames (i-1) of Fig. 2 show that for 3m s~ ! wind velocity,
the plume rises from the ground near the ignition line for 0°
and +10° slopes, and for greater upslopes, the buoyant
plume inclines towards the ground for a longer distance.
However, compared with higher wind velocity cases, for the
same slope angle, the plume rises earlier.

For downslopes, Fig. 2m-r, the plume rises from the ground
earlier compared with upslope cases (at 12.5ms~ ' wind
speed). As the downslope angle increases, the plume rises
from the ground at shorter distances and the fire does not
propagate, consistent with the fire isochrone progression
shown in Part 1 of this paper, in Progression of isochrones
section (Innocent et al. 2022). The fire extinguishes for down-
slopes at lower wind velocities (Fig. 2g-r), and hence steep
downslopes (—30°at 6ms~*, —30° and —20° at 3ms™ ') are
not included in the plume and flame dynamics discussions.
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Fig. 2. Temperature contours (representing plumes) along the geometric centreline of the grass plot, at the same instant in
time (30's after ignition with *1 s variation): frames (a—d) 0°, +10°, +20°, +30° at 12 ms™'; frames (i-]) 0°, +10°, +20°, +30°
3ms”'; frames (m—-o) —10°, =20°, -30° at 12.5 ms™"; frames (p—r) —10°, =20° at 6 ms~' and —10° at 3ms™". Frames (e—h) 0°,
+10°, +20°, +30° at 6ms ' are shown in Fig. S| in Supplementray Appendix A.
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To compare the fires at a point where they have consumed a
similar amount of fuel, we also present the fire plume contour at
the same distance from the ignition line for all the cases. The
plume contour at the same fire front position from the ignition
line for 0°, +10°, +20° and +30° are shown in Fig. S2 of
Supplementary Appendix A for the three wind velocities. The
plume contour shows a similar behaviour and interaction pat-
tern as demonstrated by the contours plotted at the same instant
in time (Fig. 2) for the respective wind velocity.

As the wind speed increases, leaning of the plume (which
leads to its attachment to the ground) occurs at a much lower
slope angle, as shown in Fig. 2a—d. Overall, these results show
similarity to the observations of Dold and Zinoviev (2009) and
Sharples (2017) that plume attachment occurs owing to an
interaction between the slope of the terrain and the plume itself.

Defining and measuring where the flame is attached to
the ground is difficult. Empirical measurements of flame
attachment (for example, the experiments of Tang et al
2017) are based on visual intensity thresholds in a pre-
scribed region of interest. The detachment location shown
in these frames of Fig. 3 is where the plume lifts off from the
ground at that time frame. At detachment, the vertical
velocity will be greater than the streamwise velocity
(Burridge and Hunt 2017). It is then possible to study the
behaviour of plume angle 0 as a function of time, t, noting
W and U are functions of time,

0(x, z,t) = tan‘l(%), 1)

where U and W are the streamwise and vertical components
of the wind velocity at the Y centreline of the burnable grass
plot, to estimate the detachment location. Specifically, we
consider the mean of 0 in the Z-direction, denoted

é(x’ t) = e(x; Z; t)Z (2)

in the neighbourhood of the flame. The detachment location,
Xg, is then defined as the location of the first zero-crossing of
6 (x), that is, the first negative to positive crossing of average
6. The neighbourhood of the flame is taken as the rectangle
extending from Z = 0 to five times the maximum Z-value of
the flame contour, and from the minimum X-value of the
pyrolysis region to X = the location of the end of the burn-
able plot. Because we only consider the first (lowest X value)
zero crossing, the maximum X-point in the neighbourhood is
immaterial. The two points either side of the zero crossing
are averaged to obtain x4. As this process is repeated for all
times, we obtain a time series of x4. Note that each field
discussed is at an instant in time and hence every quantity is
then a function of time.

To understand the flame behaviour, it is useful to visua-
lise the flame contours, temperature contours, detachment
location and wind velocity vectors, taken through the cen-
treline of the burnable grass plot, at various instants in time.

To visualise the flame contours, the output files obtained
from the simulations were analysed using Matlab software.
Streamwise and vertical components of wind velocity U and
W, instantaneous heat release rate (HRR) and temperature
data taken through the centreline of the burnable grass plot
were analysed to obtain the contours and velocity quiver
plots. The flame envelopes were determined from the mini-
mum threshold temperature of 400 K to the maximum tem-
perature of the flame. Coincidentally, the same 400K
threshold is used for flame envelopment as well as to denote
the onset of pyrolysis of the surface fuel. Contours are
plotted in Fig. 3 at five instants in time from the start of
ignition for wind velocities of 12.5 and 3ms™~'. The con-
tours for 6m s~ ' cases are shown in Fig. S3, Supplementary
Appendix A.

The plots show flame contour (red), with temperature
contours (representing the plume) shaded in the background
(yellow) along with flame detachment (or rising) locations
(black dots) and wind vectors (white arrows) at slope angles
+30°, +10° and 0°. The wind velocity vectors are presented
to visualise the flow pattern and demonstrate the dynamic
behaviour as the fire progresses. Such dynamic behaviour is
the result of dynamic pressure differences between zones
upstream and downstream of the flame, consistent with
Eftekharian et al. (2019, 2020). The vectors show instanta-
neous flow direction and thus a picture of the turbulence at
a particular instant. In order to understand entrainment
trends, one would need to build an ensemble average of
the wind as the fire moves. This has been attempted by
Sutherland et al. (2022). However, it is beyond the scope
of the current manuscript.

Fig. 3a—o represents +30°, +10° and 0° at wind velocity
12.5ms~ ', For the highest slope angle, +30°, at the initial
instant of time, the near-flame behaviour is vertical, and the
flame-perturbed velocity vector is upwardly inclined.
However, at (x, z) locations far downstream from the igni-
tion line, the plume (represented by the temperature con-
tour) is horizontal with little vertical perturbation. The
flame-perturbed velocity vector inclination is closer to the
surface. The flame dynamics indicates that the flame
appears to rise up; however, the plume is leaning or
attached to the ground (see Fig 3c—e) as similarly observed
in the plume contour in Fig. 2d, indicating that the flame
does not necessarily follow the plume behaviour. At 1 or 2m
above the ground where the wind velocity is lower, the
flame behaviour appears to be buoyancy-driven (or closer
to buoyancy-driven mode), whereas at higher Z, the velocity
vector is horizontal, consistent with a wind-driven fire. As
the fire moves forward, it becomes more buoyancy-
dominated and the flame becomes deeper (Fig 3c, d) and
finally, the flame shrinks as the fuel is depleted. Cases with
slope angles +10° and 0° follow a similar pattern:
buoyancy-dominated flame near the ground, tending
towards wind-dominated fire for a very short time and
then transitioning to buoyancy-dominated as the fire

G
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Fig. 3. Flame contour (red) with temperature contour (representing plume) shaded (yellow) in the background along with
detachment locations (black dot; this point may occur in the flame or in the plume) and wind vector plots (white arrows) at
various instants in time for wind velocities of 12.5 and 3ms~'. Frames (a—0): +30°, +10° and 0° at 12.5ms"', and (p—ad):
+30°, +10° and 0° at 3ms~".
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progresses. The flame becomes deeper as the slope angle
increases. For no slope, generally, the flame remains vertical
and pointing upwards compared with higher slope angles, as
evident in Fig 3l-n. When the fire runs uphill, the flame
length is found to be higher at the instant the flame is
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attached to the terrain, which is consistent with the study
of Dold and Zinoviev (2009).

The +30°, +10° and 0° plots at wind velocity 6 ms ™' are
presented in Fig. S3ae—as, Supplementary Appendix A. The
plots generally reflect the same trend as for 12.5ms '
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cases. For the no-slope cases, a rising flame is observed
throughout (Fig. S3ap-ar); however, as the slope angle
increases, some intermittent attachment occurs, resulting
in subsequent flaring up of the flame. The flame is more
vertical for the 0° case compared with the + 30° case. As the
slope angle increases, the flame becomes deeper as the fire
moves forward. For higher slopes, the plumes tend to be
rising more compared with the cases at the higher wind
velocity 12.5ms~ ' and appear to be more within the
buoyancy-dominated regime. The +30°, +10° and 0° plots
at driving wind velocity 3m s~ ! are presented in Fig. 3p-ad.
Compared with 12.5 and 6 ms ™', the plumes emanating
from the grass plot rise up (and are vertical), as similarly
observed in Fig. 2i-I. The fire establishes itself and then
becomes inclined to the ground, which leads to rapid inten-
sification and a buoyancy-dominated fire (Fig. 3r, s). The
rising of the flame is more evident in the 0° case (frames
aa-ac). For lower slope angles, the flame is more vertical;
however, the flame becomes deeper for the highest slope
angle of +30°. This agrees with Mendes-Lopes et al. (2003),
who in their low-velocity experimental studies observed that
the flame tended to be vertical owing to buoyancy forces.

Byram’s convective number (N.), a dimensionless param-
eter, is used to quantify the mode of fire propagation as
wind-driven or buoyancy-driven fire mode (Morvan and
Frangieh 2018; Mell et al. 2018). N, uses the wind velocity
at 10m (Uj) as the relevant velocity scale. However, the
results shown in Fig. 3 demonstrate that the flame behaviour
can be different from the overall plume behaviour and that
N. based on U;, may capture the plume behaviour but not
the flame behaviour.

Mode of fire propagation

To understand the modes of heat transfer and fire beha-
viour, we calculated Byram’s convective number N.. The
N., which is the ratio between buoyancy and inertia forces
(Morvan and Frangieh 2018) is given by Eqn 3:

— 28Q
Ne = (Uro—RoSpcp Ty &)

where Uj is the open wind velocity at a height of 10m (in a
zone not affected by the fire), RoS is the rate of spread (m s~ b,
Q is the fireline intensity (kW m ™ 1 of the fire, T, is the ambient
temperature, taken here as 305K, g = 9.8 ms™ ! is the acceler-
ation due to gravity, p (kg m~>) is the gas density (1.2kgm ~3)
and ¢, = 1.0kJkg ' K~! the specific heat of air. If N. > 10,
the fire is buoyancy-driven, and if N. < 2, the fire is wind-
driven. At intermediate N, values, the fire is neither buoyancy-
driven nor wind-driven. However, as N_ is dimensionless, this
study exercises the discretion to choose the velocity at any
relevant height to analyse the fire behaviour.

For the simulations presented here, the RoS and Q values
are taken from the measurements shown in RoS Calculations

and Fire Intensity sections of Innocent et al. (2022), respec-
tively. Both RoS values — the quasi-steady RoS measured
from the slope of the fire front location (by applying a linear
fit to the fire front location in time) and the averaged
dynamic RoS (obtained by differentiating the fire front loca-
tion data) — are used to compute different N. values.
Although there are differences between the values computed
using the two measurements of RoS, none of the differences
is significant enough to change the classification of the mode
of fire propagation. The HRR (kW) values obtained at vari-
ous instants in time are divided by the measured fire front
length (m) to obtain fire intensity (Q) and determine the
quasi-steady Q value (kWm™ 1 of the respective simulation.

The N, values derived from Eqn 3 using both the quasi-
steady RoS and dynamic average RoS values are shown in
Fig. 4a. Following Morvan and Frangieh (2018), the N,
values in Fig. 4a are based on U,y wind velocities of 12.5,
6 and 3ms ™!, referred to as N0 in the discussion.

For simulations with 12.5ms™ !, N, is observed to be
lower than 2 and hence within the wind-driven regime for
all slope angles. With wind speed 6ms ™!, N, < 2 for slope
angles —30° to +10°, indicating a wind-driven fire.
However, for greater upslopes (+20° and +30°), N0 lies
between 2 < N.jo < 10, which indicates that these fires are
in the intermediate regime. At the lowest wind speed
3ms~ !, the upslope cases 0° to +30° can be classified as
buoyancy-driven given the large N 1o (although for the 0°
case, N.io is close to the threshold value of 10). The —10°
case is in the intermediate regime. For all no-slope cases, the
N1 values were found to be consistent with the observation
of Sutherland et al. (2020).

Unusually, a very high Byram number value (N.;o > 500)
was observed for wind velocity 3ms~! with +30° slope but
the instantaneous temperature contour (Fig. 2I) shows that
the plume is leaning to the burnable grass plot for a considera-
ble distance (almost half of the plot). However, the plume
eventually rises up approximately 55m downstream and
becomes more vertical. In this case, the flame is wind-driven
and initially, the flame shape appears similar to the 12.5ms "
wind-dominated cases. The flame eventually erupts (transitions
to a rising plume) and becomes more like the buoyancy-
dominated flames towards the end of the burnable plot.

Because the Byram number is a comparison of buoyancy
forces originating at the surface with the shearing forces
driven by the horizontal wind at 10 m, it is possible that the
near-surface flame dynamics could be misclassified.

To understand the near-surface flame and wind field
behaviour, wind velocity at 2m (U,) was used in the N,
calculations in place of U, . U, is traditionally considered as
the mid-flame wind velocity. Mean velocity profiles were
extracted from the centreline U-velocity slices and U, values
were found to be 8.7, 4.4 and 2.2ms ™! for corresponding
U, values of 12.5, 6 and 3ms™ 1.

The N, values derived using U.,, referred to as N, in the
discussion, are presented in Fig. 4b. For the highest wind
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velocity, U, = 8.7ms ™, the fire is within the wind-driven
regime N., < 2; however, for higher upslope cases, the
values are notably closer to the threshold value 2, with
+30° slope falling in the intermediate regime. The near-
surface flame appears to be detached or rising up and the
fire may not be entirely wind-driven (as observed with N
values using U;o = 12.5m s~ ! in Fig. 4a), though the plume
went over to the wind-driven regime. This agrees with the
flame and near-surface flame rising detailed in Plume and
Flame dynamics section, Fig. 3a—o.

With U, = 4.4ms~ ', N, < 2 for slope angles —30° to
—10°, indicating a wind-driven fire, as observed in Fig. 4b.
However, for 0° and +10°, N., values are higher and lie
between 2 < N, < 10, indicating an intermediate fire
regime, whereas 0° and +10° slopes are in the wind-
driven regime with U;p = 6ms~ ', as shown in Fig. 4a.
For greater upslopes (+20° and +30°), N, > 10, classify-
ing these as buoyancy-driven fire regimes, a clear shift from
the intermediate regime with U;o (Fig. 4a) to a buoyancy-
driven regime with U,. For larger upslopes, the plumes at
lower wind velocities are more likely to be rising over a
longer distance than the higher wind velocity cases and

L

appear to be more in the plume-dominated regime, in line
with the flame contour plots (Fig. 3a—e, p-t).

At the lowest wind speed, U, = 2.2ms ™, all upslope
cases can be clearly classified as buoyancy-driven, given
the large N, values, which agrees with the N.jo analysis
using U, (Fig. 4a) except for downslope 10°, which is in the
intermediate regime using U, but moves into the buoyancy-
dominated region using U,. The eruption in Fig. 3r, s could
not be explained by using U, in place of Ujq in the Byram
number calculation.

The mode of fire propagation for all slope cases at the
three wind velocities based on N, calculations (N.;o and
N.») is summarised in Table 2.

Flame length

The flame length was computed from instantaneous centre-
line HRR data. The geometric centreline HRR data were
analysed at every time step and 99% of the maximum
observed HRR value was used as the threshold value to
create a binary image. The data inside the threshold contour
take the value one and the data outside take the value zero.
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Table 2. Summary: mode of fire propagation based on N, calculation.
Slope angle N¢jo (based on U,() N, (based on U,)
125ms™ 6ms™' 3ms™! 8.7ms”' 4.4ms™' 22ms"!
-30° Wind-driven Wind-driven
-25° Wind-driven Wind-driven
-20° Wind-driven Wind-driven Wind-driven Wind-driven
-15° Wind-driven Wind-driven
-10° Wind-driven Wind-driven Intermediate Wind-driven Wind-driven Buoyancy-driven
-5° Wind-driven Wind-driven
0° Wind-driven Wind-driven Buoyancy-driven Wind-driven Intermediate Buoyancy-driven
+5° Wind-driven Wind-driven
+10° Wind-driven Wind-driven Buoyancy-driven Wind-driven Intermediate Buoyancy-driven
+15° Wind-driven Wind-driven
+20° Wind-driven Intermediate Buoyancy-driven Wind-driven Buoyancy-driven Buoyancy-driven
+25° Wind-driven Wind-driven
+30° Wind-driven Intermediate Buoyancy-driven Intermediate Buoyancy-driven Buoyancy-driven

Following Cobian-Iiiiguez et al. (2019), an ellipse was fitted
to the binary image at every time level using Matlab (Davis
and Sigmon 2005) function regionprops. The ellipse was
constrained so that the second moment of the ellipse was
equal to the second moment of the non-zero region of the
image. The flame length was computed from the major axis
of the fitted ellipse, which represents the distance from the
centre of the flame base to the tip of the flame. The flame
length values fluctuate and show irregularity due to the
dynamic nature of fire propagation.

Fig. 5a shows flame length vs time plotted for upslopes
and downslopes at wind velocity 12.5ms~'. The flame
lengths for 6 and 3ms~' can be found in Fig. S4b, c,
Supplementary Appendix A, respectively, and in Fig. S4d,
e, Supplementary Appendix A, the results from the longer
burnable grass plot simulations for greater upslopes
(repeated to ensure a quasi-steady state) at wind velocities
12.5 and 6 ms ' are presented, respectively.

In Fig. 5a, upslope cases show the greatest flame length at
+30° slope and the flame length decreases as the slope
angle decreases. The peak flame length value for an upslope
angle was found to be approximately 30% higher than the
flame length of the next lower angle (by 10°); however, the
difference narrows as the wind velocity decreases. This
observation is consistent with the plume contour views of
Fig. 2a-I: when the upslope angle increases, the plume
inclines towards the ground and is more prone to plume
attachment. The flame lengths are much higher for upslopes
than downslopes. For downslopes, the flame length is
greatest at —10° and the length decreases with increase in
downslope angle. The difference in flame lengths is lower
than that observed for upslopes. Comparing among the
three velocity cases, for corresponding slopes (Fig. S4,

Supplementary Appendix A), the flame length is generally
lower for the lower-velocity cases. This indicates that with
the higher wind velocity, convection plays an increased role
in fire propagation.

The flame length values extracted from the quasi-steady
region are plotted in Fig. 5b for the three wind velocities. At
lower wind velocities and with steep downslopes, the fire
front does not propagate down the slope. Therefore, —30° at
6ms~!, —30° and —20° at 3ms~ ! are not included in the
flame length plots.

Alexander and Cruz (2012, 2021) examined the under-
lying assumptions and limitations associated with various
empirical correlations between fireline intensity and flame
length. They found that fire behaviour characteristics are
strongly influenced by the fuel structure and environmental
conditions and there are bounds or limits associated with
these empirical relationships. Alexander and Cruz (2012,
2021) presented a list of power-law correlations to facilitate
estimation of the flame length as a function of the fire line
intensity. Similarly, Barboni et al. (2012) presented another
list of correlations. We attempted to find which of these
correlations best fitted our numerical data and found that
the best results were obtained with the correlations derived
by Anderson et al. (1966), which is listed among the correla-
tions presented in Alexander and Cruz (2012, 2021). They
proposed flame length as a function of fire line intensity, as
shown in Eqn 4, derived from field experiments conducted
using a surface fuel of lodgepole pine slash:

L = 0.074Q0:651, 4)

where L is the flame length in metres. For the simulations
presented here, the Q values (kW m™ 1y were taken from the
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preceding part of this study, Heat Release Rate and Fire
Intensity section (Innocent et al. 2022). The values of L
calculated using Eqn 4 are presented in Fig. 5b, along
with the quasi-steady L values obtained from this study
(Q values corresponding to the respective slope angles
and wind velocities are used in Eqn 4). The L values pre-
dicted by Eqn 4 are nominally higher than the values
obtained from this study for slope angles up to +10°. For
larger upslopes, Eqn 4 predicts lower values than the simu-
lation results (especially for 12.5ms™ ! cases). Presenting
all the simulated L values against the simulated Q values in
Fig. 5¢, a power-law relationship, Eqn 5, was found to exist
between the flame length and intensity, in broad agreement
with the correlations in the list of empirical models pre-
sented in Alexander and Cruz (2012, 2021) and Barboni
et al. (2012):

L = 0.0062Q0-9466 ()

The +30° cases with 6 and 3m s~ ! wind velocities appear
to be outliers (shown with ovals in Fig. 5¢) and were
omitted from the linear regression fit.

Flame height (defined as the vertical distance from the
base of the leading edge of the flame to the flame tip) could
not be reliably determined from the simulation data. An
attempt was made using a method similar to the one used
to compute flame length (Cobian-Ifiguez et al. 2019), and
the flame height was computed analogously from the maxi-
mum height of the fitted ellipse. Using this method, we
found that the flame height does not generally vary with
slope and is within the range of 1-1.8 m. However, there
may be limitations in the ellipse-fitting approach used here.

Heat fluxes

To understand the role of radiative and convective heat
transfer on sloped terrain, contour plots of heat fluxes
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were analysed and are presented in Fig. 6. The modelling
(and correlations) of the net convective and radiative heat
transfer to the vegetation in the Large Eddy Simulation
(LES) approach implemented in WFDS can be found in
Mell et al. (2009), McGrattan et al. (2015) and Perez-

Ramirez et al. (2017).

rad
conv

X (m)
+30° at 12.5 ms™'

20 !
10l
E of
N
—10}

e 1

conv

—20 .
80
X (m)
+30°at6 ms™
(9)
20 v -
rﬁ\\ — rad
10| | [
E of ' '
N
_10 + J + !
-20 ‘ ' ‘ -
20 40 60 80 100
X (m)
+30°at3ms™!
Fig. 6.

20

20

The convective and radiative heat flux boundary data
obtained from the simulations were analysed using Matlab
to extract the contours. The averaged heat flux data at every
cell in time impinging over the unburnt fuel were analysed.
The heat flux data were derived based on the trailing edge

(or pyrolysis rear) of the pyrolysis region, as the fire front

- . y 20
10
| Eo
>
v -10
> ' —20
0 20 40 60 80 100
X (m) X (m)
+10° at 12.5 ms™ —10° at 12.5 ms™!
T T 20 T
rad
— CONV/|
10 -
| E,
>
-10
| 20 . |
40 60 100 60 80 100
X (m) X (m)
+10° at 6 ms™! —10°at6 ms™!
(h)
20
e 120
conv rad
— CONV
10
Eo
>
-10
L 1 i i -20 L "
20 40 60 80 100 60 80 100
X (m) X (m)
+10° at 3ms™! —10°at3ms™!

Instantaneous heat flux contours taken at different times as the fire front moves through the grass plot for slope angles

+30°, +10° and —10° at: (a—¢) 12.5ms™"; (d—f) 6ms™'; and (g) 3ms~'; ‘rad’ and ‘conv’ represent radiative and convective heat

fluxes, respectively. See the discussion for an explanation of these heat flux contours.


https://www.publish.csiro.au/wf

J. Innocent et al.

International Journal of Wildland Fire

moved from left to right through the burnable grass plot. As
there is no physically meaningful threshold for the heat
fluxes, the data were normalised to range from 0 to 1 and
the 0.5 value contour was plotted. That is, 50% of the heat
transfer occurs inside the contour. The instantaneous heat
flux contours were taken at different times as the fire front
moved through the grass plot for +30°, +10° and —10°
slopes at the three wind velocities.

At 12.5m s !, the convective heat flux (blue lines) tends
to lie ahead of the radiative heat flux (red lines) for all three
slopes. The convective heat flux is the leading heat transfer
mechanism for 12.5ms~ ! cases, which are predominantly
wind-driven fire propagation as demonstrated in the Byram
number analysis. The trend of convective heat flux leading
the radiative heat flux also occurs at 6 ms ™~ with +30° and
+10° slopes, whereas it remains spatially overlapping or
lagging at some instances with the —10° slope. However, at
a lower wind velocity of 3ms™!, the radiative heat flux
contours mostly overlap the convective heat flux contours.

The leading or lagging of the fire front by the convective
heat flux does not necessarily mean that the total heat flux is
dominated by the convective heat flux. Rather, these contours
provide information about where the heat transfer occurs.

(a) (b)

90

The results presented show that the convective heat fluxes
are more relevant in wind-driven fires and at greater slopes
compared with buoyancy-driven fires and for lower slopes;
these results are consistent with the studies of Sanchez-
Monroy et al. (2019) and Dupuy and Maréchal (2011).

The total radiative and convective heat fluxes on the plot
ahead of the fire front at 12.5m s~ " are presented in Fig. 7a,
c, respectively. The results from repeated simulations with
the longer 120-m grass plot (to ensure quasi-steady state)
are presented in Fig. S5, Supplementary Appendix A. The
heat fluxes for 6 and 3ms~! are shown in Fig. S6a—d,
Supplementary Appendix A. To obtain these data, the
boundary heat flux data at every time step were multiplied
by a filter that discriminates between burnt and unburnt
fuel. The heat flux to the unburnt surface was summed to get
the total boundary heat flux value (both radiative and con-
vective) at that instant of time. For all three wind velocities,
with increasing slope angle, the heat fluxes reach their
maximum values earlier, as the fire front travels much
more quickly on upslopes. The heat flux increases as the
fire front progresses from the ignition line, then reaches a
quasi-steady state and finally decreases. The total heat
fluxes increase with slope angle and wind velocity.
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However, the opposite scenario is found with the down-
slopes. At lower wind velocities 6 and 3ms™!, for steep
downslopes, the fires fail to sustain themselves (Fig. S6a—d,
Supplementary Appendix A) and both the convective and
radiative heat flux values are much lower (—30° at 6ms™ !,
—30°and —20° at 3ms™ Y.

The radiative and convective heat flux values extracted
from the quasi-steady region are plotted against slope angles
in Fig. 7b, d for the three wind velocities. For a given slope
angle, the radiative heat flux is higher than the convective
heat flux for all three wind velocities. Comparing among the
velocities, as the driving wind velocity increases, both radia-
tive and convective heat flux values increase. For 12.5ms ™!,
the radiative heat flux value for the greater upslope (+30°)
is approximately 95% higher than that for no-slope, and for
greater downslope (—30°) is approximately 94% lower than
no-slope. The convective heat flux value for the larger
upslope is approximately 200% higher than no-slope and
that for the larger downslope (—30°) is approximately 72%
lower than no-slope. For lower wind velocities 6 and
3ms~ !, the convective heat flux values are closer for slope
angles —30° to +10°, indicating that the wind velocity has
less effect on the convective heat flux for downslopes com-
pared with its effect on radiative heat flux.

Conclusions

In this study, the interactions of wind and slope on fire
propagation and dynamics were explored with physics-
based simulations. We considered a particular surface fuel
type (with specific thermo-physical properties) with fixed
fuel bed conditions (fuel load, bulk density and fuel height).
Within the simulations conducted, it was found that with
increasing upslope angle and wind velocities, the plume
inclines more towards the ground whereas on downslopes,
the plume rises from the ground earlier. Bearing in mind that
our simulations are at a much smaller scale than a real
wildfire scenario, we found that with larger upslopes, the
eruptive growth of fires may lead to flame attachment,
which can result in firefighter causalities (Lahaye et al
2018). Our results indicate that such attachment can occur
in higher upslope cases (> +20° slopes). However, our
highly idealised simulations are at a small scale and caution
must be applied in extrapolating these results. As wind speed
increases, the plume attachment occurs at a much lower
slope angle owing to an interaction between the slope of
the terrain and the plume itself. For higher wind velocities,
the flame and near-flame appear to be rising, even though
the plume is attached. Overall, we found similarities with the
results of Dold and Zinoviev (2009) and Sharples (2017).
Considering the behaviour of the plume at higher alti-
tudes, at Z = 10 m, it appears to be wind-driven in agreement
with the Byram number analysis. For higher wind velocities
(12.5 and 6 ms™ 1), the flame is buoyancy-dominated near

the ground, tends towards wind-dominated for a very short
time intermittently and then transitions to buoyancy-
dominated regime as the fire progresses. At lower wind
velocity (3ms™ 1), the plume rises up, the fire establishes
itself and the flame then becomes attached, which leads to
rapid intensification and a buoyancy-dominated fire. The
flame is more vertical at lower slope angles and becomes
deeper as the slope angle increases. To understand the near-
flame wind field behaviour, wind velocity at 2m (U,) was
used in the Byram number calculation in place of U;o. Within
the simulations conducted in this study, the flame behaviour
can be different from the overall plume behaviour and the
Byram number based on U,, captures the plume behaviour,
not the flame behaviour.

When the fire ran uphill, the flame length was found to be
higher with the flame attached to the ground. Flame length
at a given slope angle increased with the driving wind
velocity. For all three wind velocities, the flame lengths
obtained from this study were found to reasonably agree
with the values predicted by the empirical model proposed
by Anderson et al. (1966). Additionally, within the simu-
lated flame lengths and intensity, a power-law correlation
between the flame length and fireline intensity exists.

The contours of heat fluxes show that the convective heat
fluxes are more relevant for wind-driven fire propagation
and on larger upslopes. Both the total radiative and the total
convective heat flux values increased with wind velocity.
Similar observations were reported by Mendes-Lopes et al.
(2003), Dold and Zinoviev (2009), Dupuy and Maréchal
(2011), Sharples (2017) and Sanchez-Monroy et al. (2019).
For a given slope angle, the total radiative heat flux values
were higher than convective heat flux values for all three
driving wind velocities. However, the difference between
the fluxes decreased as the wind velocity decreased and
both fluxes were equally significant at lower driving wind
velocity compared with higher wind velocities. Sadnchez-
Monroy et al. (2019) reported that for no-wind conditions
on slopes above 30°, convective heat flux was larger and a
tendency towards that was observed in our study.

Supplementary material

Supplementary material is available online.
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