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ABSTRACT

Background. The spread of canyon fire often involves sudden acceleration, which is related to
eruptive fire. Aims. The purpose of the study is to explore the pattern of fire line evolution and
rate of spread (ROS) with topographic conditions in canyon fire, and to clarify the critical
conditions for and mechanism of eruptive fire. Methods. A systematic experimental study on
canyon fire was conducted by igniting dead pine needles with a point ignition. Key results. Four
different types of fire line contours were identified under different topographic conditions. When
the central slope angle a = 15°, the direction of the fire head gradually deviates from the line of
maximum slope and moves to the center line, and this deviation increases with a. Accordingly,
ROS along the center line also exhibits dynamic characteristics, and ROS increases with o and the
lateral slope angle 8. The critical conditions for eruptive fire are a = 27.5° and & = 20°. Conclusions.
When eruptive fire occurs, there is significant convective heating ahead of the fire front. This
strong convective heating is the basic mechanism for eruptive fire in canyons. Implications. Our
results may provide a theoretical basis to assist fire commanders to make decisions.

Keywords: canyon fire, convective heating, critical conditions, eruptive fire, extreme fire

behavior, fire front, fire line contour, rate of spread, terrain.

Introduction

In recent years, global changes dominated by climate change have contributed to more
flammable landscapes and unstable atmospheric conditions, promoting the development
of wildfires, with extreme fire behaviors becoming more frequent (Viegas et al. 2009;
Duane et al. 2021; Wadhwani et al. 2023). Extreme fire behavior is seen when fires
undergo an unsteady physical transition from the original low-intensity steady state to a
new steady state with a high rate of spread (ROS) and intensity (Liu 2023). Eruptive fire
is a typical extreme fire behavior and is also referred to as ‘blow-up’, ‘flashover’, or ‘fire
eruption’ (Liu et al. 2021). It is characterized by a sharp increase in the ROS and heat
release rate in a very short time, regardless of changes in the external environmental
conditions (Viegas 2004; Liu et al. 2021). This sudden and unpredictable change in fire
behavior is very dangerous for firefighters, with many casualties being related to it
(Viegas and Pita 2004; Viegas et al. 2009; Chatelon et al. 2011; Xie et al. 2017).
Previous cases and studies indicate that eruptive fire is likely to occur on steep slopes,
such as canyons or ridges (Viegas 2004; Viegas and Simeoni 2011; Viegas et al. 2021a).
The control mechanism of extreme fire behavior is completely different from that of
general steady-state surface fire, and we still do not fully understand it, which is one of
the causes of such accidents (Liu et al. 2023; Wadhwani et al. 2023).

Some progress has been made in research on eruptive fire behavior and its accelera-
tion mechanism. Viegas and Pita (2004) put forward a groundbreaking explanation that
under the conditions of a downwind or positive slope, fire eruption may be caused by the
convective heat feedback effect induced by the fire front. The flow induced by fire
provides fresh oxygen to the reaction zone, enhancing the combustion process and
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resulting in an increase in ROS and flame length, simulta-
neously leading to flame entrainment of more ambient air
and further increasing ROS (Silvani et al. 2012, 2018;
Liu et al. 2014). If this positive feedback process is not
suppressed, ROS will continue to increase, possibly reaching
very high values (Viegas and Simeoni 2011). Dold and
Zinoviev (2009) proposed that flow attachment to the fuel
surface is the key factor leading to the acceleration of fire
spread on the confined slope ahead of the fire front. They
erected two 60-cm baffles on either side of an inclined fuel
bed to prevent lateral airflow, which was used as an analogy
for a narrow canyon. The airflow ahead of the fire front was
observed approximately through soap bubbles injected into
the air. The results showed that flow attachment occurs at a
larger slope angle, accelerating fire spread. However, there
was no quantitative measurement to study the relationship
between flow attachment and fire spread acceleration from
a physical layer. Xie et al. (2017) conducted a systematic
experimental study on upslope fire spread in a trench. The
experiments showed that flow attachment is the result of the
combined effect of slope and trench structure on air entrain-
ment limitation. When flow attachment occurs, convective
heating is enhanced, and the range of its influence consid-
erably increases, with this becoming an important mecha-
nism for fuel preheating Liu et al. (2023) studied fire spread
characteristics and the critical conditions of fire in different
trench structures and found that compared with radiative
heating, convective heating caused by flow attachment
plays a more critical role in fire spread. For a given terrain
slope, when the aspect ratio of the trench increased to a
certain value, it had no effect on eruptive fire behavior,
indicating a ceiling effect.

Canyon fires exhibit considerably different fire line evolu-
tion and fire spread behaviors compared with normal upslope
fires (Xie et al. 2020). Upslope fire can rapidly reach a steady
state, with a constant ROS after ignition. Most previously
developed fire spread models are also based on this ‘quasi-
steady state’ hypothesis (Rothermel 1972; Viegas 2006;
Chatelon et al. 2011; Dold and Zinoviev et al. 2011; Balbi
et al. 2014). Owing to complex terrain or other reasons, the
ROS of canyon fires exhibits dynamic characteristics, making
it difficult to reach a stable state in a short time. Fire eruptions
may occur on steep slopes, causing the ROS to increase
sharply (Viegas and Pita 2004; Xie et al. 2020). However,
research directly related to canyon fire is very limited. Lopes
et al. (1995) are the pioneers of the study of fire spread in
canyons, using a complete physical equation to numerically
simulate the canyon fire spread process, proving the accelera-
tion of airflow in the canyon and the influence of wind-fire
interaction on fire behavior. Viegas and Pita (2004) conducted
further research on canyon fire, proposed a simple analysis
model and conducted a series of laboratory experiments on a
symmetric canyon. The purpose of the model was only as a
reference, without considering the interaction between adja-
cent fire lines in the canyon. The results showed that only

under conditions of low central slope angle a and high lateral
slope angle § can an obvious bifurcated fire head be observed.
In most other cases, the fire front on the center line tends to
catch up with the other two heads and merge into a single and
broad fire front. As the slope increases, the direction of the fire
head deviates from the line of maximum slope and gradually
moves to the center line. When a@ = 20° and § is >20°, the
ROS along the central line shows dynamic characteristics;
when a is =30°, the ROS index increases and an eruptive
fire occurs. The authors believe this fire spread acceleration is
caused by fire-induced flow. However, there was no quantita-
tive measurement of flow velocity and heat flux density to
explore the heat transfer mode ahead of the fire front.
Building on Viegas’ study, Xie et al. (2020) explored the
spread process and heat transfer mechanism of canyon fire
through experimental research and theoretical analysis. The
results showed that under distinct a conditions, there are
three different fire line evolution modes, which lead to differ-
ent ROS change modes along the central line. The experimen-
tally measured convection heat flux, velocity and calculated
convection heat transfer confirmed that when a reaches the
critical angle, an eruptive fire occurs, and there is obvious
convective heating ahead of the fire front, which is caused by
the significant interaction between the two lateral fire fronts
in the canyon. This convective heating effect is considered a
potential mechanism for eruptive fire in a canyon. However,
the study only changed the central slope angle and did not
consider the influence of the side slope angle. Pimont et al.
(2012) conducted a numerical simulation of a canyon fire.
The results showed that in downwind conditions, the ROS in a
narrow canyon was slightly higher than in a wide canyon. The
ROS was significantly affected by the combined effects of
wind, slope and fire front size. Additionally, Viegas et al.
(2021a) conducted a laboratory-scale study on linear fire
entering transverse canyons perpendicular to the main fire
spread direction, whereas Rodrigues et al. (2023) studied the
spread of linear fire on slopes embedded in canyons. These
studies showed that the special terrain configuration of can-
yons can lead to changes in fire spread behavior, leading to
accelerated fire spread and fire eruption under certain condi-
tions. However, there is no systematic analysis of the influ-
ence of canyon shape on fire line evolution and ROS, and the
critical conditions for the occurrence of eruptive fire in can-
yons remain unclear.

Herein, we conducted a series of experiments on canyon
fire spread under different terrain conditions on a pine
needle fuel bed. We systematically analyzed the changing
pattern of the fire line evolution and ROS in the canyon with
terrain slope and explored the critical conditions for erup-
tive fire. By measuring the heat flux and flow velocity of the
fire front, we analyzed the preheating mechanism under
different conditions, its relationship with the acceleration
of fire spread and the influence of terrain on convective heat
transfer. The results further deepen understanding of canyon
fire behavior, lay a foundation for the establishment of a
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canyon fire prediction model and provide a scientific basis
for firefighting commanders.

Materials and methods

Geometric structure of the canyon

The geometric structure of the symmetrical canyon is shown
in Fig. la. It comprises two symmetrical planes: OC is the
canyon center line and OD is the maximum slope line between
one side of the slope and the horizontal ground (point D may
be on AB or BC). The symmetric canyon is controlled by two
characteristic slope angles: the central slope angle a and the
lateral slope angle 8. a represents the angle between the
canyon center line (OC) and the horizontal ground. By

(@)

contrast, § represents the angle between the canyon bottom
edge (OA) and the horizontal bottom edge (OA’). The angles a
and § determine the geometric structure of the canyon.
Additionally, there are two characteristic angles: the maxi-
mum slope angle 6 and the angle y between the center line
(OC) and the maximum slope line (OD). According to Viegas
and Pita (2004) and Xie et al. (2020), 6 and yw can be
calculated using a and §, and the expression is as follows:

tan%a + sina sin®a + tana
tanf = \/ = v @D)]
cosa cosa

siné

(2)

tana

It can be seen from the expression that 6 increases with
increase in the central slope angle a and the side slope

Fig. 1.
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Geometric structure of symmetric canyon (a); experimental set-up (b); and schematic diagram (c).
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angle § (0 > a and 0 = §); y decreases with increase in @ and
increases with increase in §.

Experimental setup

As shown in Fig. 1b, all the experiments were conducted on
a 4.4 m (length) X 4.0 m (width) canyon combustion table
in the Wildland Fire Behavior Research Laboratory of
Northeast Forestry University. Dead Pinus koraiensis needles
were used as fuel (average density, 378 kg m~3; average
particle diameter, 1483 mm and average surface ratio,
4047 m™ ') with a loading capacity of 0.6 kg m™2 (dry
basis) (Viegas and Pita 2004; Xie et al. 2020). The fuel
moisture content (FMC) considerably influences fire behav-
ior. After collecting the fuel, it was stored in a warehouse
and dried in the shade. The FMC ranged from 8.7 to 13.5%.
During the fuel bed preparation stage, a rapid moisture
analyzer (A&D ML50) was used to measure the FMC multiple
times to ensure stability, with changes not exceeding +0.5%
per experiment. After evenly laying the fuel on the test table,
five points were randomly selected to measure the fuel bed
depth, at an average depth of 4 cm (average bulk density of
the fuel bed, 15 kg m~>). The experimental period was
mainly concentrated in July and August. The laboratory’s
ambient temperature was ~25°C, with a relative humidity of
~63%. To ensure accurate results, following previous reports
(Viegas and Pita 2004; Xie et al. 2020), we set eight gradients
for a, which were 0, 10, 15, 20, 25, 27.5, 30 and 40°, and five
gradients for §, which were 10, 20, 30, 35 and 40°. Among
these, @ = 27.5° was set based on experimental results (when
a = 25°, no eruptive fire occurs) to explore the critical condi-
tions for eruptive fire; hence, only experiments with § = 10, 20
and 30° were performed. To simplify the naming of different
configurations, we use the following explicit form: [C(a_d)], for
example, for ¢ = 0° and § = 30°, was named C0_30 and for
a = 27.5° and § = 35°, C27.5_30. To ensure good reproduc-
ibility, the test for each configuration was repeated at least
once. Each test was ignited by a small cotton ball soaked in
alcohol at a distance of 35 cm from the bottom of the canyon
center line. Simultaneously, a horizontal fuel bed of 1 X 1 m
was prepared. Under the same conditions, a reference test was
performed from the bottom of one side to measure the basic
spread speed R, under the conditions of no wind and no slope.

On the central line of the canyon, K-type thermocouples
(bead diameter 0.2 mm) were installed 8 cm above the surface
of the fuel bed, with a constant spacing of 20 cm, sorted from
bottom to top, as shown in Fig. 1c. To ensure data accuracy,
all thermocouples were calibrated in boiling water prior to the
experiments, and the measured error was within +3%. In the
experiment, the position of the fire front was determined by
identifying the time when the temperature of the thermo-
couple reached 350°C (Liu et al. 2014; Raposo et al. 2018).
The ignition point was located between the second and third
thermocouples. To avoid the influence of residual cotton balls
after ignition, the time when the fire front reached the third

1000
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T9
T12
T15

T18

750

500

Temperature (°C)

350 --------f-----p--F{H-- Ak e

250+

0 100 200 300
Time t (s)

Fig. 2. Typical temperature curve in the experiments (a = 30°,
& = 30°). The number following ‘T’ indicates the sequential position
of the thermocouple.

thermocouple was considered the initial test time, recorded as
0 s. A typical temperature curve measured during an experi-
ment is shown in Fig. 2. Two calibrated bidirectional S-type
Pitot tubes (Dwyer Instruments Inc., 160S Series) were con-
nected to the pressure difference meter through hoses and
placed at the center of the right plane and the center line near
the top of the fuel bed, respectively. The height from the
surface of the fuel bed was 15 cm, the Pitot tubes were
denoted P1 and P2, and the corresponding measured flow
velocities were U1 and U2, respectively. A thermocouple was
placed at the measuring position to measure the air tempera-
ture, which was used to calculate convection velocity. A total
heat flux meter of water-cooled type (Shanghai Anyi Scientific
Instrument Co., Ltd, SWT-25-50-WF; range, 0-50 kW m ™%
response, 2.262 kW m~2 mV~!; viewing angle, 180°) and a
radiative heat flux meter (Shanghai Anyi Scientific Instrument
Co., Ltd, SWT-25-50-RWF; range, 0-50 kW m~? response,
3.327 kW m~? mV ~!; viewing angle, 150°) were placed close
at a distance of 10 cm from the top of the fuel bed in the
direction of the center line to measure the heat flux density.
The sensor window was above and parallel to the surface of
the fuel bed. All data were collected at a sampling frequency
of 10 Hz. A digital video camera (Sony FDR-AX60, 30 Hz)
recorded the experimental process from the front and side of
the fuel bed. To better extract data on the evolution of the fire
line and avoid the occlusion of smoke and flame plumes, an
infrared camera (FLIR T865, resolution 640 X 480 pixels)
was used to record and extract the fire line. The infrared
camera’s measurement temperature range was 300-1500°C.

Data processing

Fire line contour

The sequences of images recorded by the infrared camera
were analyzed using the software ‘Fire ROS Calculator’. The
software calibrated the parameters of the camera by calibrating

4

5202 1090300 9z U0 1sen6 Aq Jpd e L 28 LEBS LITELYZAM/LLOL 0L/10P/Pd-Bjo1e/4M/NE 19S]08UU0D//:dRY WOl papeojumo]



www.publish.csiro.au/wf

International Journal of Wildland Fire 34 (2025) WF24134

the object and then used the generated calibration matrix to
convert the pixel coordinates in the image into real-world
coordinates. This process determines the position of the fire
front and extracts the fire line contour, which can yield ROS
measurement along the user-defined direction (Abouali and
Viegas 2019). The verification results revealed that the soft-
ware’s output error was =+ 5%. This software has been applied
in numerous special terrain fire behavior studies (Abouali
et al. 2018, 2021; Viegas et al. 2021a; Rodrigues et al. 2023).

ROS

To minimize the impact of external environmental and fuel
conditions on fire spread, the experimental results are better
compared by studying the internal dynamics of fire spread (Xie
et al. 2020; Abouali et al. 2021; Ribeiro et al. 2023). We use
the dimensionless ROS R’, and the formula used was as follows:

R = —, (3

where R’ is the dimensionless ROS, R is the measured ROS in
the central line direction and R, is the basic ROS under no wind
and no slope conditions.

Previous studies have suggested that when R’ is <2,
the ROS is relatively low and approximates a stable spread,
but if R” is >5 or increases rapidly in one direction
(>5 units min " 1Y), then extreme fire behavior can be con-
sidered to be occurring (Viegas and Simeoni 2011; Abouali
et al. 2018; Rodrigues et al. 2019).

Results and analysis

Fire line evolution

Terrain conditions significantly impact fire line evolution,
with four different fire line evolution modes being observed
under different terrains. Fig. 3 shows the typical canyon fire
line evolution under different terrain conditions.

Mode 1

The fire line contour is approximately circular or ellipti-
cal. For high § configurations (=30°), distinct fire heads
appear, and their direction is consistent with the maximum
slope line, whereas no fire head appears under other condi-
tions. The evolution of the fire line is similar to the spread of
ordinary upslope fires. The fire head first reaches the edges
on both sides of the canyon and then spreads upward along
the Y-axis (vertical direction) in the form of an elliptical arc
through the center line. The intersection of the arc and the
center line is located at the forefront of the fire line until the
top of the fuel bed.

Mode 2
The fire line contour is approximately circular at the
beginning, subsequently becoming an isosceles trapezoid

symmetrical about the center line. The direction of the
two lateral fire heads is consistent with the direction of
the maximum slope line, and in the direction of the Y-
axis, the two lateral fire heads connect, forming a broad,
straight line of fire approximately perpendicular to the cen-
ter line in the middle area. The fire head first reaches the
edges on both sides of the canyon and then keeps spreading
upward, perpendicular to the central line.

Mode 3

The fire line contour is approximately elliptical at the
beginning (the long axis is located at the center line), there-
after forming a butterfly shape symmetrical about the center
line. This contour is completely different from the ordinary
upslope fire. The direction of the two lateral fire heads
deviates from the maximum slope line from observation
and moves closer to the center line. Along the Y-axis direc-
tion, the ROS at the center line is slightly lower than that of
the two lateral fire heads, forming two elliptical arcs sym-
metrical about the center line.

Mode 4

The fire line contour is also approximately elliptical (the
long axis is at the center line) at the initial stage. Subsequently,
a single fire head forms near the center line and spreads
upward until the top of the fuel bed. With increase in a and
d, the time required for the fire to spread to the top decreases,
the fastest time being ~60 s. Subsequently, two symmetrical
linear fire lines form to connect the bottom and the top,
spreading laterally (in the X-axis direction) to both sides. The
fire head in this mode completely deviates from the maximum
slope line, forming a single fire head near the center line.

The parameters a and §, which control the terrain struc-
ture of the canyon, significantly affect the evolution of the
fire line. a = 0° forms a unique configuration with a y angle
of 90°. The maximum slope line is perpendicular to the
center line, and the fire line spreads along it. When § is
fixed and a increases, the angle of the fire head direction
deviating from the maximum slope line gradually increases
until a single fire head forms near the center line. When « is
fixed and § increases, the angle between the fire head and
the center line gradually increases (except for a = 0° and
40°) until the fire head direction aligns with the maximum
slope line. The figure clearly shows that the fire line evolu-
tion mode changes more significantly with the angle of a.
Therefore, it can be considered that the influence of a on fire
line evolution is more significant than that of §.

Viegas and Pita (2004) proposed an analytical model
based on the spread of ordinary upslope fire. They assumed
that in the absence of wind, the fire would spread like a single
ellipse or a double ellipse, with its central axis consistent with
the direction of the maximum slope line. Our results show that
only in Mode 1 is the fire line evolution similar to the results
of the analytical model, with differences in other modes.
Particularly in Mode 3 and Mode 4, the fire head deviates
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Fig. 3.

The fire line contours under different terrains. The (a—c) a = 0°; (d—f) & =15°, (g—i) & = 20°and (/) o = 30°.

The blue dotted line in the figure represents the maximum slope line.

from the maximum slope line, moves closer to the center line
and even forms a single fire head near the center line.
According to experimental data and theoretical analysis,
Xie et al. (2020) proved that there was an interaction
between the two lateral fire fronts, which affected the pre-
heating mechanism for unburned fuels in front of the fire
front, resulting in deflection of the fire line and affecting the
ROS. For two parallel rectangular flames, the interaction of
the fires depends on the distance between the flames, the size

of the fuel bed and the heat release rate (Liu et al. 2019). The
smaller the distance between the fires, the stronger the
interaction. As a increases, the maximum slope line moves
to the center line, causing the theoretical maximum spread
velocity direction to move to the central line. This movement
decreases the distance between the two lateral fire fronts,
making their interaction more pronounced and increasing
the angle of fire head direction deflection (Maynard et al.
2016; Raposo et al. 2018; Liu et al. 2019; Xie et al. 2020).
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Fig. 4.
27.5° 30°, and 40°, respectively.

As § increases, although the theoretical angle between the
fire head direction and the center line increases, the distance
between the two planes of the canyon decreases, enhancing
the interaction.

Rate of spread

Canyon fire spread is a dynamic process, and ordinary linear
regression cannot reflect the change in ROS with time.
Therefore, we performed a polynomial regression on the posi-
tion and time of the fire front arrival (Xie et al. 2020) and then
obtained the spread speed (R) by deriving different positions
of the fitting curve and calculating the dimensionless spread
speed (R”). The position and time of the fire front are shown in
Fig. 4, and the dashed line represents the fitting curve. For
configurations with @ = 0° and 10°, the difference in ROS is
not significant owing to the small a. The value of R’ obtained
is <2.5, with a variation range within 0.5. This indicates that
the spread speed is stable; hence, R’ is obtained via linear
fitting. Additionally, for C25_30 and C25_35, owing to the
fire line evolution, there is a brief, sudden acceleration in
their spread, and the polynomial regression performs poorly.

Position of the fire front in the experiment (along the center line of the canyon). The (a—h) correspond to a of 0°,10°15°, 20°, 25°,

Therefore, a piecewise regression method was used to improve
the accuracy of the ROS calculation.

Fig. 5 shows the dimensionless ROS (R’) under different
terrain conditions. When a is =15°, R’ begins to exhibit
dynamic characteristics. This results from the interaction
between the fire and its surrounding environment, with
the characteristics of fire behavior changing over time
even without changes in external conditions (Viegas et al.
2021b, 2022). Under different terrain conditions, R’ shows
different modes. For low slope conditions of @ = 15° and
20° and § = 10° and 20° (Fig. 5a, b), the value of R’
fluctuates around 2, but the range of variation does not
exceed 1, which is similar to stable spread (Wang et al.
2024). For other configurations of a = 15° and 20°, all
configurations of @ = 25° and C27.5_10 (Fig. 5a-d), the
dynamic characteristics of the R’ are more pronounced, and
the acceleration of R’ decreases over time. When R’ reaches
its peak, it gradually decreases to approach the initial R’ or
another stable value. In the two modes described above
(Fig. 5a-d), R’ does not exhibit growth; hence, its final
trend is either declining or remaining stable. However, for
C27.5_20, C27.5_30 and all configurations of ¢ = 30° and
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correspond to a of 15°, 20°, 25°, 27.5°, 30°, and 40°, respectively.
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Fig. 6. Occurrence of eruptive fire in a canyon under different
experimental conditions.

40° (Fig. 5d—-f), after an initial phase of relatively stable
spread, acceleration continuously increases, and the ROS
demonstrates an exponential growth trend, consistent with
the characteristics of eruptive fires (Viegas and Simeoni
2011; Liu 2023). This indicates that eruptive fire occurred
under those terrain conditions. Our results show that the
critical conditions for the eruptive fire in the canyon are
a = 27.5°, 6 = 20° (C27.5_20), as shown in Fig. 6. When «a
is =30° or a = 27.5° and § is =20°, eruptive fire occurs in
the canyon. In our experiment, R’ increases monotonically
with a and §. For § increasing from 30° to 40°, no decrease
in R’ is observed, as mentioned by Viegas and Pita (2004),
possibly because of spatial constraints. When a is =30°,

110

Time t (s)

220

Time t (s)

Dimensionless rate of spread, R’. The horizontal lines in (a) and (b) indicate the value corresponding to R’ = 2. The (a-f)

eruptive fire can occur even when § = 10°. This suggests
that the occurrence of eruptive fire is more dependent on «a
than on §, and a has a more significant impact on R’. The
trench configuration can be regarded as an analog of con-
fined slopes in canyons (Liu et al. 2023). Previous studies on
trench fires indicate a critical slope for eruptive fires related
to the height (aspect ratio) of the trench walls (Xie et al
2017). This is consistent with our results. Specifically, when
a = 27.5°, the ROS tends to stabilize at § = 10°, whereas an
increase in § to 20° leads to an exponential rise in the ROS,
indicating the occurrence of eruptive fire.

Heat flux

To analyze the heat transfer mechanism of canyon fire
spread, we measured the total and radiative heat flux at
the top of the center line. The measured heat flux data
showed noticeable fluctuations over time. We used the
method of Liu et al. (2014, 2015) and applied the Fourier
low-pass filtering algorithm with a cut-off frequency of
0.1 Hz to smooth the heat flux data, with the peak remain-
ing almost unchanged after treatment. Fig. 7 shows the heat
flux data under typical configurations. The total heat flux
and the radiative heat flux increase with the characteristic
slope angles a and §. Previous studies have shown that the
sudden fire acceleration of eruptive fires often involves a
significant increase of convective heating (Viegas and Pita
2004; Dold and Zinoviev 2009; Xie et al. 2017; Liu 2023).
Our results showed that for configurations where eruptive
fires did not occur (Fig. 6), the total heat flux and radiative
heat flux were approximately the same, indicating that

8
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Fig. 7. Total heat flux and radiation heat flux measured under different terrains.

radiative heating is the primary mechanism of fire spread,
and convective heating does not exist or is not obvious. For
configurations with a of =30° or @ = 27.5° § of =20°,
where eruptive fires occurred (Fig. 6), the total heat flux was
significantly greater than the radiant heat flux, indicating a
significant increase in convective heating. Convective heat-
ing and radiative heating jointly dominated in the preheat-
ing of unburned fuels in front of the fire front, resulting in a
sharp increase in R’.

Flow velocity

The flow velocities of typical configurations are shown in
Fig. 8. The upslope direction along the center line is posi-
tive, and the dotted line in the figure represents the fire
front arrival time. Initially, the flow velocity fluctuates
around 0. As the fire front approaches the Pitot tube, the
flow velocity decreases and then rapidly increases. This
rapid increase in flow velocity is caused by the upslope
wind induced by the fire (Liu 2023). When the Pitot tube
is within the fire front, the peak is reached. After the fire

front passes, the flow velocity remains positive for some
time and then gradually decreases. In all experiments, the
flow velocity increased with increase in a and &, while the
time required to reach the peak velocity decreased with the
increase in slope. This is because the canyon shape influ-
ences both fire interactions and air entrainment. First, as a
and § increase, the interaction between fire fronts becomes
more intense, promoting combustion, strengthening fire-
induced flow and resulting in higher flow velocities.
Second, a and § also affect air entrainment. An increase in
a enlarges the inflow gap between the front and rear of the
fire front and reduces the flame tilt angle, resulting in a
higher velocity component along the upslope direction. An
increase in § increases the restriction on lateral air entrain-
ment, thereby contributing to an increase in the flow veloc-
ity parallel to the center line.

Viegas and Pita (2004) showed that fire-induced flow
plays a vital role in fire acceleration. When the direction
of convection in front of the fire front is consistent with the
spread speed, it produces a convective heating effect on the
unburned fuels in front and increases the ROS of the fire
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line of the fuel bed), respectively.

front (Dold and Zinoviev 2009). The strength of convective
heating is related to the positive flow velocity before the fire
front reaches the fuel (Xie et al. 2017). Fig. 8 shows the flow
velocity of the fire front when it reaches the Pitot tube (P2).
The results show that the flow velocity at the time of fire
front arrival increase with increase in a and &, especially in
the configurations where eruptive fire occurs. The velocity is
significantly higher than that in other configurations, indi-
cating noticeable convective heating (Fig. 9).

The convective heating range refers to a certain spatial
extent in front of the fire front where convective heating
effects are present. It can be calculated based on the positive
convection velocity, the arrival of the fire front at the Pitot
tube and the ROS. The results are shown in Fig. 10. As no
obvious convective heating was observed under the condi-
tions of no eruptive fire, no calculation was performed. Our
results show that the convective heating range increases
with a and §, reaching up to 340 cm. Compared with
common upslope fires, eruptive fires significantly enhance

Time ¢ (s)

250 500 0 ‘ 250 500
Time t (s)

Flow velocity measured under different terrains. Ul and U2 were measured at P1 (the right plane center) and P2 (above the center
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Fig. 9. The flow velocity when the fire front reaches Pitot tube P2.
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Fig. 10. Convective heating range of eruptive fire.

convective heating and expand their range, preheating the
fuel together with radiation heating (Liu et al. 2014, 2015,
2023; Xie et al. 2017). This significant convective heating
plays an essential role in preheating fuel, resulting in a sharp
increase in ROS, which is the basic mechanism of eruptive
fire in a canyon (Dold and Zinoviev 2009; Xie et al. 2020).

Overall, canyons are hazardous terrains where, under
certain slopes, interactions between a fire and the surround-
ing environment can induce eruptive fire even when external
conditions remain unchanged. When eruptive fire occurs in a
canyon, fire behavior changes obviously, with convective
heating ahead of the fire front significantly enhanced, result-
ing in a sharp increase in the ROS along the center line. It
also alters the fire line evolution: regardless of changes in
slope, the fire head consistently deviates completely from the
maximum slope line, forming a single head near the center
line that rapidly spreads upslope. Additionally, convective
heating can occur over long distances, necessitating vigi-
lance from firefighters. To better understand canyon fire
spread, further experiments are warranted to explore the
physical processes involved considering external wind, fuel
type and load, and other conditions. Field-scale experiments
should be conducted to avoid scale effects and verify the
current experimental and analytical results.

Conclusion

Herein, a series of fire spread experiments using dead pine
needle fuel beds was conducted on symmetrical canyons
under different terrain conditions. The variation of canyon
fire spread with terrain was systematically analyzed, the critical
conditions for eruptive fire were obtained and the heat transfer
mechanism was studied. The main conclusions are as follows.

(1) Terrain strongly influences the fire line evolution of
canyon fires, and four different evolution modes were

identified. As a increases, the angle of the fire head
deviating from the maximum slope line gradually
increases, moving to the center line and eventually form-
ing a single fire head near the center line. In addition to
a = 0° 40° increase in § leads to a greater angle
between the fire head direction and the center line. The
influence of a on the fire line evolution is more pro-
nounced. This deflection of the fire head is caused by
the interaction between the two lateral fire fronts.

(2) For ROS along the center line, three different change
patterns were identified under different terrains. ROS
increased with a and §. When a was =15°, ROS exhib-
ited dynamic characteristics. In this experiment,
a = 27.5° and § = 20° were the critical conditions for
eruptive fire in the canyon. When the slope of the can-
yon reached critical conditions, eruptive fire occurred,
and ROS sharply increased.

(3) For configurations where eruptive fire does not occur,
radiation is the main preheating mechanism for unburned
fuels, and convection heating is either absent or not
apparent. For configurations where eruptive fire occurs,
convective heating is significantly enhanced and its influ-
ence range also significantly increases, dominating the
preheating of fuel together with radiation, eventually
resulting in accelerated fire spread. Terrain affects the
preheating mechanism ahead of the fire front. As a and
8 increase, convective heating gradually increases. This
strong convective heating is the basic mechanism of erup-
tive fire in canyons.
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