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Abstract: In this work, a series of laboratory surface fire experiments were performed over a pine
needle fuel bed to investigate the effectiveness of a firebreak and the behaviors of a surface fire
across a firebreak. Seven wind velocities of 0~3.0 m/s and six firebreak widths of 10~35 cm are
varied. The behaviors of a surface fire across the firebreak, the heat flux received by fuel surface
and fuel temperature before and after the firebreak are analyzed and compared simultaneously. The
main conclusions are as follows: the behaviors of a surface fire spreading across a firebreak under
different wind velocities are classified into three categories—no ignition, ignition by flame contact
and ignition by spot fires. When the wind velocity is not more than 1.0 m/s, the surface fire cannot
successfully cross the firebreak; as wind velocity changes from 1.5 m/s to 2.5 m/s, the fuel after
the firebreak can be ignited by flame contact for relatively narrow firebreak conditions; when the
wind velocity increases to 3.0 m/s, the burning fuel can be blown away along the fuel bed, and the
fuel behind the firebreak will be ignited by spot fire. A linear relationship between the threshold of
firebreak width and the fireline intensity is obtained, and the linear fitting coefficient in this paper is
larger than the results reported by Wilson (0.36). For no ignition conditions, the fuel temperature
and the heat flux received by the fuel after firebreak are significantly lower than those before the
firebreak, whereas their variations over time are similar to those before the firebreak for ignition
conditions. Moreover, for no ignition conditions, the maximum fuel temperature and the heat flux
after the firebreak increase with wind velocity, but decrease with firebreak width. Additionally, when
the fuel temperature (253 ◦C) and the heat flux received by the fuel considering the radiation and
convection (43 kW/m2) after firebreak exceed a threshold value, the surface fire can successfully
cross the firebreak.

Keywords: firebreak; surface fire spread; wind velocity; heat flux

1. Introduction

Forests can provide a number of ecological services, including enhanced infiltration
and water retention, which will contribute to improving the water quality and reducing
the flood hazard [1]. In addition, forest fires pose a significant threat to human life [2].
Molina-Terren et al. [3] pointed out that firefighting professionals and civilians lose their
lives in forest fires every year by assembling and examining a database of civilian and
firefighter forest-fire fatalities in four regions in Mediterranean Europe. In recent decades,
global warming and the increase of extreme weather have led to the frequent occurrence
of forest fires, consequently causing ecological losses [4]. As is well known, surface fires
are the most frequent type of forest fires and one of the main causes of canopy fires, which
have gradually received considerable attention. Rothermel et al. [5] experimentally studied
the slope effects on surface fire spread and proposed an empirical formula to estimate the
fire spread rate considering the terrain slope effects. Catchpole et al. [5] conducted a series
of experiments in a wind tunnel to investigate the wind effects on surface fire spread, and
established a predictive model for fire spread rate. Viegas [6] pointed out that slope and
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wind were dominant factors affecting the spread of forest fires, and carried out theoretical
and experimental research on the vectoring of the wind and slope effects on a flame front.
Subsequently, the effects of weather [7–10] and topography [7,8,11–21], the key factors
in fire triangles (fuel/weather/topography) at the wildfire level, on surface fire spread
behavior and heat transfer mechanism have been extensively studied. However, compared
with these in-depth studies on ignition and fire behaviors, very few investigations are
reported on controlling surface fire spread in wildfires.

With respect to the fire triangle at the wildfire level, no action can be taken against
the weather and topography, and the only means of reducing fire intensity and fire risk
is to reduce the fuel load [22]. This method can contribute to achieving various objectives
of reducing the fire intensity and decreasing the impact of a wildfire on a forest or on the
wildland-urban interface [22]. A firebreak, where the fuel load is reduced by removing
all or part of the fuel, is a typical strategy to prevent the fire from escaping the burning
area and igniting the unburned fuel. A firebreak has been applied in the management of
wildfires to reduce the fire spread rate, fire size and fire intensity [23]. Emmons [24] firstly
put forward a physical model to estimate the threshold of firebreak width to build a safety
zone. Wilson [25] carried out a series of experiments to investigate the effectiveness of
firebreaks under different firebreak width conditions, and developed a prediction model for
the threshold of firebreak width. However, he focused on the effects of fireline intensity and
rate of spread on the effectiveness of the firebreak, but paid little attention to the flame angle,
fuel surface temperature and heat transfer control mechanisms during surface fire spread
across the firebreak. Recently, Morvan et al. [26] investigated the behaviors of a surface
fire propagating a firebreak by two-dimensional numerical simulations, and found that
above a threshold firebreak width, even if the fire was able to ignite the driest fuel on the
opposite side of the firebreak, the energy released was not sufficient to sustain the surface
fire spread. Moreover, the spread behaviors of a crown fire and the efficiency of a fuel break
were numerically tested [27]. Frangieh et al. [22] studied the effectiveness of a firebreak
against wind-driven and plume-dominated fires using a detailed physical-fire-model, and
the spread results were classified into three main categories of propagation, overshooting,
marginal and no propagation. However, most of the existing studies are mainly based on
numerical simulations, and very little work has been reported using experimental methods.
Additionally, most previous work did not pay attention to the changes of heat flux received
by fuel and fuel temperature before and after the firebreak, especially in the case of wind or
terrain slope, where flames would be elongated and tilted, the heat flux from flames and
behaviors of a surface fire across a firebreak would change.

Ambient wind, one of the key factors affecting the spread of surface fires, has been
studied quite extensively in previous work [7–10]. As is well known, the wind would
enhance heat transfer and increase the fire spread rate in wildfires. Therefore, the purpose
of this paper is to study the effectiveness of the firebreak, and compare the behaviors of a
surface fire before and after the firebreak. A series of laboratory scale fire experiments were
carried out over a pine needle fuel bed. Seven wind velocities and six firebreak widths
were varied. The essential parameters were obtained and analyzed, including the behavior
of a surface fire across the firebreak, the heat flux received by the fuel surface and the fuel
surface temperature before and after the firebreak. The results in this paper are helpful for
better understanding the firebreak effectiveness and the ignition mechanism of the fuel on
the opposite side of the firebreak.

2. Experimental Setup

Figure 1 schematically presents an experimental setup for surface fire experiments,
which is an open-topped tunnel measuring 6.0 m long, 3.0 m wide and 2.0 m high. A
fireproof glass was installed on one side of the setup for recording the surface fire spread,
but a steel plate was selected to be installed on the other side. The fuel bed was 3.0 m
long and 1.5 m wide without retaining walls along the lengthwise perimeter, and was
divided into the three following sections: the firebreak, fuel before the firebreak and fuel
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after the firebreak. The fuel of surface fire was placed on a support panel consisting of three
0.08 m thick fireproof boards (density 400 kg/m2 and thermal conductivity 0.1 W/(m·◦C))
to minimize heat loss during the propagation of surface fire. The firebreak was positioned
2.0 m away from the start of the fuel bed, and the width of firebreak was manually adjusted
towards the rear of the fuel bed. The specific wind velocity was acquired by a variable
frequency fan, which was positioned on the left side of the fuel bed. Moreover, the influence
of airflow turbulence from the fan was reduced by the combination of honeycomb and
screens, which was also chosen by Tachajapong [9,28]. All experiments were conducted in
a large test hall with ambient temperature of 25.2 ± 2 ◦C and relative humidity of 62 ± 5%.
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Figure 1. Schematic diagram of the experimental setup. 1⃝ Inverter fans; 2⃝ combination of hon-
eycomb and screens; 3⃝ fuel before firebreak; 4⃝ firebreak; 5⃝ fuel after firebreak; 6⃝ thermocouple;
7⃝ camera; 8⃝ heat flux sensors.

In order to get sufficient information for the measurements, a three-dimensional
coordinate system was created on the fuel bed as shown in the following figure. In this
coordinate system, x = 0 is the beginning of the fuel bed towards the spread of the fire, y = 0
is the centerline of the fuel bed, z = 0 is the surface of the substrate. The temperature over
the fuel was obtained by K-type thermocouples, which were installed 3.0 cm above the fuel.
For the fuel section before firebreak, 20 thermocouples were arranged horizontally at 10 cm
intervals from the beginning to the front of the firebreak along the centerline axis, which are
labelled as T1~T20. The other 4 thermocouples, labelled as T21~T24, were placed horizontally
at 10 cm intervals in the fuel section after firebreak. The temperature measurement range
and diameter of thermocouples were 0~1100 ◦C and 1.0 mm, respectively. Two 4K cameras
(Sony FDR-AX60 from Chengdu, China) with a resolution of 1920 × 1080 and a frame rate
of 25 fps were set up to observe and record the surface fire spread process characteristics
from two directions. The sideview camera was arranged at x = 150 cm, y = 300 cm, z = 0 cm
to record the flame geometry of the surface fire through the fire glass, while the other
camera was positioned at x = 200 cm, y = 0 cm, z = 200 cm to record the surface fire spread
and the effectiveness of the firebreaks from an overhead viewpoint. The heat fluxes of total
and radiation heat flux were obtained at different positions including before and after the
firebreak by a total heat flux sensor (range 0–100 kW·m−2, response time 300 m·s, view
150◦) and a radiation heat flux sensor (range 0–50 kW·m−2, response time 300 m·s, view
150◦). The faces of the sensors were positioned flush with the top surface of the fuel and
facing upwards. The heat flux sensors before the firebreak were set at x = 200 cm, y = 0 cm,
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z = 4 cm. While the x-coordinate of the heat flow sensors after the firebreak changed
according to the width of the firebreak, the y-coordinates (y = 0 cm) and z-coordinates
(z = 4 cm) remained constant.

Moreover, dead pine needles collected in Sichuan Province China were used as the
fuel in this work. Similar to the previous studies by Silvani [20] and Morandini [8], the fuel
was dried in an oven at 60 ◦C for at least 24 h until the mass stayed the same before the
surface fire experiments. The measured data of moisture content of fuel fluctuated around
10% before each experiment, which is comparable to the values in previous studies [7,15,19].
For the uniformity of the fuel bed, the pine needles were carefully and uniformly laid in
the three zones before the firebreak and one section after the firebreak into which the fuel
bed was divided, where the fuel depth was measured at five random locations in the same
zone so that it reached 4 cm. For linear ignition of the surface fire, 5.0 mL ethyl alcohol
was evenly sprayed on the edge of the fuel bed. In summary, surface fire experiments
in this work were carried out taking 7 wind velocities (0 m/s, 0.5 m/s, 1.0 m/s, 1.5 m/s,
2.0 m/s, 2.5 m/s, 3.0 m/s) and 6 widths of firebreak (10 cm, 15 cm, 20 cm, 25 cm, 30 cm,
35 cm) into account. In this work, two or three repetitive tests were carried out for each set
of conditions.

3. Results and Discussions
3.1. Experimental Behavior of Surface Fire Spread

Figure 2 shows the sequences of typical structures for spreading flames over a fuel
bed with different wind velocities before the firebreak. For all conditions, the fire could
spread steadily to the front of firebreak, and the fire spread behavior was basically similar
for fixed wind velocity before the firebreak. As the wind velocity increased, the flame tilted
from the burned to unburned fuel surface, even attaching to the fuel surface, and the flame
length and flame volume obviously increased. Based on the previous work [29,30], the
flame length is the distance from the center of the flame base to the flame tip and the flame
angle is defined as the angle between the flame and the unburned surface. The flame length
and flame angle during the surface fire spread were obtained by the side-view camera. The
average values for a short period of time before the flame front reached the firebreak were
used as the characteristic values of flame length and flame angle, as shown in Figure 3.
The variations of flame length and angle with time for a short period of time before the
flame front reached the firebreak under wind conditions of 0 m/s, 1.5 m/s, and 3.0 m/s,
marked with black, red and blue circles were also shown in Figure 3. It can be seen that
the flame angle and flame length do not vary much and fluctuate around a specific value
over a period of time when the flame front reaches the firebreak. In addition, flame length
increased with increasing wind velocity, while flame angle showed the opposite trend.
As the wind velocity increased, the flame shifted from tilting towards the burned fuel to
adhering to the unburned fuel ahead.
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Figure 4 shows the variation of flame front with time as determined by the charac-
teristic temperature of the thermocouples. The method of determining the position of the
flame front of a surface fire by means of the characteristic temperature has also been used
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by previous work [15,30,31]. It was found that the greater the wind velocity, the faster the
flame front moved forward. Moreover, the flame front position showed an essentially linear
variation with time, indicating a quasi-steady state during surface fire spread [15,17]. The
rate of spread (ROS) of surface fire was obtained from the derivative of the flame front with
time as shown in Figure 5. The positions of the flame front at different moments during
flame spread at wind velocity of 1.5 m/s, marked with circle were also plotted in Figure 5.
From Figure 5, the ROS grows with increasing wind velocity and achieves the maximum
value at wind velocity of 3 m/s.
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3.2. Effectiveness of Firebreak

For different wind velocities and firebreak widths, different fire spread phenomena
were observed after the firebreak, as shown in Figure 6. The surface fire behaviors across
the firebreak can be classified into three categories, that is, no ignition, ignition by flame
contact and ignition by spot fires. When the wind velocity was low, the flame volume
was relatively small, and consequently the firebreaks could successfully prevent the fuel
surface after the firebreak from receiving sufficient heat to be ignited. As the wind velocity
rose, the flame was elongated and tilted toward the fuel surface, and correspondingly the
heat received by the unburned fuel after the firebreak enhanced, possibly resulting in the
ignition of fuel after the firebreak by flame contact (marked with red box in Figure 6). When
the wind velocity was large enough, the burning fuel could be blown away along the fuel
bed, similar to the behavior of spot fires, which ignite the fuel after the firebreak (marked
with red circle in Figure 6).
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The ignition statistics of a surface fire across the firebreak are summarized in Figure 7.
When the wind velocity was not more than 1.0 m/s, the fuel after the firebreak could not
be ignited for conditions with different firebreaks. As wind velocity changed from 1.5 m/s
to 2.5 m/s, the surface fire could not successfully cross the firebreak for relatively larger
firebreak conditions, but the fuel after the firebreak could be ignited by flame contact for
relatively narrow firebreak conditions. When the wind velocity increased to 3.0 m/s, the
burning fuel could be blown away along the fuel bed, and the fuel behind the firebreak
was ignited by spot fire. In summary, the greater the wind velocity and the narrower the
firebreak, the more likely the fuel behind the firebreak was to ignite successfully.
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As analyzed previously, the surface fire experiments were investigated by introducing
various wind velocities and firebreak widths, and identifying the different situations of
not ignited, ignition by flame contact and ignition by spot fire crossing the firebreak.
Subsequently, the effectiveness of the firebreak against surface fires was analyzed and
compared in detail. According to previous work by Wilson [25], the optimal firebreak
is basically related to the fireline intensity I. Additionally, for the ignition conditions by
direct contact flame, a simplified model to estimate a fire crossing a firebreak by the
fireline intensity I (MW/m) was proposed by Frangieh et al. [22], which can be expressed
as follows:

Lfb ∝ 0.36I (1)

I = HwR (2)

where Lfb is the firebreak width (m), R is the fire spread rate before the firebreak, H is the
flame height, and w is the fuel load consumed by the fire. Figure 8 shows the firebreak
width as a function of fireline intensity I, which is compared with predicted results by
Equation (1). It can be noted that the slope of the linear fit is larger in this paper compared
with the results reported by Wilson [25], which may be due to the differences in the
experimental conditions, scale, and fuel between this experiment and Wilsons’ work.
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3.3. Temperature of the Fuel

The temperature development of the fuel before and after the firebreak as a function
of time for different ignited conditions with various wind velocities is shown in Figure 9,
respectively. For all the conditions, the fuel surface temperature before the firebreak
increased rapidly to above the pyrolysis temperature, and then decreased gradually to
ambient temperature as the fuel burned out. For not ignited conditions, a significant
difference in fuel temperature before and after the firebreak was observed. The fuel
temperature after the firebreak varied slightly and was much lower than the pyrolysis
temperature of the fuel. However, for the ignited conditions, the fuel temperature increased
to exceed the pyrolysis temperature of the fuel, and the fuel was ignited and the flame
could continue to spread, which was obviously different from the unignited conditions.
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Moreover, the variations of the fuel temperature after the firebreak were also 
different for different ignition conditions, as shown in Figure 9b,c. In the cases of fuel 
ignited by contact flame, a slow rise in temperature of the fuel after the firebreak before a 
steep rise was observed, which characterizes the heat absorption process of the fuel before 
ignition. Nevertheless, only a steep rise in temperature of the fuel after the firebreak was 
found for ignition conditions by spot fire, where the burning fuel was blown across the 
firebreak and then ignited the fuel after the firebreak directly. Additionally, for ignition 
conditions by contact flame, the flame reached the position of each thermocouple in turn, 
including the thermocouple above the fuel after the firebreak. Whereas, due to the 
appearance of spot fires, the fuel behind the firebreak could be ignited in different 
positions, and the fuel temperature rise behind the firebreak may not have followed the 
same order. As shown in Figure 9c, the temperature of the fuel at 10 cm behind the 
firebreak rose earlier than that of the fuel at 0 cm behind the firebreak. 

The fuel surface temperature before and after the firebreak for not ignited conditions 
with various wind velocities is shown in Figure 10, where the peak value of temperature 
is selected as the characteristic value. As can be seen from the figure, the fuel surface 
temperature increases as the wind velocity grows larger, due to the fact that flame length 
gets longer and the flame tilts toward the unburned fuel. Additionally, it can be noted that 
before the firebreak, the maximum temperature exceeded the pyrolysis temperature of the 
fuel, whereas after the firebreak, the maximum temperature dropped dramatically to 
below the pyrolysis temperature, and even the fuel temperature in some conditions was 
only about 40 °C. This observation indicates that the firebreak can effectively prevent the 
heat transfer from the flame to the unburned surface, and limit the temperature rise of the 
fuel after the firebreak. Moreover, for a fixed wind velocity, the wider the firebreak, the 
lower the fuel temperature after the firebreak, and it can decrease with an increase in 
distance. Additionally, as wind velocity increases, the fuel temperature after the firebreak 
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different conditions: (a) not ignited; (b) ignition by contact flame; (c) ignition by spot fire.

Moreover, the variations of the fuel temperature after the firebreak were also different
for different ignition conditions, as shown in Figure 9b,c. In the cases of fuel ignited by
contact flame, a slow rise in temperature of the fuel after the firebreak before a steep rise
was observed, which characterizes the heat absorption process of the fuel before ignition.
Nevertheless, only a steep rise in temperature of the fuel after the firebreak was found for
ignition conditions by spot fire, where the burning fuel was blown across the firebreak
and then ignited the fuel after the firebreak directly. Additionally, for ignition conditions
by contact flame, the flame reached the position of each thermocouple in turn, including
the thermocouple above the fuel after the firebreak. Whereas, due to the appearance of
spot fires, the fuel behind the firebreak could be ignited in different positions, and the fuel
temperature rise behind the firebreak may not have followed the same order. As shown in
Figure 9c, the temperature of the fuel at 10 cm behind the firebreak rose earlier than that of
the fuel at 0 cm behind the firebreak.

The fuel surface temperature before and after the firebreak for not ignited conditions
with various wind velocities is shown in Figure 10, where the peak value of temperature
is selected as the characteristic value. As can be seen from the figure, the fuel surface
temperature increases as the wind velocity grows larger, due to the fact that flame length
gets longer and the flame tilts toward the unburned fuel. Additionally, it can be noted
that before the firebreak, the maximum temperature exceeded the pyrolysis temperature of
the fuel, whereas after the firebreak, the maximum temperature dropped dramatically to
below the pyrolysis temperature, and even the fuel temperature in some conditions was
only about 40 ◦C. This observation indicates that the firebreak can effectively prevent the
heat transfer from the flame to the unburned surface, and limit the temperature rise of
the fuel after the firebreak. Moreover, for a fixed wind velocity, the wider the firebreak,
the lower the fuel temperature after the firebreak, and it can decrease with an increase in
distance. Additionally, as wind velocity increases, the fuel temperature after the firebreak
accordingly increases, which is attributed to the enhanced heat flux from the flame front to
the unburned fuel caused by the wind effects.
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for ignited conditions are plotted in Figure 11, in which the dotted line represents the 
moment the fuel after the firebreak is ignited. As can be seen from Figure 11a, for the 
ignition conditions by contact flame, the fuel temperature exceeds 253 °C when the fuel 
after the firebreak is ignited. The greater the wind velocity, the faster the fuel after the 
firebreak will be ignited. The temperature of the thermocouple closest to the ignition 
location at the moment of ignition and the maximum temperature of this thermocouple 
are labeled in the Figure 11b for the ignition conditions by spot fire. From the figure, the 
thermocouple closest to the ignition location initially does not reach the pyrolysis 
temperature of the fuel when the fuel after the firebreak is ignited at a certain position, 
and then gradually increases to the pyrolysis temperature. Also, in the case of ignition by 
spot fire, the heating of the thermocouples is non-sequential, i.e., the thermocouple closest 
to the ignition position probably heats up earlier than the thermocouples ahead of it.  
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Figure 11. Typical temperature variations of the fuel after the firebreak as function of time for 
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Figure 10. Fuel surface temperature before and after the firebreak for not ignited conditions with
various wind velocities and firebreak widths: (a) 10 cm width firebreak; (b) 20 cm width firebreak;
(c) 30 cm width firebreak.

The typical temperature variations of the fuel after the firebreak as a function of time
for ignited conditions are plotted in Figure 11, in which the dotted line represents the
moment the fuel after the firebreak is ignited. As can be seen from Figure 11a, for the
ignition conditions by contact flame, the fuel temperature exceeds 253 ◦C when the fuel after
the firebreak is ignited. The greater the wind velocity, the faster the fuel after the firebreak
will be ignited. The temperature of the thermocouple closest to the ignition location at the
moment of ignition and the maximum temperature of this thermocouple are labeled in
the Figure 11b for the ignition conditions by spot fire. From the figure, the thermocouple
closest to the ignition location initially does not reach the pyrolysis temperature of the fuel
when the fuel after the firebreak is ignited at a certain position, and then gradually increases
to the pyrolysis temperature. Also, in the case of ignition by spot fire, the heating of the
thermocouples is non-sequential, i.e., the thermocouple closest to the ignition position
probably heats up earlier than the thermocouples ahead of it.
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conditions: (a) ignition by contact flame; (b) ignition by spot fire.

The characteristic temperatures of the fuel after the firebreak for various wind velocity
and firebreak conditions are summarized in Figure 12. In this work, the maximum temper-
ature of the first thermocouple behind the firebreak for the unignited cases is concluded
in Figure 12, and for the contact ignition cases the temperature at the moment of ignition
of the first thermocouple behind the firebreak is compared in Figure 12. Whereas, due
to the random character of the spot fire, the temperature of the thermocouple closest to
the ignition position at the moment of the ignition and the maximum temperature of this
thermocouple are also summarized in Figure 12. Obviously, for the unignited conditions,
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the fuel temperature after the firebreak was not more than 150 ◦C and was far less than
the pyrolysis temperature of the fuel. As the wind velocity increased, the maximum tem-
perature after the firebreak for unignited conditions increased correspondingly, which
indicates that the flame and heat transfer are enhanced by the effects of wind. However,
the temperature when the fuel ignited by flame contact and the maximum temperature for
ignition conditions by spot fire are all greater than 253 ◦C. This critical temperature of 253
◦C is basically close to the pyrolysis temperature of the fuel.
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3.4. Heat Flux

The typical variations of heat flux, including total heat flux (qtot) and radiation heat
flux (qrad) over time for different ignition conditions are plotted in Figure 13a, which are
obtained by the heat flux sensors. The values of heat fluxes were smoothed by FFT low-pass
filtering, and this method was also applied by previous work [14]. It can be seen that as
the flame front approaches the heat flux sensor, the value of heat flux before the firebreak
increases accordingly until it reaches the maximum value, and then gradually decrease.
Moreover, greater total and radiation heat fluxes are observed with increasing wind velocity,
which is attributed to the fact that the flame length is elongated and the flame tilts toward
the unburned fuel under conditions of increasing wind velocity. It was found that when
the flame fails to spread across the firebreak, the total heat flux and its growth rate after
the firebreak were obviously less than that before the firebreak, and a similar variation
was also observed in the radiation heat flux. But for the ignition conditions by contact
flame, the difference between the growth rates of total and radiation heat fluxes before and
after the firebreak was not significant. Due to the removal of the heat flux sensors after
the firebreak when the fuel after the firebreak was ignited, the values of total heat flow
after the firebreak did not increase to be similar to the region before the firebreak. As the
wind velocity increased to 3.0 m/s, which was the ignition conditions by spot fire, the total
and radiation heat fluxes both exceeded the range of the heat flux meter, which were not
described and analyzed in detail in this work.

The heat flux before and after the firebreak for no ignition conditions with various
wind velocities and firebreak widths is shown in Figure 13b, in which the heat flux when
the fire front reaches the heat flux meter is taken as the characteristic value. It can be
observed that whether before or after the firebreak, both corresponding total and radiation
heat fluxes increase significantly as the wind velocity rises, which also shows that the heat
flux of the unburned fuel can be reinforced by the wind effects. This is attributed to the fact
that when the wind is present, the flame length is elongated and the flame tilts toward or
even attaches to the fuel surface, which consequently promote the heat transfer. Moreover,
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when the firebreak appears, the total and radiation heat flux received by the fuel surface
after the firebreak significantly decreased, and decreased with the increase of the width of
firebreak. Nevertheless, as the width of the firebreak increased, the decrease rate of heat
flux received by the fuel surface after the firebreak became smaller.

Forests 2023, 14, x FOR PEER REVIEW 12 of 16 
 

 

0 100 200 300 400 500

0

10

20

30

40

50
 qtot before firebreak    qtot after firebreak
 qrad before firebreak    qrad after firebreak  

Width: 10 cm

Wind Velocity: 0 m/s

H
ea

t f
lu

x 
(k

w
/m

2 )

Time (s)  
0 50 100 150 200 250

0

20

40

60

80

100

Wind Velocity: 2.0 m/s

Width: 10 cm

H
ea

t f
lu

x 
(k

w
/m

2 )

Time (s)

 qtot before firebreak    qtot after firebreak
 qrad before firebreak    qrad after firebreak  

Removal

 
No ignition Ignition by contact flame 

(a) 

0 10 15 20 25 30 35

0

20

40

60

80

100

120
Burning 

area
  0 m/s
  0.5 m/s
  1.0 m/s
  1.5 m/s
  2.0 m/s
  2.5 m/s

To
ta

l h
ea

t f
lu

x(
kW

/m
2 )

Firebreak Width (cm)  
0 10 15 20 25 30 35

0

10

20

30

40

50

60

R
ad

ia
tio

n 
he

at
 fl

ux
 (k

W
/m

2 )

Firebreak Width (cm)

  0 m/s
  0.5 m/s
  1.0 m/s
  1.5 m/s
  2.0 m/s
  2.5 m/s

Burning 
area

 
Total heat flux Radiation heat flux 

(b) 

Figure 13. Heat flux before and after the firebreak for different ignition conditions, (a) heat flux over 
time for different ignition conditions and (b) heat flux before and after the firebreak for no ignition 
conditions. 

The heat flux before and after the firebreak for no ignition conditions with various 
wind velocities and firebreak widths is shown in Figure 13b, in which the heat flux when 
the fire front reaches the heat flux meter is taken as the characteristic value. It can be 
observed that whether before or after the firebreak, both corresponding total and radiation 
heat fluxes increase significantly as the wind velocity rises, which also shows that the heat 
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or even attaches to the fuel surface, which consequently promote the heat transfer. 
Moreover, when the firebreak appears, the total and radiation heat flux received by the 
fuel surface after the firebreak significantly decreased, and decreased with the increase of 
the width of firebreak. Nevertheless, as the width of the firebreak increased, the decrease 
rate of heat flux received by the fuel surface after the firebreak became smaller. 

In order to further investigate the effects of firebreak on radiation in the surface fire 
spread, a simplified model of radiation was analyzed and described. According to the 
previous observations in this work, the flame can be assumed to be a tilted plane with 
uniform temperature and emissivity. The radiation heat flux received by a micro-element 
on the centerline of the fuel bed can be estimated by the following formula [15,17]: 
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over time for different ignition conditions and (b) heat flux before and after the firebreak for no
ignition conditions.

In order to further investigate the effects of firebreak on radiation in the surface fire
spread, a simplified model of radiation was analyzed and described. According to the
previous observations in this work, the flame can be assumed to be a tilted plane with
uniform temperature and emissivity. The radiation heat flux received by a micro-element
on the centerline of the fuel bed can be estimated by the following formula [15,17]:

.
q′′

r ∝ FdA1−A2

(
T4

f − T4
0

)
(3)

where
.
q′′

r denotes the radiation heat flux received by the unburned surface, Tf and T0 are
the flame temperature and ambient temperature, respectively, and FdA1−A2 denotes the
view factor between the flame front and the micro-element, which can be expressed as
follows for a tilted plane flame [8]:

FdA1−A2 =
1

2π

 tan−1
(

1
C

)
+ X(Acosθ− C)tan−1 X+

cosθ
Y

[
tan−1

(
A−Ccosθ

Y

)
+ tan−1

(
Ccosθ

Y

)] (4)
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A = Lf/w

C = Lfb/w

X = 1/
(

A2 + C2 − 2ACcosϕ
)1/2

Y =
(

1 + C2sin2ϕ
)1/2

where Lfb is the distance between the flame base and the element, w is the width of the fuel
bed, Lf is the flame length, which is the length from the flame tip to the flame base and
ϕ is the flame angle, which can be defined as the angle between the flame sheet and the
fuel surface. The flame length and flame angle before the firebreak can be obtained from
the video analyzed frame by frame in a relatively steady stage. Figure 14 plots the view
factor FdA1−A2 as a function of firebreak width for various wind velocities. It can be found
that as the firebreak width increased, the view factor FdA1−A2 decreased significantly, but it
showed an opposite trend with wind velocity. This variation is similar to the trend of the
experimental results.
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Many previous works have investigated the variation of heat flux during the spread of
surface fires. For instance, Cohen et al. [32] reported that a radiation heat flux of 31 kW/m2

is the ignition limit of thermally thick wood. However, unlike the ignition of thick wood,
the value is lower for vegetation ignition [32]. Additionally, Frangieh et al. [22] numerically
studied the effectiveness of a fuelbreak on surface fire spread, and found that in wind
driven cases, the heat transfer by convection and radiation both contribute to the ignition
process. Mell et al. [33] comparatively analyzed the effects of convection and radiation heat
flux on fire spread by computational fluid dynamics (CFD) simulation of a fire spreading
through an excelsior fuel bed in the absence of an ambient wind. In this work, heat
transfer of radiation heat flux is analyzed and compared. However, the total heat flux
received by the fuel surface after the fuel break was greater than the radiation, especially in
conditions of greater wind velocities as compared in Figure 13b, which also demonstrates
the importance of convection in surface fire spread. Therefore, the characteristic total heat
fluxes after the firebreak for various wind velocity and firebreak conditions are presented
and compared in this work, as shown in Figure 15, which shows the maximum total heat
flux for the unignited condition and the total heat flux when the fuel ignited by flame
contact, respectively. It can be noted that for the unignited condition, the maximum total
heat flux after the firebreak is not more than 43 kW/m2, while the total heat flux after the
firebreak when the fuel ignited is greater than 43 kW/m2 for ignition conditions by contact
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flame. In addition, for unignited conditions, the maximum total heat flux after the firebreak
increases with the wind velocity, but shows an opposite trend with firebreak width.

Forests 2023, 14, x FOR PEER REVIEW  14  of  16 

demonstrates  the  importance  of  convection  in  surface  fire  spread.  Therefore,  the 

characteristic total heat fluxes after the firebreak for various wind velocity and firebreak 

conditions are presented and compared in this work, as shown in Figure 15, which shows 

the maximum total heat flux for the unignited condition and the total heat flux when the 

fuel ignited by flame contact, respectively. It can be noted that for the unignited condition, 

the maximum total heat flux after the firebreak is not more than 43 kW/m2, while the total 

heat flux after the firebreak when the fuel ignited is greater than 43 kW/m2 for ignition 

conditions by contact flame. In addition, for unignited conditions, the maximum total heat 

flux after the firebreak increases with the wind velocity, but shows an opposite trend with 

firebreak width. 

10 15 20 25 30 35
0

10

20

30

40

50

60

Q=43 kW/m²

Ignited Cases

Not Ignited Cases

 0 m/s
 0.5 m/s
 1.0 m/s
 1.5 m/s
 2.0 m/s
 2.5 m/s

T
ot

al
 h

ea
t f

lu
x(

kW
/m

2 )

Firebreak Width (cm)

Figure 15. Characteristic total heat flux after the firebreak for various wind velocity and firebreak 

width conditions. 

4. Conclusions

In  the present paper,  a  series  of  laboratory  scale  experiments were  conducted  to 

explore the behaviors of a surface fire spreading across a firebreak under different wind 

velocities. The behaviors of a surface fire spreading across a firebreak under different wind 

velocities are classified into the three following categories: no ignition, ignition by flame 

contact and ignition by spot fires. A linear relationship between the threshold of firebreak 

width and the fireline intensity was obtained, and the linear fitting coefficient in this paper 

is larger than the results reported by Wilson (0.36). The fuel temperature and the heat flux 

received by the fuel before and after firebreak were quantitatively compared and analyzed 

for  various  wind  velocity  and  firebreak  width  conditions. Moreover,  when  the  fuel 

temperature (253 °C) and the heat flux received by the fuel considering the radiation and 

convection  (43  kW/m2)  after  firebreak  exceed  a  threshold  value,  the  surface  fire  can 

successfully  cross  the  firebreak.  A  further  study  is  in  progress  to  investigate  the 

effectiveness of a firebreak on  the surface fire spreading under  the combined effects of 

wind and terrain slope. 

In this paper, only the wind velocity effects on surface fire across the firebreak were 

taken into account, while the effects of fuel and slope were not considered, which may 

lead to certain limitations of the study results. Therefore, a further study is in progress to 

investigate the effects of fuel type and topography, and the co-effects of slope and wind 

on surface fire spread across the firebreak. 

Figure 15. Characteristic total heat flux after the firebreak for various wind velocity and firebreak
width conditions.

4. Conclusions

In the present paper, a series of laboratory scale experiments were conducted to explore
the behaviors of a surface fire spreading across a firebreak under different wind velocities.
The behaviors of a surface fire spreading across a firebreak under different wind velocities
are classified into the three following categories: no ignition, ignition by flame contact and
ignition by spot fires. A linear relationship between the threshold of firebreak width and the
fireline intensity was obtained, and the linear fitting coefficient in this paper is larger than
the results reported by Wilson (0.36). The fuel temperature and the heat flux received by the
fuel before and after firebreak were quantitatively compared and analyzed for various wind
velocity and firebreak width conditions. Moreover, when the fuel temperature (253 ◦C) and
the heat flux received by the fuel considering the radiation and convection (43 kW/m2)
after firebreak exceed a threshold value, the surface fire can successfully cross the firebreak.
A further study is in progress to investigate the effectiveness of a firebreak on the surface
fire spreading under the combined effects of wind and terrain slope.

In this paper, only the wind velocity effects on surface fire across the firebreak were
taken into account, while the effects of fuel and slope were not considered, which may
lead to certain limitations of the study results. Therefore, a further study is in progress to
investigate the effects of fuel type and topography, and the co-effects of slope and wind on
surface fire spread across the firebreak.
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