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Abstract: Fire whirls are reported to occur frequently in the wilderness and in urban areas due to
the influence of ambient winds. Fire whirls that occur on sloped fuel surfaces are common in the
wilderness and have received less attention despite their potential to significantly alter fire behavior.
Particularly in terms of frequency and height, previous studies have been performed on flatlands
but less so on slopes. This paper presents an experimental study of fire whirls in sidewind line
fires, focusing on the frequency of occurrence and the height of fire whirls. Regarding the effect of
a side wind, it is shown that a side wind increases the frequency of occurrence, while the velocity
component parallel or perpendicular to the line fire has a competing effect. In contrast, an increase
in the slope reduces the height of the fire whirl; this phenomenon has been justified on the basis of
experimental data from our work and the literature and explained in terms of the mechanism of
vortex generation and movement.
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1. Introduction

Fire whirls are vertically oriented, violently rotating columns of fire. They have been
observed in urban areas, in oil spill fires, in the wild, and in volcanic eruptions. Dynamically,
they are closely related to other rotating atmospheric phenomena such as dust storms and
tornadoes [1]. All fire whirls, especially the larger ones, are considerable safety hazards for
firefighters because they increase the intensity of fires, have unstable rates and directions of
spread, and cause wind damage [2].

The formation of fire whirls can lead to a significant increase in the rate of fire ex-
pansion, and the powerful cyclones (the maximum speed of which may reach 60-80 m/s)
can also cause severe damage [3,4]. It is important to determine the frequency of fire
whirlwinds induced by different slopes for firefighting.

As examined in an uphill fire spread experiment [5,6], the concentrated vortex required
to form a fire vortex is created by the interaction between the airflow and the fire plume. A
leeward slope provides the vortex source for flame vortex formation due to the blocking
effect of the mountain on the wind [7]. The interaction of multiple fires with an applied
shear flow [8] or the interaction of crosswinds with line fires [9,10] also tends to induce a
fire vortex. In particular, the wind speed required to form a flame vortex is related to the
heat release rate [7,9-14].

Numerous experimental observations and studies have been carried out on highly
sloping terrains, with Graham [15] pointing out that the most likely conditions for the
generation of fire whirls occur on leeward slopes with strong winds blowing over the top of
the ridge and that the obstruction of airflow by the ridge leads to the formation of natural
eddies on the leeward side. Umscheid [16] documented fire whirlwinds and their evolu-
tion with photographs. Furthermore, examination of synoptic and local meteorological
environments revealed that pre-existing frontal boundaries contribute to the formation of
fire whirls during their combustion motion.

Dupuy [5] measured the effects of fire behavior variables (diffusion rate, fuel con-
sumption, flame lingering time, temperature, and the geometry of the flame) using the fuel
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bed, finding that the uphill fire line developed from an initially straight line to a line with a
sharp shape, while the no-slope fire line had a smooth, curved shape.

It has been demonstrated that increasing the inclination considerably increases the
diffusion rate and changes the shape of the flame front, and vortexes perpendicular to the
burning surface have been systematically observed in 30° upslope fires. These fire vortexes
move upward along the lateral flanks of the narrow-tip fire line towards the fire head and
are attributed to the strong effect observed when the slope angle is increased to 30°.

Subsequently, Morandini [17] performed simultaneous heat flow measurements at
the edge of the fuel bed at high scan rates by using a combination of particle image
velocimetry and video imaging. From the data collected, it was determined that the
increase in diffusivity is due to a significant change in the fluid dynamics around the flame
with the increase in slope.

Under slope-free conditions, the preheating of the fuel pellets is mainly controlled by
the radiation from the flame. The air flow is characterized by a vertical buoyancy-driven
plume and balanced lateral entrainment of fresh air on both sides of the flame. During the
upward spread of the flame, a significant increase in air entrainment on the burning side of
the flame was observed compared to the horizontal case. The wind generated by the flame
plume blows away from the fire and the flame is partially attached to the inclined surface.
The downstream heating of the unburned fuel was shown to depend on both radiant and
convective heating mechanisms. The rate of heat transfer received at the front increases
with an increasing slope and fuel load. Periodic turbulent bursts of the flame, guided by
airflow, were also identified as a mechanism by which convective heating occurs even away
from the fire line, favoring further spread of the flame in the upslope direction [17].

Further thermal measurements and an image analysis conducted by Silvani [6] showed
that the flame spread state and its associated behavior changed with an increasing slope.
This is observed by the propagation of the flame and its contact surface on the fuel bed.
As the slope increases, the flame structure changes from U-shaped to V-shaped, and the
radiation-dominated thermal environment at the front of the flame gradually changes to
a mixed convection-radiation environment, where convection eventually dominates in a
steep slope. In addition, periodic fire whirls roll along the flame front from the bottom
to the top and occur more frequently as the angle of the slope increases. When the slope
reaches 30°, an increase in the flame front curvature is associated with the appearance of
fire spins that roll in sheets along the flame front, indicating a significant change in the
hydrodynamics and heat transfer.

Himoto [18] conducted an experimental study of fire whirls generated around an L-
shaped fire source in a wind tunnel, distinguishing stable fire vortexes from intermittently
generated fire vortexes. They also investigated the frequency of fire vortex generation
in flat ground conditions without further considering the hydrodynamic mechanisms
of fire vortex generation or exploring the effect of frequency with slope. The frequency
of occurrence of straight-line fire whirls was also quantified [19], but the slope factor
was missing.

Therefore, the purpose of this study was to investigate the effect of typical fire
whirlwind-induced crosswinds and slope on the integrated systematic variation in fire
whirlwind occurrence frequency and height of fire whirls on the windward slope. Our
previous work [20] found that the emphasis is on initial flame vortex formation. In contrast,
this study explored the frequency of fire vortex occurrence mainly through statistical meth-
ods. Test images were acquired by sampling the signal at a frequency of 10 Hz. Extracted
flame images with a significant rotational motion were created. The burner length was used
as a scale to measure the height of fire whirls. The frequency of occurrence of fire whirls at
different flame heights was determined by the proportion of rotating flame images in all
images. Specifically, we randomly extracted 2 min videos and converted them into images
of each frame, which contained images of fire whirls and images without fire whirls. We
counted the fire cyclones with obvious rotations and those that were vertically independent,
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smoke pipe

and compared the statistics with the total number of images to obtain the frequency of
fire whirls.

This work not only determines the frequency of fire whirls occurrence induced by the
fire source system under different crosswind conditions, but also extended it to fire whirls
induced on slopes. This was achieved using a fire source system in conjunction with a
slope lifting device, applying statistical methods to slope fire and interpreting the results
obtained based on the vortex movement and generation mechanisms.

2. Experimental

Simulation experiments of the fire whirl phenomenon were performed by a system
consisting of a mechanical wind wall, slope apparatus, a gas burner system, and a fire line
(Figure 1). In particular, the fire line was used to induce the fire whirl.
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Figure 1. Schematic for experimental setup. (a) Layout of the experimental set-up and hot-wire
anemometer; (b) gas burner system for producing fire lines; (c) layout of fireproof panels and burners.

A propane cylinder, a flow meter, a fire arrester, and a pipeline burner connected by
stainless steel piping compose the gas combustion system (Figure 1b). Inside the gas burner
is a thin ceramic fiber blanket at the bottom, one thick layer of glass beads of 3 mm in
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diameter in the middle, and another thin ceramic fiber blanket at the top. The nearly 5 cm
thick layer of glass beads completely reduces the flow momentum of propane from the
cylinder. Linear holes were drilled through the fireproof board to place the liner burner.
The burner top was flush with the upper surface of the fireproof board, and the slit was
filled with plasticine between the hole and the burner rim. The wall surface is made of
extremely hard fireproof board, so it is necessary to cut the fireproof board to insert the
burner and ensure it is flush with the board surface. Therefore, after the process of cutting
and installing the burner, there will be gaps of a few millimeters between the board and
the burner. In order to make the fit between the burner and the board more ideal, we use
plastic glue to fill the gaps to ensure that the effect of the gaps is minimal.

A flow meter (Alicat mass flow controller) was used to monitor the mass flow rate of
propane with an accuracy of +0.2% over a measurement range of 0-50 SLPM. The heat of
combustion is 46.3 M] /kg. The product of mass flow rate and combustion heat is the heat
release rate (Q) of the fire line.

Constant temperature hot wire anemometers (HWAs, model 0963-00 of Kanomax
Inc. Japan) were placed away from the wind wall exit without the fire line (see the twelve
measuring points in Figure 1a,c). The HWA probe had a data acquisition frequency of
10 Hz. The average wind speed (U,) over time and space was linearly plotted against the
fan output frequency, as shown in Figure 2. The slope angle increases the air flow velocity
at the measuring points.
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Figure 2. Average wind speed versus fan frequency.

The line burner was set to be straight, as shown in Figure 1c, and the fire line was
120 cm in length and 4 cm in width. A reasonable angle between the wind direction and
the fire source and an appropriate wind speed within the critical wind speed range are
important factors in generating fire whirls. In actual wildland line fires, there is a certain
angle between the wind direction and most of the line fire sources. In order to successfully
generate a fire cyclone, we choose 30° as the angle between the wind direction and the
fire direction. Figure 1c shows the relative position of the burner on the fireproof board in
detail. Table 1 shows the details of the test conditions. 0 is the inclined angle of the slope

apparatus and Q; is the heat release rate per wire or burner length. The test conditions
used in this paper are detailed in Table 1.



Fire 2023, 6, 189

50f12

(a) Time=0 s

Table 1. Summary of test conditions.

Layout Types Slope (0) Ql (kW/m) U, (m/s)

Linear line fire 0° 15, 20, 25, 30.1, 35.1 0.08, 0.19, 0.24, 0.34, 0.46
10° 15, 20, 25, 30.1, 35.1 0.14,0.24,0.31, 0.37, 0.44
20° 15, 20, 25, 30.1, 35.1 0.14, 0.24, 0.34, 0.45
30° 15, 20, 25, 30.1, 35.1 0.19,0.24,0.32, 0.49

Laboratory studies of steadily generated fire whirls generally use mechanical devices,
such as pool fires with slits or fixed frames [14], which generally use baffles and slits to
generate fire whirls in a confined space for studying the parameter changes during their
steady state. The disadvantage of this is that these experimental setups cannot be used
to study the characteristics of fire whirls in open space fires. Fire whirls on slopes are a
special combustion phenomenon formed by the interaction of wind and terrain. The slope
increases the difficulty of conducting research and also increases scholarly interest, as it
also possesses a different pattern from fire whirls occurring in flat fires.

This device for simulating open space line fires has the feasibility to simulate fire
whirls induced by line fire sources in the field due to the ability to control the slope and
heat release rate with the crosswind wind speed. Therefore, the results generated by this
device can help us to understand the behavior of fire whirls in real wildland fires.

3. Results and Discussion
3.1. Experimental Observation

Figure 3 shows the movement of a fire whirl on the line fire source, with arrows
representing the direction of rotation. For a 120 cm long burner on a flat surface, fire whirls
were observed, with the flame being vertical and independent, rotating counterclockwise,
moving along the line fire, and coming to rest or moving towards the leeward end before it
disappeared. As shown in Figure 3b, the flame initially has a weak swirl and a downwind
tilt, undergoes a transition, becomes strongly rotating and upright, and then moves down
the linear burner.

(b) Time=3 s (c) Time=6 s

Figure 3. Photos of fire whirl formation and evolution at relative time moments between 0 and 6 s.
6 = 0 degree; Q; = 20 kW/m; U, = 0.34 m/s. The arrows represent the direction of rotation of the
fire whirl.

When the wind speed is in the critical range [11], the fire whirl maintains a high
intensity and then moves downwind driven by the wind. When it reaches the leeward
end, the vortex intensity increases slightly, as shown in Figure 3c. After increasing the heat
release rate, the height and size of the fire whirl increases significantly. In contrast, when
the wind speed increases over a certain level, no fire whirl appears. It is noteworthy that all
the observed fire whirls rotated counterclockwise. Occasionally, more than two fire whirls
were observed at the same time, but their duration was rather limited.

Fire whirls can still occur on low-gradient slopes, as shown in Figure 4, where at

various moments at Q; = 20 kW/m and Ua = 0.31 m/s, the fire whirls appear above the line
fire, moving in the windward direction with the rotating online fire source. The fire whirls
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maintain a fixed strong rotation at the tail end of the line fire, in contrast to flat ground,
which is thus though to be a effect of the slope.

(b) Time=2 s (¢c) Time=4 s
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Figure 4. Photos of fire whirl formation and evolution at relative time moments between 0 and 4 s.
6 =10 degree; Q; =20 kW/m; U, =0.31 m/s.

Under slope conditions, a counterclockwise rotating fire whirl is still generated in
the line fire and, as can be seen from the velocity vector field in the numerical simulation
shown in Figure 5, the counterclockwise fire whirl rotates while moving along the wind
direction, and its influence can extend beyond the line fire.

(a) Time=0 s = (b) Time=2 s i (c) Time=4 s

Figure 5. Counterclockwise rotation of the fire whirls in numerical simulations. 6 = 30 degree;
Q;=20kW/m; U, =0.39 m/s.

3.2. Fire Whirl Generation Frequency and Height

Figure 6 shows the frequency of occurrence with wind speed for different slopes. In a
line fire with a heat release rate of 20 kW /m per unit length, the frequency of fire whirls
occurrence increases and then decreases with increasing wind speed, while the frequency
is at a maximum between 0.2 and 0.3 m/s for three different slopes and the frequency of
fire whirls is higher for high slopes than low slopes.

Recall that fire whirls can be generated by the interaction of multiple fires and, typically,
an applied shear flow contributes to an increase in the frequency of fire whirls [8]. Jagged
flames on the fire line were observed in our tests, which essentially formed a multiple fire
system where the crosswind could be decomposed into a sum of two component velocity
vectors parallel and perpendicular to the fire line. The parallel velocity vector acts as a
shear flow, increasing the frequency of flame vortices, while the perpendicular velocity
vector exerts pressure on the flame surface, disrupting the multi-fire system. Thus, it can
be deduced that the frequency of fire whirls increases before it decreases [8]. In addition,
the setting of a fixed controllable heat release rate leads to the existence of partial pyrolysis
and phase change processes downwind, such as evaporation of volatiles. The increase in
slope certainly accelerates the whole process, making periodic flame outbreaks [17] more
frequent and potentially contributing to the frequency of fire whirls.
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Figure 6. The relationship between the frequency of fire whirls and wind speed at different slope
angles.Q; = 20 kW/m. (a) 0°; (b) 10°; (c) 20°; (d) 30°.

Note also that at a 30° slope, even in the absence of wind, a lower frequency of
fire whirls is occasionally produced, which is hypothesized to be caused by the upslope
component of the buoyancy of the flame heat plume [21]. This suggests that for linear fires,
a fire whirl can be generated at high slopes in the absence of wind. This is consistent with
the experimental results of Silvani [6], who found that the radiation-dominated thermal
environment at the front of the flame gradually changed to a mixed convection—radiation
environment, where convection eventually dominates in the steep slope configuration.
Periodic fire whirlwinds roll along the flame front from the bottom to the top and occur
more frequently as the slope angle increases. Fires spread up to 30° on the slope and
the increase in curvature of the flame front was associated with the appearance of fire
whirlwinds rolling along the sheet of the flame front, suggesting a remarkable change in
hydrodynamics and heat transfer.

Since wind speed has a significant impact on the frequency of fire whirls, we chose to
conduct a comparison of the height of fire whirls at different heat release rates at a similar
fixed wind speed of 0.24 m/s (in the critical wind speed range). The height of fire whirls is
defined as the vertical distance between the apex of the fire whirl and the wall when the
fire whirl is perpendicular to the wall. When the ground is flat, we determined the height
of fire whirls perpendicular to the horizontal, and when there is a slope, we determined
the height of fire whirls perpendicular to the wall, as shown in Figure 7. Additionally, the
burner length was used as a scale to measure the height of fire whirl.
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Figure 7. Height of fire whirls (H).

It can be seen from Figure 8, the height of fire whirl gradually decreases as the slope
increases, while the heights of fire whirls at a high heat release rate are greater than those
at a low heat release rate.
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Figure 8. Relationship between the height of fire whirls and slope. U, = 0.24 m/s.

On the one hand, as the slope increases, it becomes more difficult to combine the
horizontal vortex lines with the thermally buoyant plume, leading to a decrease in flame sta-
bility. On the other hand, the increase in slope increases the effect of the gravity component,
making gsin6 larger while gcosf decreases, leading to a decrease in the ring volume [22],
which further leads to a decrease in flame stability.

Measurements by Sasaki [10] using particle image velocimetry (PIV) showed that the
rotational velocity component decreases near the bottom of the wall [7] and that the radial
inflow at the wall enhances the heat transfer between the flame and the burner, resulting in
the formation of higher intensity vortices [7]. The effect of the slope increases the wall wind
velocity component, making it is extremely easy to exceed the critical range of crosswind
velocity and thus its influence, increasing instability [23,24].

At the same slope incline, as the heat release rate increases, the ring volume increases [25]
and the effect of the slope on the rotating flame decreases [26] to a lesser extent. For a fire
whirl formed by a liquid fuel, an increase in the ring volume improves the heat transmission
to the fuel surface, increases the combustion rate, and reduces air entrainment, thereby
increasing the flame height of fire whirls [27].
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3.3. Condition and Mechanism of Fire Whirl Formation

The formation of flame vortexes demands a source of environmental vorticity. A con-
centration mechanism is generally considered to exist in the formation of fire whirls [28,29].
Ambient vorticity in the atmosphere can be created by the surface boundary layer of the
wind, wind shear from inhomogeneous level densities, and the rotation of the Earth. This
redirect horizontal vorticity to the vertical and induces vortex stretching.

Byram and Martin [30] suggested that three conditions are necessary for the formation
of thermally driven rotating vortices such as fire whirls: firstly, the existence of a generating
vortex; secondly, the presence of a fluid sink within the vortex; and thirdly, frictional or
dragging force at a surface. Generating vortices provide the angular momentum required
for rotational motion, fluid sinks are created by buoyancy or other forced flows that pool
ambient vortical volumes into the center by coiled suction to form a high-speed rotating
vortex core, and frictional forces are applied by impermeable walls to the air on horizontal
surfaces to create a stable bottom boundary layer.

The mechanism for the generation of rotating vortexes can also be explained by the
vorticity Equation (1):

W - - - —
%“t’Jr(v.v)Z: (3-V)V—3<V-V)+V><f—v<;> xVp+oVia (1)

where w is the vortex vector; V is the volume; f is the thrust force; p is the local gas density;
and v is the kinematic viscosity.

The last three terms on the right-hand side of the equation represent the generation of
vorticity, which is a non-conservative force; the oblique pressure fluid; and the viscous force.
The second term on the left-hand side of the equation represents the vorticity transmission
due to wind, which indicates that the horizontal vorticity generated upwind exerts an
influence on the behavior of the combustion downwind. The first term on the right-hand
side of the equation indicates that the velocity gradient in the flow field stretches and bends
the vortex lines that are already present, thus changing the magnitude and direction of the
vortex volume. This means that when a horizontal vortex line near the wall meets a rising
fire plume, the horizontal vortex line becomes a vertical vortex line and the vortex volume
increases due to stretching, creating a vertical concentration of vortices.

The role of crosswinds in flame vortex height can be explained by the vorticity and
transport caused by the interaction between the wind speed, the ground, and the upward
flame plume [19]. Viscous shear can produce horizontal vortex lines near the ground as the
wind blows across it, which under the action of wind pressure in the downwind direction
finally transform into vertical vortex lines when they encounter an upward floating flame
plume. In addition, the strength of the vertical vortex lines can be enhanced due to the
stretching effect of the upwardly buoyant flow plume.

The vortex between the wind power and the wall provides a source of vorticity for an
increase in flame height. However, as the crosswind increases, the upward linear flame
plume will gradually tilt towards the horizontal. When a horizontal vortex line encounters
a horizontal flame plume, it will never become a vertical vortex line, so the fire whirls will
disappear as the crosswind increases beyond the critical conditions. Note that the above
analysis is physically invalid after the formation of a flame vortex, as the flame vortex can
have a significant effect on the local flow fields.

However, when fire whirls occur on a slope, the formation pattern is slightly different
from that on flat ground. Nelson [21] suggested that when the uphill component of the fire
buoyancy velocity is used in combination with the velocity and direction of the ambient
wind to produce effective values of the wind speed and direction that determine the
propagation velocity vector, the uphill component of the fire buoyancy increases the wind
speed at the wall.

The increased wind speed will cause the original vortex on a flat surface to stretch
and extend more closely, increasing the frequency of the vertical vortex. However, the
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(a) Time=0 s

slope effect will also make it more difficult to combine the vertical vortices on the slope
and increase the flame height, thus reducing its height, while the horizontal vortex line will
be stretched by the upslope component of the heat flow on the slope, causing the vertical
vortex to move upslope. Additionally, this confirms Simpson’s [31] experimental model,
which showed that while fire whirlwinds move towards the slope side as the slope angle
increases, they have a significant impact on the fire wind field when the fire is small. As
the fire size increases, multiple fire whirls usually form, but become smaller in size.

Note that Chuah [32] clearly showed with scale model experiments that if the flame
vortex is strong enough, its structure will be predominantly rotational and entrained rather
than buoyant. This suggests that strong rotation will be generated perpendicular to the
slope when it occurs on an inclined slope, as shown in Figure 9.

(b) Time=2 s ) (c) Time=4 s

Figure 9. Photos of fire whirl formation and evolution at relative time moments between 0 and 4 s.
Straight line fire; 0 = 30°; Q; = 30.1 kW/m; U, = 0.32 m/s.

These experimental findings can only determine the relationship between the fre-
quency and height of fire whirls occurring on the windward slope, while the actual fire
whirl in a fireground will be more complex and variable than those under experimen-
tal conditions. The angle between the crosswind and the line fire source, turbulence,
and other variables will also have an impact on the results, and this dependence of fre-
quency and height on slope is not representative of what may occur in nature, but only for
these experiments.

4. Conclusions

Experiments triggering fire whirls on slopes were studied in this paper. The focus
is on the frequency of fire whirls on different slopes. The experimental results show that
wind has a significant effect on the frequency of fire whirls in line fires, and, in particular,
the frequency of fire whirls was found to increase and then decrease with increasing wind
speed. This was deduced to be caused by the competing effects of two velocity vectors;
the velocity vector parallel to the line fire plays a positive role mainly as a shear flow to
increase the frequency of occurrence of flame spins, while the vertical velocity vector plays
a negative role.

The increase in slope, on the other hand, has a positive effect on the frequency of
fire whirls under the same operating conditions. Viscous shear can produce horizontal
vortex lines near the ground, which are then transported downwind under wind pressure.
The presence of a slope increases the transport of horizontal vortex lines at the wall under
downwind conditions, which binds them more closely to the flame plume floating on the
line and thus increases the frequency of flame vortices.

The slope component of the flame plume also causes the fire whirl to move downwind
towards the slope. However, the slope effect also makes it more difficult for the horizontal
vortex lines to combine closely with the flame plume on the slope to form a vertical
vortex and form a higher intensity vertical vortex line, which results in a lower height of
fire whirls.
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