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ABSTRACT

Background. Reliable wildfire prediction and efficient controlled burns require a comprehen-
sive understanding of physical mechanisms controlling fire spread behaviour. Earlier studies
explored the intermittent nature of free-burning fires, but the influence of flame intermittency
on fire spread requires further attention. Aims. This research qualitatively explores dynamic fire
behaviour and its influence on fire spread. Methods. Fire spread experiments were conducted
under varying wind conditions inside a wind tunnel. Various cameras were used for qualitative
analysis, verified against velocity and temperature measurements carried out inside the fuel bed.
Key results. Dynamic fire behaviour was observed in the form of near-bed flame pulsations.
These pulsations caused fluctuating contact between the flame and unburned fuel ahead of the
fire front, leading to point ignitions. Under favourable heat transfer conditions, these point
ignitions strengthened and merged with the existing fire front, leading to intermittent flame
spread in the form of leaps. Conclusions. The transient nature of flame spread was observed
during fire spread experiments conducted under steady external conditions. Implications. This
research lays the foundation for critical flow and heat transfer analyses required to characterise
intermittent flame spread.

Keywords: fire spread, flame leaping, flame pulsation, flame residence, ignition, intermittency,

porous media, vegetative fire.

Introduction

Owing to a lack of technical literature and limited understanding of wood fires, forestry
organisations in North America focused on fire exclusion, leading to unprecedented fuel
accumulation in forests (Brown and Davis 1973). There is an increased importance on
conducting efficient land management, not only owing to the presence of dense surface
vegetation (Hann and Bunnell 2001) but also because of an increase in fuel dryness
(Arnell et al. 2019) and expanding wildland—urban interface (WUI) (Radeloff et al. 2018).
Indigenous people used fire for land management (Kimmerer and Lake 2001), preventing
large wildfires and enhancing biodiversity (Trauernicht et al. 2015). Therefore, the focus
has shifted toward controlled burns to counter the current wildfire problem.

Prescribed or controlled burns require significant planning to reduce the possibility of
uncontrolled conflagrations, which can lead to losses (Romero 2022). The window for
safe controlled burns has diminished owing to rising global temperatures, which makes
fundamental fire research vital. Comprehensive review articles (Perry 1998; Sullivan
2009a, 2009b, 2009c; Liu et al. 2021) provide state-of-the-art fire spread research and are
of importance in finding research gaps. A considerable portion of the fire literature
focuses on average fire spread behaviour while giving little insight into dynamic fire
behaviour and its influence on fire spread. Current research tries to close this gap by
experimentally evaluating intermittent flame spread and its controlling parameters from
a qualitative perspective.

Various stationary and spreading fires using burners (Tang et al. 2019), pool fires (Lin
et al. 2021), cribs (McAllister and Finney 2016), engineered cardboards (Finney et al.
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2015) and vegetative fuels (Simpson et al. 2014) have been
used to explore pulsating fire behaviour. Stationary fires are
commonly used for such analyses to increase the ease of
experimental procedures and for better control over external
conditions. The conclusions from such experimental studies
might not work during practical fire spread situations and
can lead to the development of prediction models with
limited application. Therefore, experimental research emu-
lating a natural environment works better to develop reli-
able fire prediction models.

A significant portion of wildfire research considers fire
spread as a continuous movement of flame occurring with
subsequent ignition of unburned fuel ahead of the fire front
(Rothermel 1972; Albini 1985, 1986; Dupuy 1995;
Catchpole et al. 1998; Pastor et al. 2006). However, the
multi-scale interaction between wind, fire and topography
(Simeoni 2013) makes fire spread a dynamic phenomenon
that can influence the development of a fire and requires
attention for building reliable prediction models. Recent
work by Viegas et al. (2021) explored the non-continuous
nature of fire spread through various experiments. This
work explored the variation in flame geometry (flame
angle) due to changing buoyant conditions and its role in
the non-monotonic nature of fire spread. In comparison, the
research presented in the present paper explores flame pul-
sations and their influence on fire spread, which are differ-
ent from the mean geometrical characteristics.

Flame pulsations during fire spread were first explored in
the trench effect (Smith 1992; Atkinson et al. 1995), where
pressure pulsations were measured by placing probes along
the flame spread direction. The physical controlling mecha-
nism generating these pressure variations was observed to
change with the trench orientation. The frequency and mag-
nitude of these pulsations were inversely related (Atkinson
et al. 1995). Recent work by Finney et al. (2015) examined
flame intermittencies and described the importance of con-
vective heating for fire propagation. Delayed ignition due to
intermittent particle heating was also analysed, and contin-
uous flame presence was shown to be necessary for particle
ignition and hence fire spread.

The current work builds on the understanding gained from
Finney et al. (2015) and investigates the effect of flame
contact on fire spread. The fuel particle ignition study pre-
sented in Finney et al. (2015) was for laser-cut cardboard
combs. A significant contribution of the current work is the
use of pine needles and observing their ignition relative to
flame pulsation. It is reported by Finney et al. (2015) that
flame contact is imperative for fire to spread. In comparison,
the present study shows that flame contact gives an intermit-
tent nature to fire spread for constant external conditions.
This is primarily due to the reduced convective cooling of the
pine needles in comparison with cardboard combs. The flame
contact causes point ignitions that give a leaping character to
fire spread. This leaping behaviour has not been explored
previously and requires attention as it may scale up for large-

scale experiments, causing significant acceleration of the fire
front. However, large-scale experiments are required to com-
pletely understand this phenomenon. In addition to fire
movement along the fuel surface, fire behaviour within the
fuel bed was measured using thermocouples and pressure
probes embedded inside the bed.

Materials and methods

Wind and fire interactions influence instantaneous fire beha-
viour, impacting spread through the fuel bed. These inter-
actions, along with the fire behaviour, were observed and
measured by instrumenting fire spread experiments con-
ducted under varying wind conditions using a well-
characterised wind tunnel. This section provides detailed
information regarding the experimental set-up and measure-
ment techniques used to conduct and analyse various fire
spread experiments performed using vegetative fuel.

Wind tunnel and experimental details

A laboratory-scale wind tunnel was designed and developed
for fire research. Three 1.2m long and 0.8 m? cross-section
conditioning segments were installed with various honey-
comb and perforated sheets to achieve steady and uniform
flow in the test section. The test section was designed to
hold a test bed to conduct fire spread experiments and
contained two doors (top and side) and one window (side)
fitted with fire-rated glass for observation and video acqui-
sition. The doors and window provided easy access to the
test bed from all directions while maintaining a leakproof
test section. A schematic of the wind tunnel test section is
presented in Fig. 1, along with the test bed and cameras used
during the experiments.

Longleaf pine needles (Pinus palustris, PP) and pitch
pine needles (Pinus rigida, PR) were used for this study
with an average fuel moisture content of 6.7 = 1.15 and
10.14 = 0.64% on a dry basis, respectively. Fuel moisture
content was measured for each experiment by placing two
15 g samples from the test bed in an oven for 24 h at 60°C
(Schemel et al. 2008). These pine needles were randomly
dispersed across a horizontal test bed shown as a schematic
in Fig. 2. The test bed consisted of an unheated plate
465 mm long and 3mm thick for aerodynamic boundary
layer development. A sand layer was used as the insulating
base for the pine needles to imitate the natural environment.
Horizontal side extensions of dimensions 100 x 2115 mm
(not shown in the figure) were added to both sides of the test
bed. These extensions were flush with the sand surface and
were placed to prevent any flow circulation between the top
and bottom of the test bed. Pine needles were ignited using a
fuel wick of size 15 mm by 600 mm soaked in liquid metha-
nol. A thin nickel-chromium wire (0.33 mm in diameter)
was heated using a high-voltage signal and placed across
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Window -

Pine needle surface

S Fig. 1. Schematic of the test section of the lab-
scale wind tunnel used for fire spread experiments
along with the test bed and cameras used for video
acquisition.
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BDP tree

Fig. 2. Test bed schematic showing
instrumentation used for fire behaviour

measurements. TC, thermocouple;

1650 mm

the width of the wick to ignite the methanol. Various tem-
perature and velocity probes were placed along the centre-
line of the test bed to measure fire behaviour.

Fire spread experiments were conducted under five dif-
ferent wind conditions, namely 0, 0.23, 0.42, 0.75 and
1.38ms™'. Low to medium wind velocity was used for
these experiments. This study focused on understanding
fire spread during the low-intensity surface fires commonly
observed during small-scale wildland fires and prescribed
burns. The highest velocity was also restricted by the possi-
ble displacement of burning pine needles owing to weight
loss during combustion. Each experiment was conducted
four times for repeatability, and a 95% confidence interval
was used to measure the error in the mean values.

The available wind tunnel height, reduced to 0.65m by
the test bed, was a limiting factor for the maximum fuel
loading. PP was distributed across the test bed with a fuel
loading of 0.5kg m ™2 (495 g) as a higher value led to flame
contact with the ceiling. In comparison, PR was distributed
with a fuel loading of 0.8 kgm ™2 (792g) for two reasons.
The maximum values of total heat flux incident at the fuel
surface were compared between PP and PR for the same fuel
loading of 0.5 kg m 2 and wind velocity of 0.23ms™'. The
average value of total heat flux measured for PP was
40 kW m ™2, whereas the total heat flux generated by PR
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BDP, bi-directional probe.

for a fuel loading of 0.5kgm ™2 was 8.21 kW m ™2, hence a
reduction of 79.5%, which was significantly low. However,
on increasing the fuel loading to 0.8 kgm 2, the total heat
flux generated by the flame was 26.9 kW m ™2, which was
still lower than PP, but the reduction was 32.75%.
Furthermore, one of the objectives of this work was to
evaluate flame movement within the fuel bed, which was
achieved using thermocouple trees consisting of five ther-
mocouples. Four thermocouples were placed within the pine
needle bed, while the fifth was kept outside the bed. This
could not be achieved for PR with a fuel loading of
0.5kgm ™2 as the fuel bed height was less than 3cm.
Therefore, the fuel loading for PR was increased to
0.8 kg m 2, which increased the fuel bed height to 5cm.

Instrumentation details

Fire behaviour was measured using various instruments
strategically placed in and around the test bed. The sche-
matic in Fig. 2 shows all the instruments placed inside the
test bed, while Fig. 1 shows the cameras used for fire
behaviour observation. Five cameras were used around the
test bed, with the side and end camera capturing videos at
120 frames per second with the rest captured at 60 frames
per second. The videos acquired were analysed using
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techniques described in the following sub-section. Gas tem-
perature was measured using thermocouples placed along
the centreline of the test bed at four x-locations. Two ther-
mocouple trees were placed at x = 54 cm and x = 104 cm.
Each tree consisted of five equally spaced K-type thermo-
couples with the spatial details presented in Table 1. The
K-type thermocouples used here were 150 um in diameter
with Inconel® 600 sheathing. Temperature measurements
were conducted at a sampling frequency of 75 Hz.

A Bi-Directional Probe (BDP) tree consisting of three
BDPs was used to measure the pressure gradient established
by the flame and converted to instantaneous gas velocity.
A K-type thermocouple was attached to each BDP for density
correction and flame location measurement. Each BDP was
10mm in diameter and placed along the centreline of
the test bed with additional location details presented
in Table 1. A differential pressure transducer (Sensirion
SDP810-125 Pa) digitised the probe measurements at a nom-
inal frequency of 150 Hz, which was resampled to 75 Hz for
density correction and velocity conversion. Accurate veloc-
ity conversion required the measurement of an amplification
factor or K-factor for the BDP, calculated using Eqn 1 where
Vactual corresponds to the velocity measured using a Pitot
tube. APppp represents the differential pressure measured
using BDP and p.. is the ambient air density.

Vactual (1 )

Koo = APy /)03

The K-factor was evaluated using 46 different pressure con-
ditions established by varying the Variable Frequency Drive
(VFD) frequency, which changed the fan revolutions per
minute (RPM). Fig. 3a shows the K-factor variation with
the measured pressure gradient for the 46 pressure points.

Table I.

It can be seen that the K-factor varies significantly for low-
pressure values (up to 0.5Pa) and stagnates at ~1.8 above
it. This variation in values prevented approximating a single
K-factor for the BDP. Therefore, a piecewise function was
established for calculating the K-factor for measured differ-
ential pressure. The piecewise function presented in Eqn 2
consisted of a fourth-order polynomial up to a pressure AP
of 0.25Pa and a power-law function for pressure values
greater than or equal to 0.25 Pa. Velocity values were calcu-
lated using this function and are compared with the actual
velocity measured using a Pitot tube in Fig. 3b for different
VFD frequencies. Fig. 3b also shows the error percentage
(=(Vepp — Vactua) X 100/ Vaeua) for each velocity value
along with the raw BDP velocity calculated without the K-
factor. A maximum absolute error of 11.35% was observed,
which was acceptable for the range of pressure measurements.

Kgpp (AP) =
— 9530.7(AP)* + 5089.9(AP)3 AP < 0.25
— 917.87(AP)? + 64.28(AP)

+ 0.61,
0.006935(AP)—32%8 + 1.817,

2)
AP = 0.25

The BDP is an intrusive measurement device and was expected
to influence flame behaviour. The intrusiveness of the BDP
was limited by using a 10 mm diameter probe. To maintain a
continuous flame, pine needles were carefully placed between
the three BDPs. This ensured a consistent supply of fuel for the
spreading flame. The diameter of the probe can be selected as
its characteristic length scale, like a sphere. Using this charac-
teristic length, the blockage ratio was 0.012%, which assured

Details of thermocouple and bi-directional probe located inside the test bed measured from the igniter leading edge (see Fig. 2).

Thermocouple tree |

Thermocouple tree 2

Bi-directional probe tree

Pinus palustris (fuel bed height =70 mm)

x =540 mm y=0mm x=1040 mm
x =540 mm y=23.3mm x=1040 mm
x =540 mm y =46.6 mm x = 1040 mm
x =540 mm y=70.0mm x=1040 mm
x =540 mm y=93.2mm x = 1040 mm
Pinus rigida (fuel bed height =50 mm)
x =540 mm y=0mm x= 1040 mm
x =540 mm y=16.7mm x=1040 mm
x =540 mm y=33.4mm x=1040 mm
x =540 mm y=50.0 mm x=1040 mm
x =540 mm y=66.8 mm x = 1040 mm

y=0mm x=1250 mm y=0mm
y=23.3mm x=1250 mm y=70.0 mm
y =46.6 mm
y=70.0 mm
y=93.2mm x= 1250 mm y=932mm
y=0mm x= 1250 mm y=0mm
y=16.7mm x=1250 mm y=50.0 mm
y=33.4mm
y=50.0 mm
y=66.8 mm x= 1250 mm y=66.8 mm
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Fig. 3. (a) Comparison between the measured and estimated
K-factor. (b) Velocity measured using Pitot tube and bi-directional
probe (BDP) against Variable Frequency Drive (VFD) frequency. Raw
and corrected values are presented for the BDP along with the
associated error for corrected values.

no significant acceleration of wind due to a reduction in the
area from the BDP acting as an obstruction.

Video analysis

Front and back view cameras were used to evaluate the
average rate of spread (ROS), which was used to validate
the flame threshold temperature. These views were used
because they observed the complete test bed. Average ROS
was calculated by measuring the time required for the flame
to move from ignition to the test bed end. A phenomeno-
logical understanding of intermittent fire spread was devel-
oped by conducting image analysis of side-view videos
acquired at 120 frames per second. To quantify this beha-
viour, a more comprehensive approach is required, which
was not in the scope of the current paper. Starting from
400 mm, each video frame was extracted to measure fireline
temporal variation. Each frame was binarised to get the
furthest fire location along the top surface of the fuel bed.
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This analysis was restricted to the middle of the test bed to
avoid any parallax error.

Results and discussion

This section presents qualitative and quantitative results
from fire spread experiments conducted across PP and PR
test beds. It starts with a discussion about the average ROS
and then moves on to illustrate the impact of dynamic fire
behaviour on flame propagation using various videos.
Temperature and velocity measurements were acquired to
build on the understanding obtained from video analysis.

Flame spread

Average flame spread

Understanding flame spread behaviour under varying
external conditions assists in building and validating reliable
fire prediction models. A significant portion of the fire litera-
ture provides a dataset on the variation of average ROS with
wind, vegetation and topology. The present work adds to that
dataset while providing a fundamental understanding of
dynamic fire behaviour and intermittent flame spread. The
average ROS (in cms ™) was evaluated using four thermo-
couples at x = 54, 104, 125 and 140 cm. These thermocou-
ples were placed along the fuel surface at y = 7cm and
y = 5cm for PP and PR, respectively. Flame presence was
approximated by taking a threshold temperature of 573.15K
(300°C) following previous work by Mueller et al. (2018).
Fig. 4a presents an example of average ROS calculation where
the four data points represent the thermocouple streamwise
location and the corresponding time instant when the flame
reaches the thermocouple. Average ROS was equal to the
slope of a linear fit between the four data points, which
always showed a regression greater than 0.95. The value
next to each data point corresponds to the first temperature
value (in K) that exceeds the threshold of 573.15K.

The above technique was validated in Fig. 4b by compari-
son against the average ROS measured using videos acquired
by cameras placed around the test bed. Front and back view
videos were separately analysed, and ROS was evaluated for
the entire bed. The average ROS from the videos was then
taken as the mean of the ROS from both views. Each experi-
ment was repeated four times. The average ROS (video and
temperature) shown in Fig. 4b presents the mean of all the
experiments with the error bar calculated using a 95% confi-
dence interval. Average ROS measured using thermocouples
is mostly underpredicted, with a maximum percentage differ-
ence of 20%, which lies within the error bars. This under-
prediction was reasonable as thermocouples start from
x = 54 cm and neglect the initial acceleration on ignition
that was captured by the videos. It was concluded from this
analysis that a threshold temperature of 573.15K or 300°C
was applicable for the current set of experiments.



www.publish.csiro.au/wf

International Journal of Wildland Fire

(@
150 T T T
= Measurement
140 Linear fit 57430 8 -
130 b
— 587.81
e 120 1
L
c 10t 1
kel
8 100+ .
o
O 90} i
IS
<
o 8of ROS from fit = 0.46792 cms™ 1
70k Regression = 0.9983
Wind speed = 0.23 ms™
60 B
574.07
50 1 1
100 150 200 250 300
Time (s)
(b)
12 T T T
* PP video + Mendes-Lopes et al. (2003), FMC = 10%
¢+ PRvideo * Mendes-Lopes et al. (2003), FMC = 18%
= PP temperature Catchpole et al. (1998), Excelsior 8 = 0.005
10 H PR temperature Catchpole et al. (1998), Excelsior 8 = 0.02 B
— PP video fit Catchpole et al. (1998), Ponderosa pine 8 = 0.02
— — — PR video fit Catchpole et al. (1998), Ponderosa pine 3 = 0.065
T e PP temperature fit Catchpole et al. (1998), Sticks = 0.02
‘é’ 8 H PR temperature fit Catchpole et al. (1998), Coarse excelsior 5 = 0.01 |4
RE2
(70}
O 6 1
[ ——
P
o e
< R, SR
S 4t 1 = ]
= M
z s
2 T
""""""" G *
- v *
0 . 1 1
0 0.5 1 15 2
Wind velocity (ms™)
Fig. 4. (a) Example of average ROS evaluation using threshold

temperature for four thermocouples at the fuel bed surface.
(b) Variation of average ROS with wind and comparison between
different ROS measurement techniques.

Temporal variation of the fireline

Temporal variation of the fireline was measured along
the test bed using the side-view videos acquired at a fre-
quency of 120 Hz and is presented in Fig. 5. An algorithm
was developed to acquire the fireline location from these
videos by converting individual frames to binary images.
The fuel bed surface was taken as the reference, and fireline
location was measured along this reference line for each
experiment. This reference line varied between PR and PP
as the fuels had different fuel bed heights, 5 and 7 cm,
respectively. The analysis was initiated when the flame
approached the 40 cm mark to avoid parallax errors and
allow flame development.

The analysis presented in Fig. 5 was restricted to 16,
totaling 1920 frames, and required significant computing
capacity. The slope of the curve in Fig. 5 represents the

flame spread rate, and an increasing trend was observed
with wind velocity for both fuels. This behaviour was similar
to that measured from the thermocouple and other camera
views in the previous sub-section. The more critical under-
standing gained from this figure was the presence of fluctua-
tions. These fluctuations represent the point ignitions ahead
of the fireline or the near-bed flame pulsations occurring
when the wind cuts across the flame front. The magnitude
of the fluctuations increased with increasing wind because of
the more substantial influence of wind and fire interactions.
These interactions are known to be one of the controlling
parameters for generating near-bed pulsations and point igni-
tions and are further explored in the next section.

An interesting flame spread behaviour was observed in
Fig. 5, where the continuously rising curve also had flat
regions or plateaus. These plateaus occur because of flame
residence and indicate intermittent flame movement along
the fuel surface. This intermittent flame movement was
observed as leaps and was analysed using other camera
views. The flame residence time was more significant for
no- to low-wind conditions and decreased for higher winds.
A lower residence time allowed for less fuel involvement
under the top surface. For higher wind conditions, the fuel
underneath the top surface burned after the flame moved to
a new streamwise location, and a trailing fire was observed.

Dynamic fire behaviour

This section explores the origin of intermittent flame spread
behaviour discussed in the previous section. The inherently
dynamic nature of free-burning fires was closely observed
from various camera angles and other instrumentation.
Viegas (2004a) demonstrated the absence of a steady-state
burning regime even under nominally uniform and perma-
nent boundary conditions. Flame spread was shown to be an
ever-evolving process and can often lead to eruptive fires, as
shown by Viegas and Simeoni (2011). Therefore, an under-
standing of intermittent flame spread behaviour and its
origin can assist in the accurate prediction of extreme fire
events like eruptive fires (Viegas 2004b) and vorticity-
driven lateral spread (VLS) (Sharples et al. 2012).

Near-bed flame pulsations and point ignitions

Dynamic fire behaviour in the form of flame pulsations
was qualitatively examined from the side and back view
cameras (refer to Fig. 2). Both camera views were synchro-
nised against the time to ignition and the time series in
Fig. 6 was generated to understand the dynamic fire phe-
nomenon. In Fig. 6, each back view frame was placed above
the corresponding front view to observe the flame from
different angles. Finney et al. (2015) observed flame bursts
in stationary and spreading flames. These flame bursts con-
tributed to the intermittent rise in temperature of the
unburnt fuel ahead of the fireline. Similar puffing behaviour
was observed in the current experimental study, focusing on
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Fig. 6. Back view and side view showing time series of near-bed flame pulsations and point ignitions ahead of fire front for Pinus

rigida at U=0.42ms™".

near-bed pulsations and their interaction with fuel and sub-
sequent ignition and flame spread.

The flame front restricts wind movement by acting as a
barrier between the unburned and burned fuel regions. The
first frame, t = O's in Fig. 6, shows this flow restriction and

1004

the end of a cyclic process that leads to intermittent flame
movement. After the cycle ends, the second frame at
t = 0.033 s shows multiple point ignitions ahead of the fire-
line due to radiative preheating and flame contact. These
point ignitions represent individual pine needles burning at
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Fig. 7.

distinct locations across the width of the test bed. For suste-
nance, these small free-burning fires require feedback either
from the flame front or adjacent point ignitions. The latter
was observed to be limited and weak in the cases studied
here, while the former was dominant. Heat feedback from
the flame front occurred in the form of radiation and con-
vection, with radiation initiating and supporting pyrolysis
and flame contact causing point ignitions. Fluctuating flame
contact occurred when wind broke through the flame front
and pushed it towards the unburned fuel. This process is
seen in frames 5 (t = 0.1325s) through 8 (t = 0.2315s) in
Fig. 6, with the wind cutting across from the right and
then from the left, generating two troughs and one crest
along the centreline. Similar crest and trough structures
were observed in previous studies (Beer 1991; Finney
et al. 2015; Gustenyov et al. 2018).

Intermittent flame spread occurred when point ignitions
merged with the fireline. This fireline movement was
observed in the back view and is presented in Fig. 7 as a
time series taken at 1250 mm, which allowed sufficient
flame development. Point ignitions occurred on flame con-
tact and required heat feedback for sustenance. The buoyant
plume generated a low-pressure zone in the vicinity of the
flame and unburnt fuel bringing in cold air from the
unburned region in the form of ‘fire wind’ or fire-induced
reverse flow (Smith et al. 1975; Hilton et al. 2018). This
inhibited the existence of point ignitions by negating the
heat feedback from the flame. The blue dotted line repre-
sents point ignitions in Fig. 7, and the old fireline is shown
using a green line. Under favourable heating conditions, the
point ignitions grew in number and eventually merged with
the old fireline to generate the new fireline. This new fire-
line was not adjacent to the old fireline but a bit further,
suggesting flame movement occurred in the form of leaps.
This behaviour was further observed with new point igni-
tions ahead of the fireline in the last frame at t = 0.231s.

Point ignitions and corresponding fireline movement in Pinus palustris at U=0.42ms"

= === QOld fireline
New fireline
_|= = Point ignition

— ey

1 f=0498 s

t=0.231s

! seen from back view.

Local flow variation

A qualitative understanding of point ignitions and intermit-
tent flame spread was established in the previous section.
Fire-induced flow was also discussed and presented as one of
the parameters affecting point ignitions, and required more
understanding. For this purpose, BDPs were placed along
the test bed centreline to measure the local differential
pressure. This pressure was converted to instantaneous
velocity using the corresponding density and K-factor.

Velocity measured at the fuel surface was compared for
different wind conditions for both fuels in Figs 8 and 9.
Positive values correspond to gas flow along the flame
spread direction. A thin K-type thermocouple attached to
the BDP was used to evaluate flame presence by taking a
threshold of 573.15K. Under zero wind conditions, when
the flame approached the BDP, the average zero flow
decreased to slightly negative values, representing fire-
induced reverse flow. The negative flow was sustained and
increased for approximately up to half of the flame and then
became positive. This behaviour can be understood by look-
ing into zero-flow flame geometry (Mendes-Lopes et al.
2003). Flame tilt away from the unburned fuel bed gener-
ated negative flow when the flame was behind the middle of
the BDP. As the flame moved and completely engulfed the
BDP, positive flow dominated the inverse flow. After
the flame front moved ahead of the BDP, as observed by
the thermocouple, the trailing flame was sustained and
produced the positive flow, as seen in Figs 8 and 9.

Local flow velocity was also measured for the four cases
of wind-aided fires presented in Figs 8 and 9 with no nega-
tive flow within the shaded region. This behaviour can be
similarly understood from the flame geometry of wind-aided
fires. Negative values were observed only for low-wind
conditions, but reduced positive values for higher winds
showed that the presence of fire-induced reverse flow influ-
enced local flow. As the flame engulfed the BDP, positive
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flow increased, reaching a maximum. This value slowly
dropped and reached a constant value dependent on the
external wind and trailing fire. For all the wind cases studied
in this work, similar flow trends were observed for both the
pine needles but at different magnitudes. PP showed a
higher maximum velocity as compared with PR. A complete
understanding of this behaviour requires a detailed analysis
of fire intensity and fuel properties, which was not an
objective of this study.

Fire behaviour inside the fuel bed

The analysis up to now considers flame spread and fire beha-
viour across the fuel bed surface; this last section shifts the
focus to fire behaviour within the fuel bed. This was impor-
tant for completeness of studying the problem and building
further insight into flame leaping. Bi-directional probes and
thermocouples were embedded inside the fuel bed to measure
instantaneous flow and temperature within the bed.
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Velocity variation within the fuel bed

Three BDPs placed at one streamwise location in a
vertical arrangement captured the local flow within, at
and above the fuel surface for both fuels. A thin K-type
thermocouple accompanied each BDP for density correc-
tion and flame presence evaluation. Before the flame
approach, near-zero flow was recorded by the bottom
BDP for both fuels under different wind conditions, as
shown in Figs 10 and 11. The porous vegetative fuel
restricts the flow of wind through the fuel bed. As the
flame propagated towards the BDP, fire-induced flow gen-
erated a reverse flow leading to a dip in the velocity curve.
After the drop, as the flame reached the BDP, the local flow
velocity attained the peak value and then slowly decreased
to ambient conditions.

Flow blockage by the fuel diminished moving towards
the top surface of the fuel bed (y-direction), with the middle
BDP observing reduced flow while the top BDP observed the
ambient wind before flame approach. This behaviour was
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Fig. 10. Comparison of velocity and temperature measured by BDP at various vertical locations, (a) y =0 mm, (b) y =50 mm and
(¢) y=66.8mm, for U=0.23ms"' for Pinus rigida.

similar for both fuels. Reduced flow within the fuel bed
suggested a reduction in convective heat transfer and possi-
ble dominance of radiation. This decreased the probability

of flame contact with the unburned fuel within the fuel bed.
Therefore, the point ignitions at the top surface burned
independently with little assistance from within the fuel
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bed. Additionally, fire propagation inside the bed was
expected to be delayed compared with the top surface.
This was validated using thermocouple trees placed along
the centreline and is discussed in the following sub-section.

Flame spread within the fuel bed

Reduced heat transfer and flame contact probability can
cause a possible delay in fire propagation inside the fuel
bed. This delay was quantified by placing two thermocouple
trees, consisting of five thermocouples each, along the cen-
treline of the fuel bed. The top two thermocouples were
placed outside and on the fuel surface, while the other
three were embedded inside the fuel. The location details
can be found in Table 1.

Corresponding to the previous analysis, flame presence at
each thermocouple location was evaluated by taking a
threshold of 573.15 K. The top thermocouple was taken as
the reference for the time delay as it recorded flame the
earliest. The time delay for each thermocouple was calcu-
lated by subtracting the reference time from the flaming
time at the respective thermocouple location. This led to a
zero-time delay for the topmost location and maximum
delay for the bottom. The time delay is presented against
the vertical (y) location in Fig. 12 for Tree 1 in PR and
Fig. 13 for Tree 2 in PP.

A fairly flat profile was observed for no wind, suggesting
continuous in-depth flame movement. This flatness was lost
on introducing the slightest wind, and the top thermocouples
experienced flame before the bottom. The curvature of the
time delay profile increased with increasing crossflow. This
meant the flame skimmed over the top fuel surface while
experiencing a delay within the fuel bed for wind-aided fire
spread. As the probability of flame contact decreases owing to
flow blockage, a more detailed experimental procedure needs
to be developed to investigate the mechanism of flame spread
inside the bed.
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Conclusions

Wind effects on fire spread behaviour were explored by
conducting experiments in a well-characterised laboratory-
scale wind tunnel. A comparison between videos and ther-
mocouple measurements validated the assumption of
573.15K as a threshold for flame presence. Local fire spread
was also evaluated using side view videos, where intermit-
tent fire movement was observed as leaps.

A phenomenological analysis of intermittent fire spread
was conducted by closely observing wind and fire interactions
from back and side view cameras. Near-bed flame pulsations
were observed when the wind cut across the flow obstructing
the flame front. These pulsations caused flame contact, lead-
ing to point ignitions ahead of the fire front. Favourable
heating conditions assisted in the point ignitions merging
with the fireline, leading to flame spread in the form of
leaps. The fire-induced reverse flow was one of the controlling
parameters and varied with the changing external wind.
Field-scale experiments are important to understand the influ-
ence of point ignitions on fire spread at an increased scale.
These experiments have been conducted using a portable
field-scale wind tunnel and are currently under analysis.

Local fire behaviour within the fuel bed was also exam-
ined using thermocouples and BDPs. Reduced flow within
the fuel bed led to radiation dominance and reduced flame
contact, therefore fewer point ignitions and delayed flame
movement. This flame delay was also observed and quantif-
ied using temperature analysis. This delay increased with
increasing wind and was higher for PR, the fuel with a lower
permeability due to lower porosity. Further improvements
in the current experimental protocol are required to quan-
tify the leaping phenomenon and fire-wind interactions.
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