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Abstract

The merging of two linear fire fronts intersecting at a small angle creates an accelerating fire that is designated
as “jump fire”, given the very high value of the rate of spread that it can reach in a relatively short time. In this
work an analysis of the jump fire process based on laboratory scale, field scale experiments and large fire scale
observation was performed. This confirmed that independently from the scale of analysis the fire in this
condition follows the same behaviour pattern that is due to the fire geometry and to the associated heat transfer
mechanisms that induce the phenomenon of a quick acceleration followed by a deceleration phase. S type pitot
tubes were used to study the flow pattern inside or near the fire front to better understand the mechanisms of
fire induced convection given its very important role in these fires.

Keywords: Forest fire behaviour; Jump fire; Merging fire; Dynamic effect; Extreme Fire

1. Introduction

The concept of “jump fire” behaviour associated to the merging of two linear fire fronts that intersect
at a point making a small angle between them as was introduced in Viegas et al., (2012, 2013) with a
conceptual model of energy release by the fire front, mainly by radiation was proposed to justify the
very rapid decrease of a reference rate of spread (ROS) that was observed in laboratory scale tests
performed with horizontal fuel beds. In the present study the previous work is extended to consider
the effect of slope, various types of fuels, and different fire dimensions. A comparison of the results
obtained at laboratory scale with the tests performed at field tests in the Lousd Mountain and also with
the case of a very large forest-fire that occurred in Canberra in 2003 was made.

2. Experimental Study

2.1. Physical problem
We consider two linear fire fronts that intersect at point D and making an angle & between them
spreading on a uniform fuel bed making an angle o with the horizontal. The axis OX is assumed to be
a symmetry line of the fire (figure 1a)). Particular attention is given in this study to the displacement
of the intersection point D of the two fire lines that has a velocity or rate of spread R. In order to
generalize our results we use the reference basic ROS R, of a linear fire front in the same fuel bed in
the absence of slope or wind, to define the non-dimensional ROS R '=R/R..
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Figure 1. a) Schematic representation of the problem. b) View of the plots burned at the field tests of jump-fire in
Gestosa.

The configuration of the fuelbed is shown in figure 1 schematically for the laboratory and for the field
tests respectively. In all tests the fuelbed had a triangular shape with an angle 6,=30° and the fire front
was initiated along the two large sides of the triangle (indicated as Flame 1 and Flame 2 in figure 1a).
A large set of tests on the scope of jump fires was performed both at laboratory and at field scale. From
these tests some were selected for the present work including a case study of the Canberra 2003 fire.
The main parameters of the cases that are considered in this paper are given in Table 1.

Tablel: Parameter of jump-fire cases considered in the present study

Designation  Fuel o Scale Series
CF02 PP 40 Lab S1
CF05 PP 0 Lab S1
CFO7 PP 10 Lab S1
CF14 PP 20 Lab s2
CF15 PP 20 Lab s2
CF17 PP 30 Lab s2
CF44 PP 20 Lab S5
CF54 PP 30 Lab s5
CF55 PP 0 Lab s5
CF57 SH 30 Field -
CF59 SH 30 Field -
CF60 SH - Canberra -

2003

2.2. Laboratory Experiments

Laboratory experiments were carried out at the Forest Fire Research Laboratory of the University of
Coimbra using the table DE4 that has a useful area of 6x8 m? with a slope (o) that can be varied in the
range of 0° to 40°.

The methodology used is similar to the one described in Viegas et al. (2013) with the addition of flow
velocity measurements using S type pitot tubes placed along OX axis at 1, 3 and 6m from point D as
indicated in figure 1a). The measured properties were temperature, pressure and heat flux. The
measurement of the temperature was made with a multi-point system of 25 K type thermocouples,
connected to a NI cDAQ-9174 that allows a synchronous data-logging. This 25 thermocouples (TC)
were placed in a beam coincident with the OX axis. The position of each thermocouple is known and
the gap between thermocouples is constant of 20cm the rate of acquisition was of 1Hz. For a spatial
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distribution of the temperature along the fuel-bed infrared images from each experiment were
recorded, using an infra-red camera FLIR ThermaCam SC640 The acquisition rate was also 1Hz. In
both methods the presence of the fire front was considered for values of temperature above 350°C that
was considered as sign of the existence of flame in the place or time of measurement. Using IR
methodology the position of the fire perimeter at given time frames was assessed and from these
images the ROS at various positions of the fire perimeter namely at point D were measured. Using the
thermocouples and knowing time interval required for the fire to travel from one position to the next
the ROS of the fire along OX axis was measured as well. Besides this all the tests were recorded by a
Sony high definition video camera and temporized shots were also taken with a Cannon photographic
high performance digital camera.

The flow velocity was measured at three different points along OX axis at 1m, 3m and 6m from the
origin, with pitot tubes designated respectively P1, P2 and P3. The pitot tubes used were type S
specially designed for the purpose as they are indicate to perform measurements inside dirty and high
temperature flows. The pitot were placed along the centre line at the high of 15¢cm from the ground so
that the pitot was always above the fuel bed but inside the flame zone. Each pitot was connect by pipes
to a differential pressure transducer Gems 5266-50L Very Low Range Differential Pressure
Transmitter. These transducers were connect to a multifunctional NI 6009-DAQ that made the data-
logging of the signal also with a frequency of 1Hz. With the data collected by this method using the
values of synchronous temperature measurements by the application of a calibration it was possible to
estimate the flow velocity induced by the fire phenomena.

2.3. Field Experiments

The field tests were performed in Gestosa, Lousa, with V shaped plots with dimensions indicated in
figure 1 b). The plots were prepared cutting shrub vegetation with height varying between 0.5 and
1.2m using mechanical tools in order to give the plots the desired shape. The average slope of these
plots is 30° and the initial angle between the fire fronts was 30°. In order to assure a simultaneous
ignition of the two fire lines along their entire length pyrotechnics devices were used. Due to the
presence of lateral wind during the experiments full symmetrical conditions were not obtained. During
these tests infrared and visible range images were recorded to allow fire spread analysis.
Thermocouples were disposed along the central axis of the plots to measure the temperature evolution
and consequently the rate of spread in the centre line as in the laboratory experiments. The real case
occurred during the merging if two large fires in the vicinity of Canberra in January 2003, that are
documented in Doogan (2006), creating a very intense jump-fire phenomenon. In mid-afternoon of the
18™ January 2003 the flanks of Bendora and Mclntyres large fires merged on undulating ground
covered by grass, shrubs and groups of tress under a strong wind of the order of 25m/s. The merging
of these fires developed very rapidly towards Canberra and even produced a tornado near one of its
flanks. More details on this fire can be found in Sharples et al., (2012).

3. Results and Discussion

3.1. Effect of fuel bed slope

In Figure 2 the dimensional rate of spread ROS for three different slope angles 0°, 20°, 30° and 40°
with fuel bed of dead pine needles of Pinus pinaster is plotted as function of time t. As it is typical for
the jump fire phenomena these tests show a pattern of behaviour that involves a sharp acceleration in
its initial phase until the peak velocity is reached and afterwards it decreases reaching relatively low
values.

The analysis will be mainly focused in speeding up phase of the fires. The deceleration phase was
already considered in Viegas et al. (2012) but needs to be more investigated. Although some
observations and comments on this phase are made here its more detailed analysis will be the scope of
future work.
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As can be seen in figure 2 for a=0° the acceleration phase lasts less than two seconds and therefore it
is not captured with the experimental methodology that was used. Fora=20° this phase lasts about 12
seconds and therefore can be clearly picked up in our laboratory experiments. The same happens for
a=30° and 40° for which the acceleration phase takes about 22.5 and 15.1 seconds respectively. The
peak ROS value also increases with slope angle. In these tests the following maximum ROS values
were observed: 7.7cm/s, 15.4cm/s, 22.5cm/s and 39.4 cm/s for a=0°, 20°, 30° and 40° respectively. It
is interesting to notice that on the contrary the deceleration phase duration decreases with slope angle
except for the case of a=40° here no deceleration phase was recorded. In these experiments the
following values were registered for the duration of the deceleration phase: 300s, 60s and 5s for a=0°,
20° or 30° respectively.

— ® - CF55
ceeegpe-e CF44
—k— CF54
—p— CF02
Figure 2. Plot of the Dimensional rate of spread R
as function of time t for three different slope angles
0°; 20° 30°%nd 40° with fuels

t(s)

The change of jump fire behaviour from an accelerating ROS to a deceleration indicates that this
phenomenon is based on the shifting of the main physic heat transfer processes of convection and
radiation. Convective flows generated by the interaction of the fire fronts that are developed during
the fire front evolution play a major role in the acceleration phase but there seems to be an opposing
effect due both to convection and radiation (associated to the change of flame geometry) that stops the
acceleration phase and produces the deceleration phase that seems to be mostly related to this change
of flame geometry.

3.2. Analysis of the fire acceleration phase
The phase of sharp acceleration can be interpreted at the light of the concept of dynamic fire behaviour
due to the feedback between the fire and its surrounding flow proposed in the model to predict eruptive
fires presented in Viegas (2006). According to this model the time involved in the acceleration of a
pint source fire front in a slope or canyon is associated to a characteristic time of each fuel bed. This
time is related to the residence time of the combustion in the fuel bed and therefore it is large for
heavier fuels. The special configuration of the jump fire create similar effects due to the heat transfer
processes associated to the phenomena particularly to the role of convection in this phase. In spite of
this similarity it was realised that contrary to eruptive fires in jump fires the increasing phase has a
limit of growth.
In order to better interpret the problem the use non-dimensional parameters based on selected reference
parameters is adopted. This method is also required to overcome the problem of scale and allows the
application of results of laboratory scale tests to full size experiments or even to real fires with much
larger dimensions.
To describe the evolution of ROS in the course of time the non-dimensional parameters R’ and t” were
used to present the results of both laboratory and field scale tests in figure 3. The non-dimensional
value of ¢’=t/t, was evaluated following Viegas (2006) the residence time t, that was measured in our
tests were used. These values are given in Table 2.
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Table2: Characteristic Residence time for the different fuels

Fuel Residence time
to(S)
Straw 42,81
Pine needles 54,21
Shrubs (lab.) 65,63
Shrubs (field) 286,00
100 ¢ 100 ¢
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Figure 3. Evolution of non-dimensional rate of spread R’ as function of the reference time t’, for laboratorial tests a),
field tests and the case of Canberra, Australia b).

In figure 3 a) the values of R’ for a set of laboratory experiments with Pinus pinaster needles were
plotted as a function of ¢’ for slope angle values of 0°, 10°, 20°, 30° and 40Q°, although this is not the
same set of tests of figure 2 they are in agreement with the previous set. The peak values of R’ are in
the range between 3 and 25. The accelerating phase can be clearly observed in these tests for values of
t’<0.3. The same trend that was referred above can be observed here: while for the case of a=0° the
accelerating phase was not observed in the case of a=40° the deceleration phase is non-existent.

In figure 3 b) the corresponding results for two field tests and for the Canberra fire are shown. The
similarity between figures 3 a) and 3Db) is quite apparent in spite of the scales of the tests. The similarity
can be observed both in the general form of the curves but also in the order of magnitude of the
reference parameters like for example the peak values of R’ and of the corresponding values of t’.

3.3. Flow analysis

In order to better assess and understand the role of convection induced by the fire during the speeding
up process, results of sample flow velocity measurements are presented.

In figure 4 the horizontal flow velocity U (m/s) close to the fuel bed measured at each station is plotted
as a function of the distance x-xp of the fire front to the corresponding sensor for three values of slope
angle. These figures put in evidence the complexity of the flow associated to fire evolution and of the
rapidly changing character of the induced flow near the fire front. We observe periods of negative flow
velocity (flow in the negative direction of OX axis), followed by periods of positive velocity. The
negative flow velocity acts as a counter flow in relation to flame spread and it may explain the fact
that the acceleration phase is limited. The positive or inflow flow velocity is observed mainly after the
passage of the fire front and it is an indication of fire acceleration. This is more clearly observed in
figure a c) for a=30°. In this case it is interesting to see that at pitot P1 placed 1m above the origin of
OX axis the flow is negative after the passage of the fire and then reaches a very high positive peak,
corresponding to the acceleration of the fire along the slope while at pitot P2 (x=3m) the flow is
positive even before the fire reaches the pitot station.
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The peak of the inflow velocity increases with « in correspondence to the increase of the maximum
value of ROS.

3s
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Figure 4. Flow speed U measured at three differents points along the center line placed at 1m (U1), 3m (U2) and 6m
(U3) from point D, for three different slope angles a) 0°; b) 20° and c) 30° .

4. Conclusion

Analysis of the jump fire process based on laboratory scale, field scale experiments and large fire scale
observation shows that in all cases the fire follows the same behaviour pattern that is due to the fire
geometry characteristics of two convergent fire lines and to the associated heat transfer mechanisms
that induce the phenomenon that is designated as jump-fire.

Taking into account the data presented it is possible to realize that the patterns of behaviour of the
jump fires are very much dependent on the convective flows generated by this special way of burn.
The complex geometry of jump fires give origin to unstable boundary conditions that will dynamically
affect the fire spread both by convective flows and by radiative heat transfer processes that are greatly
affected by morphisms in the fire fronts that occur in this phenomena in the course of time.

The S type pitot tubes appeared as important tools to analyse the flow pattern inside or near the fire
front contributing to a better understanding of the mechanisms of this phenomenon given the very
important role played by induced convection in these fires.

More research is necessary to be able to model the complex heat and mass transfer processes during a
jump fire for arbitrary fuel and boundary conditions. The authors will develop an effort towards
producing such a model to explain and predict the two phases of jump-fires.
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6. Symbology
Symbol Units Description
a - Inclination angle
6 - Angle between the fire fronts
] - Origin of reference Cartesian system
D - Intersection point D of the two fire lines
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X
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Ro
R
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P2
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cm.st
m.st
-1
m.s
1
m.s

Coordinate along reference OX axis
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Flow velocity measured by Pitot 1
Flow velocity measured by Pitot 2
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