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Abstract

Time-dependent movements described as pulsing, puffing or swaying are among the most visible
characteristics of open flames. Most existing models for wildfires, however, have assumed flames are
motionless and spread at a constant rate via radiation, neglecting any clearly intermittent behaviour. Recent
studies of spreading wildfires suggest that flame spread in fine fuel beds is driven by non-steady convective
heating and intermittent flame contact on fuel particles. To further understand the impact and nature of these
flame motions, a stationary, non-spreading fire configuration has been used as it allows for a thorough
statistical analysis of the flame structure. The same intermittent heating observed in the fuel bed experiments
were observed in the stationary burner, but with the ability to collect a larger data set. Scaling analyses which
investigate the impact of these structures, theories on their generation and their impact to fire spread will be
discussed for both wind-driven and slope-dominated flames.
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1. Overview

Recent research (Finney et al. 2015) has emphasized the importance of convective heating in
wildfire spread across fine fuel elements, indicating that an understanding of the dynamics of an
intermittent flame will aid a description of the flame spread process. Although radiation was often
ascribed as the dominant mechanism of flame spread in large scale fires, experimental data has shown
that the fine elements present in wildland fuel beds will not ignite until they come into contact with
flames due to convective cooling (Martin 1965; Rothermel and Anderson 1966; Fang and Steward
1969; Alvares et al. 1970; Baines 1990). An account of the flame dynamics responsible for this process
is essential in order to develop a fundamental theory of fire spread in wildland fuels. The important
mechanisms associated with flame spread in the turbulent regime of a wildland fire are very difficult
to study in the field; for this reason, laboratory experiments can be employed to mimic some aspects
of what is seen in the field.

Wildland fire spread is typically described as a function of fuel, weather, and topography.
Therefore, an understanding of how these parameters affect the flame dynamics can help to close the
gap on our understanding of the flame spread process. In particular, wind and slope are key
contributors to flame spread. Steep slopes and high winds are often associated with extreme wildland
behavior where flames spread faster and more erratically. As a fire spreads up a slope, the natural
buoyancy of the hot gases allows flames to extend over a larger portion of unburnt fuel, accelerating
the flame front in the upslope direction. Wind similarly tilts the flame forward which causes increased
rates of heating and flame spread.

Although empirical models of the influence of slope and wind have been developed (Rothermel
1972), flame dynamics is still an active area of study. If fine fuels are affected by intermittent heating
processes, time-dependent movements of the flame will affect heating that drives flame spread. The
flames three-dimensional structure is also important to understanding this behavior, however this has
yet to be fully characterized.
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This work will first review a number of studies by the authors aimed at characterizing flame
structures associated with wind-driven and inclined flame spread using stationary burners. Using
stationary fires, the fire’s movement and behavior with respect to the wind and slope can be
investigated in a consistent manner, separated from fuel ignition effects. Measurements of the flame
structure and its effects in space and time are made using image analysis and heat-flux and temperature
profiles of the flame under both wind and slope. While the flames used in these laboratory experiments
are smaller and less turbulent than those found in a real wildland fire, their structure still retains similar
features, in particular the interaction between momentum and buoyancy which governs liftoff of the
flame (Quintiere 1989). Because these features are critically important to fire spread, careful study at
this small scale may still help inform larger-scale work performed in the future. Results are also
presented for new work focused on time-dependent movements of the flame. Previous work from the
authors did not correlate these downstream frequencies which are important for intermittent heating of
fine fuels, however a new relationship is presented here which provides more insight into the
controlling processes of these forward movements.

2. Review of Previous Work

Fire science has long used stationary fires to help understand forward heating effects in concurrent
flame spread (de Ris et al. 1975; Ahmad and Faeth 1979; Quintiere et al. 1986). A review of previous
work on flow and geometry effects on concurrent flame spread was recently given in (Gollner et al.
2017). The focus of the review here will be on work by the authors related to stationary burners and
wildland fires.

Gorham et al. studied the behavior of stationary fires using both gas burners and liquid fuel-soaked
wicks under forced flows and inclined geometries (Gorham et al. 2014). A mechanism of instability
was found in these flows, namely the formation of streamwise streaks, later forming spanwise “peaks
and troughs” which were found to be similar to other fluid dynamic instabilities. An analysis was also
made on forward movements of the flame using a level-set method on video images. A Strouhal-
Froude relationship was found to roughly predict the maximum frequency of forward pulsations based
on fire size and wind speed. More importantly, PDF functions of the flame were found to represent the
intermittent movement of the flame, which resulted in further extensions at larger fire sizes and higher
wind speeds. The flame length was also found to be related to the nondimensional fire size, however
no correlations were found to adequately scale inclined flames. These results were scaled and included
with larger scale studies in (Finney et al. 2015)

Further study of instabilities observed in flames was carried out by (Miller, Finney, et al. 2017;
Miller, Tang, et al. 2017; Miller et al. 2018). In Miller, Tang, et al. (2017) a small-scale line burner
was used in crossflow to track the growth and development of a laminar streak entering a flame. It was
found that a shear instability most likely induced perturbations before the flame was present and lead
to the appearance of stream wise streaks in the flame. However, the growth of these structures was
eventually dominated by a Rayleigh-Taylor instability. In Miller et al. (2017, 2018) this work was
extended using hot plates and a liquid wick to track the merging and growth of flow structures. It
appeared that these initial streaks grow into larger-scale structures (peaks and troughs) which then
dominate some forward flame motions. In (Finney et al. 2015), these structures were found to be
important in fire spread because they break up the flame front and allow for forward bursts or
pulsations of flame to move forward and provide convective heating and ignition for fine fuel particles.

Tang et al. (Tang, Gorham, et al. 2017; Tang, Miller, et al. 2017) performed two detailed studies
on line fires under a wind field. First, the attachment length downstream of the burner and profiles of
heat fluxes were presented. These quantities were correlated using a Richardson number, comparing
the buoyancy produced from the flame vs. momentum from the oncoming wind, which described
liftoff of the flame from the surface. Correlations were provided that collapsed heat fluxes to the
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downstream fuel surface both within the attached region and downstream liftoff or plume region. Tang,
Miller, et al. 2017 later extended this work to investigate forward pulsations of the flame following
the work of Gorham et al. (2014). Correlations for the maximum frequency location were found and
the work from Gorham et al. (2014) extended to different fire sizes, however a full description of the
forward movement of flames was not presented.

3. Experimental Setup

Forced-flow experiments were performed on a specially-designed 30 cm cross-section wind tunnel.
This laminar blower was designed and built for uniform forced-flow combustion experiments. The
wind velocity from the tunnel can be as high as 6 m/s, with turbulence intensities controlled below 2%
for the velocities of interest (Singh and Gollner 2015). The experimental platform was placed
immediately following the outlet of the exhaust tunnel. A sand-filled gas burner was used, with a 10
cm deep sand-filled plenum and a 25x5 cm surface. The top surface of the burner was mounted flush
with a sheet of ceramic fiber insulation board placed at the center of the blower outlet. The insulation
board, with dimensions of 90 (length) x45 (width) x10 (height) cm?, provides a quasi-adiabatic surface
for downstream fire contact during experiments. Propane from a gas cylinder was passed through a
programmable flow meter to provide a steady flow rate of fuel during experiments. Three different fire
heat release rates, 6.3, 7.9, 9.5 kW, were used during the experiments. The wind velocity is varied
from about 0.8 to 2.5 m/s. High-speed videography was used to capture digital images of the flame
from the side view. The camera used was high-speed Nikon DX, recording at 250 frames per second
at a pixel resolution of 1000x720. The experimental setup is shown in Fig. 1.

‘Wind

Side view camera

Figure 1 - Experimental setup used for forced-flow studies from (Tang, Gorham, et al. 2017).

4. Results

Experiments have been conducted over a variety of different wind-driven flame configurations and
several inclined configurations, as reviewed above. In wind-driven studies, forward pulsation of the
flame occurs as a result of the competition between the momentum provided by the ambient flow and
upward buoyancy provided by the flame. A scaling analysis reveals that the forward pulsation
frequency can be correlated with the Froude number (wind momentum over inertial force) and Q"
(nondimensional buoyancy),
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Both the origin of structures observed on the fire line, e.g. streaks and peaks and troughs, and their
role in influencing some of the macroscopic properties of the flow have also been examined. Streaks
have been reproduced and characterized via experiments on stationary heated strips and liquid and
gas-fueled burners in laminar boundary layer flows, providing a framework to develop theory based
on both observed and measured physical phenomena. The incoming boundary layer is also established
as the controlling mechanism in forming streaks, which are generated by pre-existing coherent
structures, while the amplification of streaks was determined to be compatible with quadratic growth
of Rayleigh-Taylor Instabilities, providing credence to the idea that the downstream growth of streaks
is strongly tied to buoyancy. These local instabilities were also found to affect macroscopic properties
of the flow, including heat transfer to the surface, indicating that a two-dimensional assumption may
fail to adequately describe heat and mass transfer during flame spread and other reacting boundary
layer flows.

Finally, new experiments on inclined surfaces with burners are been used to investigate flame
attachment, where flames bend toward the surface accelerating heating and thus flame spread. The
inclination also affects the formation of streaks and flame towers, suggesting these may play some role
in the flame attachment process. This configuration continues to be studied, however preliminary
results on attachment angle and heating will be presented.
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