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Improved Understanding of Firebrand Processes During Large Scale Fire Disasters

All across the globe, large outdoor fires have been responsible for destruction of infrastructure. Wildland fires that spread into urban areas, often called wildland-urban interface (WUI) fires, are capable of massive destruction. The rise of densely populated urban areas has also seen the development of large urban fires. In China and Japan, such urban fires have occurred for hundreds of years. Similarly, the United States has also experienced several major urban fires, such as the Great Chicago Fire in 1872 and the Baltimore Fire in 1904. In some cases, earthquakes have served to initiate these fires but it is not a necessary condition for these urban fires to develop. In addition, the rise of informal settlement communities in Southeast Asia and Africa continues to result in large outdoor fires capable of great destruction.
A common feature in the rapid spread of large outdoor fires are the generation of smaller combustible fragments from the original fire source, referred to as firebrands. In the case of WUI fires, the production of firebrands occurs from the combustion dynamics of vegetative, such as trees and shrubs, and human-made fuel elements, such as homes and other structures. For urban fires and informal settlement fires, firebrands are produced primarily from human-made fuel elements.
Firebrand combustion has a series of important aspects: initial generation or formation from the combustion of both vegetative and structural fuel types, transport, deposition, and ignition of fuel sources generally far removed the original fire source. Post-fire investigations, for WUI fires, have reported that firebrand processes are responsible for a majority of structure losses in these fires (https://link.springer.com/referenceworkentry/10.1007/978-3-319-51727-8_46-1).
As part of this Research Topic in Frontiers in Mechanical Engineering, nine papers were ultimately accepted for publication. Several studies in this Research Topic are focused on firebrand generation characteristics from burning vegetation. In the studies by Adusumilli et al. and Almeida et al., experiments were undertaken to better understand firebrand generation characteristics at the individual tree and shrub level. Noteworthy is the use of advanced diagnostics, such as particle image velocimetry (PIV), to investigate these generation processes (Almeida et al.). In the work of Thomas et al., field experiments were undertaken to attempt to couple the fire dynamics to the firebrand processes.
Two of the contributed papers investigated the complex process of firebrand deposition. Mankame and Shotorban conducted numerical simulations around simplified flow obstacles and Suzuki and Manzello conducted real-scale experiments, in an effort to shed light on the physics of firebrand deposition. Firebrand deposition processes within communities remain an area that has been largely unexplored.
Lastly, four of the contributed papers all focused on the processes of ignition by firebrands. Salehizadeh et al., attempt to determine critical conditions for wood ignition by simulated firebrand piles using small-scale experiments. Wang et al., considered fundamental experiments of wood discs to better understand combustion processes need to understand firebrand ignition. In the work of Bean and Blunck, ignition of both solid and porous surfaces was considered. Bearinger et al., tried to look at various parameters to determine what are the key sensitivities to ignition from firebrands.
AUTHOR CONTRIBUTIONS
SM was invited to develop and lead this Research Topic by Frontiers in Mechanical Engineering. He invited and assembled the team of guest editors. SS, NL, and DV each served as editor for various papers in the Research Topic.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Manzello, Suzuki, Viegas and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.









	
	



ORIGINAL RESEARCH



published: 28 January 2021




doi: 10.3389/fmech.2020.628510











[image: image2]





Investigating the Effect of Structure to Structure Separation Distance on Firebrand Accumulation






Sayaka Suzuki

1
 and Samuel L. Manzello

2


*










1

National Research Institute of Fire and Disaster, Tokyo, Japan






2

National Institute of Standards and Technology (NIST), Gaithersburg, MD, United States




Edited by:


Myeongsub Kim, Florida Atlantic University, United States




Reviewed by:


Xinyan Huang, Hong Kong Polytechnic University, Hong Kong

Gianni Pagnini, Basque Center for Applied Mathematics, Spain





* Correspondence: Samuel L. Manzello, samuelm@nist.gov





Specialty section: This article was submitted to Thermal and Mass Transport, a section of the journal Frontiers in Mechanical Engineering




Received: 12 November 2020

Accepted: 15 December 2020

Published: 28 January 2021




Citation: Suzuki S and Manzello SL (2021) Investigating the Effect of Structure to Structure Separation Distance on Firebrand Accumulation. Front. Mech. Eng 6:628510. doi: 10.3389/fmech.2020.628510




Wind plays an important role in the built environment. Large outdoor fires in the built environment are no exception. Under strong wind, firebrands fly far, which leads to quick fire spread. In this study, the effect of structure to structure separation distance on firebrand accumulation was investigated by using a custom designed firebrand generator installed in a real scale wind tunnel. Firebrands accumulated at 4 and 6 m s−1, but no firebrand accumulation zone was observed at 8 and 10 m s−1, regardless of separation distance (SD). Experimental results were compared with a simple CFD flow simulation (no firebrands included). The size of firebrand accumulation zone as well as distance from the structure front was compared with SD in the cases of 4 and 6 m s−1 wind speeds. It was found that firebrands behave differently from SD = 1 to 2 m, to that of SD = 2 to 3 m. The results of this study are the first to explore these important interactions between firebrands and structure separation distances. The results of this work will help develop and design sustainable communities that may better resist the destruction of increasing large outdoor fire outbreaks worldwide, as well as help develop the next generation of CFD models needed to grasp the important large outdoor fire problem and associated firebrand processes.
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INTRODUCTION


Wind plays an important role in the built environment, from ventilation within buildings, wind force on buildings, effects on rain, to pollution dispersion (Shah and Ferziger, 1997; Blocken and Carmeliet, 2004; Quyang et al., 2006; Chaves et al., 2011; Yuan and Ng, 2012; Razak et al., 2013). The importance of wind applies to fire safety, where an increasing number of large outdoor fires, such as urban fires, informal settlement fires, wildland-urban interface (WUI) fires and wildland fires, are a major concern (Manzello et al., 2018).

Outdoor fires spread via three paths; direct flame contact, radiative heat, and firebrands. Wind largely influences outdoor fire spread behavior. Especially in the presence of strong wind, fires spread quickly, endangering people in vast areas. Stronger wind enhances flame spread processes; heat transfer processes are augmented (Albini 1985; Weber 1989; Pitts, 1991; Weber 1991; Potter, 1996; Morandini et al., 2001; Hu et al., 2009; Morandini and Silvani, 2010; Sharples et al., 2012).

Firebrand processes are also affected by winds (Tarifa et al., 1965; Lee and Hellman 1969; Albini 1983; Ellis 2000; Albini et al., 2012; Koo et al., 2012; Suzuki et al., 2013; Tohidi et al., 2015; Suzuki and Manzello, 2017a; Tohidi and Kaye, 2017a; Tohidi and Kaye, 2017b; Fernandez-Pello, 2017; Song et al., 2017; Suzuki and Manzello, 2019; Suzuki and Manzello 2020a; Manzello et al., 2020; Manzello and Suzuki, 2020; Suzuki and Manzello 2021). Wind influences all aspects of firebrand behavior; firebrand generation from fuels (Suzuki et al., 2013; Tohidi et al., 2015; Suzuki and Manzello, 2019; Manzello and Suzuki, 2020; Suzuki and Manzello 2020; Suzuki and Manzello 2021), transport distance (Tarifa et al., 1965; Lee and Hellman 1969; Albini 1983; Ellis 2000; Albini et al., 2012; Koo et al., 2012; Tohidi and Kaye, 2017a; Tohidi and Kaye, 2017b; Song et al., 2017), firebrand deposition patterns (Suzuki and Manzello, 2017a), and ignition behavior induced by firebrands (Ganteaume 2009; Manzello et al., 2012; Manzello and Suzuki 2012; Manzello, 2014; Suzuki et al., 2015; Suzuki and Manzello, 2017b; Manzello et al., 2017; Wang et al., 2017; Suzuki and Manzello, 2020b). Out of four firebrand behaviors, the firebrand deposition is the least studied to the authors’ knowledge. While many research studies that model the wildland fire behavior have been undertaken (Rothermel, 1972; Koo et al., 2005; Alexander and Cruz, 2006; Cheney and Sullivan, 2008; Sullivan, 2009; Martin and Hillen, 2016; Trucchia et al., 2019), including firebrands in these models is a great challenge. Modeling firebrands is complex in nature, such as change in mass, size, and combustion state during transport. More experimental studies are needed to understand the flow dynamics of firebrands near and around structures. In a past, first attempt (Suzuki and Manzello, 2017a), firebrand accumulation behavior in front of a simple wall under different wind speeds was investigated and compared with simple wind flow modeling.

One of important measures in areas prone to large outdoor fires are home ignition zones (HIZ) (Cohen, 2000; Syphard et al., 2012; Biswas et al., 2013). It is important to remove all the combustibles including sheds or mulches, in case of any combustibles being ignited by firebrands, which will lead to ignition of homes. Unfortunately, it is difficult to implement in practice (Mell and Maranghides, 2009). More understanding on firebrand behavior around structures is needed. To this end, experiments were performed to investigate the firebrand behavior around structures, with a special emphasis on the separation distance between structures.




EXPERIMENTS




Experimental Description


The continuous-feed firebrand generator (NIST Dragon) was used for all the experiments. The details of this apparatus are described in (Manzello and Suzuki, 2014), so a brief overview is provided here. The continuous-feed NIST Dragon was made of a continuous-feed part connected to the firebrand generator (Figure 1). The continuous-feed part has the storage of wood pieces (for firebrands) connected with a pipe to the NIST Dragon, with two gates to mitigate fire spread from the apparatus to the feeding system. The firebrand generator has a blower that was set to 3 m s−1 at the exit of firebrand generator in order to loft the generated firebrands. This blower velocity is selected to be able to produce smoldering firebrands. The feeding rate was 800 g/min, or approximately 16,000/min of wood pieces (1 piece of wood piece weighs approximately 0.5 g before the combustion). With this feeding rate, the firebrand flux at the exit of the NIST Dragon is 17 g/m2 s (mass flux) or approximately 342/m2 s (number flux). Experiments were performed in the Fire Research Wind Tunnel Facility (FRWTF) in Building Research Institute (BRI), Tsukuba, Japan as the wind is an important parameter in large outdoor fires. FRWTF has a 4 m fan and provides a wind profile up to 10 m s−1 (±10%) in a measurement section of 5 m width × 15 m length × 20 m height with both sides being wall.
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FIGURE 1 | 
The continuous-feed firebrand generator (the continuous-feed NIST Dragon).



Structures were symmetrically placed at 7.5 m downwind (to the leading edge of structures) from the NIST Dragon (Suzuki and Manzello, 2017a). This distance was far enough to investigate the firebrand behavior around a wall (Suzuki and Manzello, 2017a). The dimensions of the structures were 1, 1.5 or 2 m wide (shown as α in Figure 2) × 2.44 m long × 2.44 m high depending on the selected separation distance (SD) = either 3, 2, and 1 m (shown as β in Figure 2). The SD considered in this study were 1, 2, and 3 m as the SD of approximately 2 m is allowed in USA (Maranghides and Johnsson, 2008). Schematics of experimental settings are provided in Figure 2A feeding time of 10 min was selected for most cases as it was reported that (Suzuki and Manzello, 2017a) the firebrand deposition reached a peak and remain the same after a certain time. For 10 m s−1 wind speed cases with SD = 1 and 2 m, 5 min feeding time was selected for safety, since it was possible to produce outside fires due to the large effluent of firebrands outside the wind facility. Figure 3 shows the images of firebrand deposition process in the experiments under 4 m s−1 and SD = 1 m. The firebrand accumulation zone was not completely symmetric.
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FIGURE 2 | 
Schematics of structure locations in wind tunnel.
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FIGURE 3 | 
Firebrand Accumulation Pattern via Time under SD = 1 m and 4 m s−1 wind (A) before the experiment, (B) 4 min, (C) 5 min, (D) 7 min, (E) 9 min and (F) after the experiment.



Separate experiments were performed to verify the characteristics of firebrands produced under different wind speeds, specifically, 4, 6, 8 and 10 m s−1. Firebrands were produced under a desired wind and collected in water pans. After the collection, firebrands were dried at 104 °C in the oven. The mass of each firebrand was measured with a scale, and a picture of each firebrand was taken. The image analysis was performed to measure the projected area. Characteristics of firebrands produced under different wind speeds is shown in Figure 4.
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FIGURE 4 | 
Characteristics of firebrands under 4, 6, 8 and 10 m s−1.






Experimental Results and Discussion


Experiments showed a clear firebrand accumulation zone in front of the separation zone (upwind side) at lower wind speeds, 4 and 6 m s−1 while no accumulation zones were observed at higher wind speeds, 8 and 10 m s−1 (Figure 5). In Figure 5, no images are provided for experiments with 8 or 10 m s−1, due to the absence of accumulation zones. Figure 5 shows that the firebrand accumulation zone was not completely symmetric. In the case of SD = 3 m under 4 m s−1, the firebrand accumulation was observed between structures, also on the downwind side (Figure 5E). Under 6 m s−1 wind with SD = 1 m, firebrands accumulated into two zones (Figure 5D). Under 8 m s−1 wind with SD = 1 m, a small number of firebrands showed a tendency to accumulate, rolling on the floor together, however those accumulations were not sustained at the end. This behavior is shown in Figure 6.
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FIGURE 5 | 
Firebrand Accumulation pattern under different wind speeds and SD (A) 4 m s−1 and SD = 1 m (B) 6 m s−1 and SD = 1 m, (C) 4 m s−1 and SD = 2 m, (D) 6 m s−1 and SD = 2 m, (E) 4 m s−1 and SD = 3 m and (F) 6 m s−1 and SD = 3 m. Images under 8 and 10 m s−1 are not provided as accumulation was not observed.
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FIGURE 6 | 
Firebrand behavior under SD = 1 m and 8 m s−1.



The distance from the front of the structure (Df), the maximum length (L), width (W) of firebrand accumulated area, and the total area of firebrand accumulation were measured after each experiment (Figure 7). The accumulation distance in front of a structure is plotted against SD in Figure 8A, as well as the maximum length and width of firebrand accumulation zone in Figures 8B and 8C, respectively. Figure 8A showed that the Df had a peak at SD = 2 m for experiments at 4 m s−1, while the effect of SD is less clear in experiments at 6 m s−1, due to two firebrand accumulation zones observed at SD = 1 m. In Figure 8B, the length of firebrand accumulation zone was longer at 4 than 6 m s−1.
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FIGURE 7 | 
Schematic of firebrand accumulation patterns and their dimensions.
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FIGURE 8 | 
Measurements of firebrand accumulation zone under 4 and 6 m s−1 wind experiments (A) Distance from a structure front D

f
 and SD (B) Length of firebrand accumulation zone (L) and SD (C) Width of firebrand accumulation zone (W) and SD (D) Area of firebrand accumulation zone and SD.



The length of the accumulation zone varies depending on SD, and that behavior for experiments at 4 m s−1 was the opposite to those at 6 m s−1 wind speed. The similarity between the two was a peak at 2 m SD, which was the same as the case for Df under 4 m s−1 wind shown in Figure 8A.


Figure 8C shows that the width of firebrand accumulation zone was wider at 4 than 6 m s−1, which is the same for length shown in Figure 8B. The total area of the accumulation zone was plotted in Figure 8D. It was observed that the higher wind speed led to a smaller accumulation zone. This is similar behavior to very simple wall experiments (Suzuki and Manzello, 2017a). Under 4 m s−1 wind speed, the size of the firebrand accumulation zone was similar, regardless of SD, yet it changed significantly under a 6 m s−1 wind. This, in some sense, is similar to the accumulation distance, as it indicated that wind profile changes more significantly between SD 1 and 2 m than between 2 and 3 m. This effect needs to be more carefully investigated as the minimum SD between buildings is 2 m. The firebrand accumulation behind the separation (downstream) under SD = 3 m and 4 m s−1 wind was located (Figure 7) between 1.4 and 2.1 m (L = 0.7 m) with the width 0.25 m and the area of 0.0829 m2.





SIMULATIONS


The Fire Dynamic Simulator (FDS) was used to simulate the wind field of these experiments (McGrattan et al., 2013). FDS does not contain firebrands; however, it was used to describe the firebrand accumulation behavior based on predicted wind profiles (Suzuki and Manzello, 2017a). Firebrands follow the wind as they are relatively light but not completely due to their mass. FRWTF was simulated with experimental structures and the NIST Dragon as an obstacle with the dimension of 5 m (W) × 16 m (L) × 20 m (H). The mesh size was 10 cm × 10 cm × 10 cm. The conditions of simulation are summarized in Table 1. After 10 s, modeling shows that the wind has stabilized. The simulation was performed up to 20 s for all cases in order to observe the repeated wind behavior.





TABLE 1 | 
Conditions for FDS simulation.

[image: Table 1]


In a simple calculation performed in (Suzuki and Manzello, 2017a), the wind speed of 2.3 m s−1 was the lowest wind speed for firebrands to move on the floor where the surface was relatively smooth considering the balance between friction force between a firebrand and the floor (gypsum board) and the wind force:
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And
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Therefore, μ is the friction coefficient between a gypsum board and smoldering firebrands, m

firebrand
 is the average mass of a firebrand, ρ

air
 is the density of the air, g is gravitation acceleration, v is wind speed on a firebrand and A is the average projected area of a firebrand. As seen in Figure 4, the mass and the size of firebrands under 4, 6, 8 and 10 m s−1 can be considered within the range of uncertainties (±10%), average of mass (0.05 g) and projected area (0.78 cm2) was used for calculation. The unknown parameter was μ, as there is no data available for a smoldering firebrand and a gypsum board. Therefore μ = 0.5 was used based on data for wood on wood (Japanese Society of Mechanical Engineers, 2004). Applying 2.3 m s−1 for the lowest wind speed for firebrands to move, we consider the stagnation zone (wind speed less than 2.3 m s−1) as the firebrand accumulation zone.

An FDS simulation was performed using the conditions shown in Table 1. The FWTRF was simulated. Figures 9 and 10 show the FDS simulation results under 4 and 8 m s−1 in the cases of SD = 1 m and 3 m. Figures 9 and 10 shows the wind speed 2.3 m s−1 being marked in black. As shown in Figure 9, as the wind speed increases, the distance to the stagnation zone from the front of structures, Df, decreases, and as SD become larger, wind between structures become less turbulent. Figure 11 shows the distance to the stagnation zone from the front of structures, Df, vs. time (10–20 s) in the case of 1 m SD for example. Overall, the Df increases as the wind speed increases. Data from 4 m s−1 is relatively stable, while those from 10 m s−1 is changing a lot. Those from 6 m s−1 are fluctuating. It is assumed the two firebrand accumulation zones observed in experiments are due to this behavior. Figure 12 shows the 10 s average, Df, against wind speeds along with experimental results. Results from FDS shows that Df increases as the wind speed increases. Df also increases as SD increases with the exception of SD = 1 and 2 m under 6 m s−1 wind. This is interesting as experiments showed the wind profile around the structures may change between SD from 1 to 2 m, and SD from 2 to 3 m. Experimental data with SD = 1 m has similar Df to FDS results while experimental results does not match well when SD = 2 or 3 m. For the same SD, as the wind speed increases the wind flow around structures becomes complicated, and it is expected firebrands may not follow the wind completely; the calculation deduced from simple analysis no longer works.
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FIGURE 9 | 
FDS simulation results with different SD and wind speeds. Wind profile at centerline. Black line in the images shows wind speed of around 2.3 m s−1
(A) 4 m s−1 wind, SD = 1 m, (B) 8 m s−1 wind speed, SD = 1 m, (C) 4 m s−1 wind speed, SD = 3 m and (D) 8 m s−1 wind speed, SD = 3 m.
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FIGURE 10 | 
FDS simulation results with 8 m s−1 wind speed and SD = 1 m. Wind profile at ground level.
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FIGURE 11 | 
Time varying distance from a stagnation zone (wind speed 2.3 m s−1) from a structure front in FDS simulation under 1 m s−1 wind.
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FIGURE 12 | 
Comparison between average distance from a stagnation zone (wind speed 2.3 m s-1) from a structure front in FDS simulation and those in experiments.






SUMMARY


Wind has an impact on the built environment. For large outdoor fire safety, wind plays a critical role, from enhancing flame spread processes to firebrand spotting. Firebrands fly far under high wind, which presents risks to many houses. This study focused on understanding firebrand behavior between two structures by varying the separation distances and wind speeds experimentally and by simulation. No significant accumulation was observed under 8 and 10 m s−1, regardless of structure separation distance. The size of firebrand accumulation as well as distance from structure front was compared with separation distance in the cases of 4 and 6 m s−1 wind speeds. It was found that firebrands behave differently from SD = 1–2 m, to that of SD = 2–3 m. The results of this study are the first to explore these important interactions between firebrands and structure separation distances.
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This study investigated the thermal conditions preceding ignition of three dense woody fuels often found on structures by firebrands, a major cause of home ignition during wildland-urban interface (WUI) fires. Piles of smoldering cylindrical firebrands, fabricated from wooden dowels, were deposited either on a flat inert surface instrumented with temperature and heat flux sensors or on a target fuel (marine-grade plywood, oriented-strand board, or cedar shingles) to investigate critical conditions at ignition. The former provided thermal data to characterize the time before and at ignition, while the latter provided smoldering and flaming ignition times. Tests were conducted in a small-scale wind tunnel. Larger firebrand piles produced higher temperatures at the center of the pile, thought to be due to re-radiation within the pile. Ignition was found to be dependent on target fuel density; flaming ignition was additionally found to be dependent on wind speed. Higher wind speeds increased the rate of oxidation and led to higher temperatures and heat fluxes measured on the test surface. The heat flux at ignition was determined by combining results of inert and ignition tests, showing that ignition occurred while transient heating from the firebrand pile was increasing. Ultimately, critical ignition conditions from firebrand pile exposure are needed to design appropriate fire safety standards and WUI fire modeling.

Keywords: critical ignition conditions, WUI fuels, wildland fire, firebrand ignition, embers


1. INTRODUCTION

Over the past few decades, losses from fires at the wildland-urban interface (WUI) have increased dramatically (Caton et al., 2016). The WUI, the area where human development intermixes or borders undeveloped wildland (Radeloff et al., 2005), represents a confluence of structures and surrounding flammable vegetation. Previous investigations have shown that firebrands are a major cause of fire spread during WUI fires, igniting structures and secondary fires far away from the main fire front (Mell et al., 2010), thus complicating suppression efforts. While early works by Cohen (2008) and numerous investigations by Maranghides and Mell (2011), Maranghides et al. (2013), Maranghides et al. (2015), and Maranghides and McNamara (2016) have shown that firebrands are a major source of structural losses, our understanding of the physical mechanisms by which firebrands generate, loft, and eventually ignite structures is still in its early stages (Caton et al., 2016; Manzello et al., 2020).

To better understand potential metrics to quantify critical ignition conditions for structural fuels exposed to firebrand piles, this study investigates the heating from and ignition by firebrand piles under wind on a small-scale, building on initial work by Hakes et al. (2019). The goal of this study is to quantify heat flux conditions at ignition of dense fuels representative of WUI fuels. This work applies the methodology developed by Hakes et al. (2019) and later used by Tao et al. (2020) to measure heat fluxes from piles of firebrands under various wind conditions and understand how these conditions relate to those which cause flaming and smoldering ignition of various WUI materials. Measurements are conducted over both an inert substrate and with representative WUI fuels, allowing for the influence of a target material to be separated from firebrand pile heating. The effect of wind, both on the heat flux and on the time to ignition, has been investigated.



2. LITERATURE REVIEW

There have been a number of studies on firebrand ignition, which can loosely be split into small-scale studies on ignition by individual firebrands or of vegetative fuels (Manzello et al., 2006; Ellis, 2015; Fernandez-Pello et al., 2015; Wang et al., 2017; Urban et al., 2018) and large-scale studies on structural components exposed to firebrand showers. Previous studies and post-fire investigations of ignition by firebrands in the WUI (Manzello et al., 2009; Maranghides et al., 2013) have found that firebrands frequently form piles on structural fuels prior to ignition, especially in crevices or corners around the exterior of structures. As a result, ignition of structural elements in WUI fires is expected to occur differently than ignition by a single firebrand, since individual firebrands exhibit different thermal characteristics than piles of firebrands (Hakes et al., 2019). Additionally, vegetative fuels ignite differently than dense materials, such as wooden structural elements used on residential homes, necessitating the study of solid fuels. Larger-scale studies have mostly focused on the generation of firebrand “showers” and large wind-driven depositions of and ignition by firebrands in a wind tunnel setting (Manzello et al., 2012; Manzello and Suzuki, 2017). Investigations of accumulated firebrand piles under wind are more realistic; however, they are difficult to reproduce on a small-scale in the laboratory and require extensive characterization.

A recent small-scale study by Hakes et al. (2019) investigated heat fluxes from piles of firebrands, finding that larger pile sizes increased rates of heating while the effect of firebrand diameter was relatively negligible for all cylindrical firebrands. Most tests were performed under ambient conditions; however, one test was performed at a higher wind speed. This wind test presented a dramatic increase in heating and reduction in the time to flaming ignition of the tested target fuel. Another recent study led by the senior author investigated the effect of firebrand size and shape on heating under different wind speeds (Tao et al., 2020). They found that piles from real firebrand fuels, such as barks and sticks, achieved higher peak heat fluxes at higher wind speeds than firebrand piles produced from artificial birch fuels, which exhibited little change with firebrand geometry. This effect was mostly attributed to the porosity of the firebrand pile; however, the effect of the mass of the firebrand pile and ignition of recipient WUI fuels were not studied. Bearinger et al. (2020) recently used IR thermography and inverse heat transfer analysis to measure localized heat transfer from firebrands to an inert surface. They found relatively high localized heat fluxes (80−105 kW/m2) from individual firebrands under a 1−2 m/s wind speed; however, when these heat fluxes were averaged over an area the size of the heat flux gauge used in Hakes et al. (2019), heat fluxes were in a similar range (7–25 kW/m2). Hakes et al. (2019) also hypothesized that structural fuels ignite in a smoldering state and then transition to flaming. Numerous previous studies have investigated the transition from smoldering to flaming; however, work on transition to flaming has primarily focused on less dense fuels such as foams (Ohlemiller, 1990; Tse et al., 1996) and remains challenging to model and predict (Dodd et al., 2012).

In summary, there is a need for improved physical understanding of firebrand ignition behavior, especially for structural fuels. In particular, previous studies on firebrand ignition have not described the thermal conditions at ignition of dense WUI fuels, conditions which are needed to determine critical ignition criteria for firebrand exposure. Minimum conditions that can cause ignition are unknown, although the importance of wind in contributing to ignition has been highlighted extensively. Additionally, it is necessary to understand the heating expected under worst-case firebrand loading scenarios. Ultimately, quantification of critical ignition criteria for firebrand exposure is necessary to design appropriate fire safety standards and to model propagation of wildland fires through WUI areas.



3. MATERIALS AND METHODS

Two series of tests were performed in this experimental study. First, inert tests were performed to characterize thermal conditions of a pile of smoldering firebrands over an inert sample, using an array of thin-skin calorimeters (TSCs), a water-cooled heat flux gauge (WC-HFG), and K-type thermocouples (TCs). Second, for ignition tests, a pile of smoldering firebrands was deposited over a target fuel, and ignition time was recorded. Both inert thermal characterization tests and ignition tests were performed in a small, enclosed wind tunnel that produced wind speeds in the range of 0.5–3.5 m/s. The wind tunnel had a 30 × 30 cm inlet which reduced into a 25 × 7.5 cm test section made of stainless steel. Gases were exhausted through a high-temperature variable fan. The interior of the wind tunnel was painted matte black to reduce re-radiation, and a 20 × 6 cm window of borosilicate glass provided visual access to the experiments. At the bottom of the wind tunnel, experiments were placed in a 15 × 12 cm hole, as shown in Figures 1, 2. An additional 1.5 cm diameter hole located past the reducing section and before the test sample allowed for wind speed measurements with a hot-wire anemometer. Wind speeds were measured as a function of height, revealing a relatively flat profile at the inlet (Salehizadeh, 2019). The firebrand pile blocked a relatively large portion of the wind tunnel, which caused the wind speed over the firebrand pile to actually be lower than the wind speed setting. This effect was measured for several different pile sizes to calibrate the wind speed setting with the “corrected” wind speed that the firebrands actually experience. Wind speeds given throughout this paper are for this corrected wind speed.


[image: Figure 1]
FIGURE 1. Schematic of the experimental setup, from left to right: burner used to ignite firebrands (modified figure from Caton, 2016), enclosed wind tunnel, (a) sensor array for inert tests with thin-skin calorimeters (TSC) and a water-cooled heat flux gauge (WC-HFG), and (b) thermocouple (TC) array for ignition tests, and data acquisition (DAQ) system.



[image: Figure 2]
FIGURE 2. Photograph of the experimental setup (left) with an inert sensor array mounted and (right) a photograph showing cylindrical brands just before flames die out and firebrands are deposited on the test surface.


Firebrands were fabricated from 1.27 cm diameter and 2.54 cm long cylindrical birch wooden dowels. All dowels were cut and fully dried in an oven at 103°C before testing. Dowels were measured to have an initial density of 527±16 kg/m3 based on mass and geometry measurements of a sampling of cut dowels. The density of birch is slightly higher than those wood species, such as pine, typically found in WUI fires; however, it was not possible to source the desired quantity of the lower density materials for the firebrand diameter and shape considered here. We chose to use birch as a surrogate which could be readily supplied for the experiments and was used in previous firebrand ignition experiments (Hakes et al., 2019). Smoldering firebrands were fabricated following the method described in Hakes et al. (2019) by placing the dowels in a mesh basket over a large propane burner, shown on the left in Figure 1 and on the right in Figure 2. Once all firebrands achieved flaming (after 10–15 s depending on the pile size), the propane burner was turned off and the firebrands were allowed to burn until all flaming combustion ceased.

Firebrands were deposited on the experimental setup in a smoldering state using a funnel-like dumper. This dumper was used so that the firebrand pile was ensured of being deposited on the sensor array; both dumper outlet area and array area were approximately 10 × 10 cm. There was some natural variation in the deposition of the pile, meaning that there was variation in the contact area between the firebrands and the sensors. While this deposition method is anticipated to slightly increase variability between tests, the time-dependent deformation of smoldering wood as it transitions to ash adds inherent variability to this physical process, even for individual firebrand placement. Despite the associated uncertainty, clear and repeatable trends are still extracted by repeating experiments multiple times. Fully depositing the firebrand pile also allows for simulation of a worst-case heating scenario, capturing the initial high heat fluxes, conditions that could not be captured by placing each firebrand individually.

Three firebrand loading conditions were used for both inert and ignition tests. Initial mass of the wood was measured and resulted in smoldering piles about 16% the mass of the original wooden dowels, as shown in Table 1. For simplicity, the three piles will be referred to as 16, 8, and 4 g piles in the rest of the paper. As an indicator of the porosity, the bulk density of the resulting piles was also examined using volume measurements from side-view photographs of the pile and mass measurements from a load cell. Three tests for each deposited mass of 4, 8, and 16 g were chosen and pictures from a side and front view of the pile were analyzed with the software ImageJ. The volume of the pile was calculated based on the average height of the pile and the contact area between the pile and inert sample, approximately 10 × 10 cm, the area of the funnel-like dumper used. The bulk density of the pile, also shown in Table 1, was found to increase—indicating a decrease in porosity—with increasing deposited mass of firebrands. Bulk density is recorded for reference, but not varied in these experiments (i.e., the firebrand pile was never compacted).


Table 1. Firebrand loading conditions for three pile sizes used in inert and ignition tests.
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3.1. Inert Tests

Inert tests for thermal characterization were conducted by depositing a firebrand pile on a 1.27 cm thick sheet of ceramic insulation board (SuperWool 607), which was used to simulate a relatively adiabatic surface. Three types of sensors were inserted into the insulation board, flush with its surface, to take thermal measurements beneath the pile. These sensors included a single WC-HFG, which was inserted in the center of an array of sixteen TSCs, as shown in Figure 1a. Five K-type TCs, fabricated in-house, were used for temperature measurement. The number of repetitions for each condition was determined based on the variability of the results and will be discussed with the heat flux results. These tests were conducted under wind speeds varying from 0.5 to 2.0 m/s. This range was selected because wind speeds greater than 2 m/s moved and eventually blew away firebrands in 4 and 8 g piles. While these wind speeds are much lower than free-stream wind speeds expected in a WUI fire, speeds will reduce close to the surface due to boundary-layer effects, potential obstructions, and re-circulation zones adjacent to buildings.

First, a 1.27 cm diameter Medtherm Schmidt-Boelter WC-HFG (model GTW-7-32-485A, range: 0–70 kW/m2, maximum non-linearity ±2% of range, repeatability ±0.5%) was used to precisely measure the time-resolved heat flux beneath the center of the array. This type of WC-HFG is typically used for incident radiant heat flux measurement, but is used here following the methodology of Hakes et al. (2019). Although the WC-HFG is exposed to conductive heat fluxes, these conductive fluxes are negligible, as firebrands are rarely fully in contact with the gauge surface. Instead, ash and air pockets may block the firebrand from being fully in contact with the surface (Bearinger et al., 2020). Additionally, previous work (Hakes et al., 2019) presenting spatial maps of heat flux from individual firebrands shows radiation measured by sensors near the firebrand, but not in contact with it, indicating that even individual firebrands produce radiative heat fluxes. A firebrand pile is a non-contiguous heat source and, thus, expected to be dominated by radiation (Babrauskas, 2003). In order to account for the effect of ash on the surface of the WC-HFG, the gauge was regularly re-painted and re-calibrated. The WC-HFG was inspected visually after each test and was painted and calibrated with a frequency based on visual inspection of the surface paint on the gauge and heat fluxes reached during the test. Calibration was performed using a radiant cone heater, comparing measured heat flux values against a NIST-traceable calibration gauge. For smaller firebrand loading conditions (at lower wind speeds), the gauge was calibrated and re-painted at least every ten tests; for larger firebrand loading conditions (and higher wind speeds), the gauge was calibrated at least every five tests.

One concern with the use of a WC-HFG is whether the cooling of the gauge will also provide cooling to the firebrand pile. Previous work by Hakes (2017) compared the cooling to a firebrand pile from two WC-HFGs of different diameters, a 2.54 cm diameter gauge and a 1.27 cm diameter gauge. The latter is the size of the gauge used in the present study. That study found clear effects of cooling from the 2.54 cm gauge: tests on 8 g firebrand piles using the 2.54 cm gauge were 250–750 s shorter than those using the 1.27 cm gauge. Additionally, heat fluxes measured were on average lower when measured with the 2.54 cm gauge as opposed to the 1.27 cm gauge, indicating a cooling effect from the larger gauge. A comparison between heat fluxes measured by the 1.27 cm WC-HFG and an array of 16 TSCs found that heat fluxes measured by the WC-HFG were slightly lower than those measured by the TSCs (Hakes, 2017). It is unclear whether these results indicate cooling from the 1.27 cm WC-HFG or a heating time-lag associated with the TSCs. In the present study, the uncertainty due to potential cooling from the WC-HFG is estimated to be on the order of ~10% at most. The potential cooling was estimated for a firebrand pile at a temperature of 800°C, an average based on Urbas et al. (2004), Caton et al. (2016), and Urban et al. (2019), with a gauge held at the water temperature of 20°C, assuming radiative heat transfer between the firebrands and the WC-HFG. Given the difference in size between the pile and the gauge, cooling by the WC-HFG is ~10% for the worst case scenario (i.e., the lowest longtime heat fluxes measured). For the larger pile and highest wind cases, this loss is expected to be much lower.

To provide a spatial representation of temperature, 16 TSCs were fabricated in-house by spot welding a 30 gauge Chromel-Alumel K-Type thermocouple to the back of a 1 × 1 cm Inconel alloy 625 plate, of thickness 0.1 cm. The top surface of the TSC was painted matte black using high temperature Zynolyte paint in order to reduce the reflectively of the alloy plate and, subsequently, the re-radiation from the TSCs to the firebrands. The TSC array was split into two regions, as shown in Figure 1a: a set of inner TSCs to determine the temperature at the center of the firebrand pile, and a set of outer TSCs to indicate the temperature at the edges of the firebrand pile. While originally designed for heat flux measurements, TSCs have been found to provide a reliable, spatially-resolved surface temperature measurement, albeit with a slow time response. The viability of using TSCs for temperature measurements at the surface was verified by using five fine-wire, 30 gauge K-type thermocouples, placed adjacent to the surface of five TSCs, which provided relative measurements of temperature on the inert surface during the test. Further details on the construction and selection of TSCs can be found in Hakes (2017) and Hakes et al. (2019).



3.2. Ignition Tests

Ignition tests were performed by depositing firebrand piles over target fuels which represented WUI materials. Three target fuels were tested: marine-grade plywood, oriented-strand board (OSB) and cedar shingles, all of which were chosen based on availability, uniformity, and a range of densities which are expected to produce varying ignition behavior. The density of each target fuel was calculated using mass and volume measurements for five samples of each fuel type after the samples had been fully dried to 0% moisture content (MC). The target fuel densities measured were 565.4±12.5, 662.6±11.1, and 305.2±5.0 kg/m3 for plywood, OSB and cedar, respectively. Sample thickness ranged from 0.7 to 1 cm for cedar samples and 1–1.2 cm for OSB and plywood samples. For OSB and plywood, variation in thickness was due to manufacturer error. For cedar samples, cedar shingles decreased in thickness from one side to the opposite one. Ignition tests were performed under a narrower band of wind speeds from 0.5 to 1.4 m/s. Higher wind speeds resulted in a rapid transition to flaming that was not sustainable in the test apparatus. A minimum of five test repetitions were conducted for each fuel/wind speed condition.

The ignition test setup was instrumented with a side-view video camera and TCs embedded in the target fuel to measure both flaming and smoldering ignition times, shown in Figure 3. Ignition time was measured from the time of firebrand deposition on the target fuel. The flaming ignition time was determined using a video camera to observe when flames anchored to the fuel surface, rather than to firebrands in the pile. The smoldering ignition time was determined using five K-type thermocouples pinned inside the target fuel, 0.5 cm below the top surface, as shown schematically in Figure 1b. Smoldering ignition time was determined as the time it took for one of the five TCs to reach a threshold temperature. Preliminary tests were conducted with a range of firebrand loading conditions to determine a representative threshold temperature for smoldering. Target fuel samples were extinguished and cut at various times to expose the smoldering front, denoted visually as the blackened section of the wood. For samples where this front reached the embedded thermocouples, a threshold temperature of 200°C was determined, above which the fuel sample blackened completely. This threshold temperature is thought to be lower than realistic smoldering temperatures because thermocouples, initially in contact with the sample, became detached from the wood when the front approached. It is also possible that this blackened region represented pyrolysis of the fuel; however, the fuel samples were observed to be in a glowing condition at least at the surface for the majority of tests where smoldering was indicated by the temperature threshold. The thermal wave appears to move linearly through the sample making the trends observed valid regardless of the choice. This definition was still useful as it helped to segregate a point of self-propagating smoldering; at lower temperatures, smoldering was only maintained by the heating of the firebrand pile. For all experiments, this threshold temperature was reached first by TC3, the thermocouple below the center of the pile, as shown in Figure 1b.


[image: Figure 3]
FIGURE 3. (Left) Photograph of a sample of plywood instrumented with thermocouples and attached to the DAQ card used in the experiment and (right) a representative smoldering firebrand pile with wind flowing from right to left.





4. RESULTS

Results are presented first for inert thermal characterization tests and second for ignition tests. Heat fluxes and temperatures from the inert tests are compared with time to smoldering or flaming ignition in the ignition tests to shed light on the phenomena leading to ignition of different materials.


4.1. Inert Thermal Characterization

Both time-resolved single-point heat flux measurements and time-resolved spatial temperature measurements were taken for varying firebrand deposited pile mass and wind speed conditions.


4.1.1. Heat Flux Results

For each test, heat flux over time was recorded from the WC-HFG. Subsequently, the heat fluxes from individual tests under the same conditions were averaged to provide an average heat flux curve for each pile size and wind speed test condition. Figure 4 shows both the individual test heat flux curves as well as the averaged heat flux curve for two test conditions: 16 g of smoldering birch dowels deposited on the inert sensor array for wind speeds of 1.2 and 1.4 m/s. For all tests, there is an initial heat flux spike at the beginning of the test which is not sustained. This spike occurs when the firebrand pile is first placed on the WC-HFG and is not considered as part of the analysis here. After the firebrand pile is deposited, the heat flux increases to a peak, between 500 and 1,000 s on average in the tests shown here, then decays gradually as the firebrand pile cools.


[image: Figure 4]
FIGURE 4. Heat fluxes recorded from a WC-HFG are shown for 16 g of smoldering birch firebrands deposited over the sensor array for 1.2 m/s (left) and 1.4 m/s (right). The shaded area represents the standard deviation between tests. Dashed lines represent all individual tests recorded.


Included in Figure 4 is the standard deviation for the averaged curve. The standard deviation between tests increases as the variability of tests increases. The number of tests performed at each condition was determined based on the variability of the heat flux measurements from test to test. At 1.2 and 1.4 m/s, which both lie at the transition point between smoldering and flaming, 11 and 7 test repetitions, respectively, were performed. A lower wind speed of 0.5 m/s exhibited repeatable behavior and only three tests were performed. The large standard deviations shown for 1.2 and 1.4 m/s are indicative of the stochastic nature of transition between flaming and smoldering. Indeed, even for experiments over an inert substrate, piles of firebrands sometimes transitioned to flaming under high enough wind speeds, dramatically affecting the heat fluxes measured. The probability of transition to flaming for a firebrand pile on the inert surface was determined from recorded videos of experiments for each wind speed and deposited mass condition. The transition from smoldering to flaming (using a probability threshold of 0.5) occurred at around 1.2 m/s for 16 g and 1.4 m/s for 8 g deposited mass piles. It is expected that the probability of transition to flaming may be responsible for some of the variability between the tests.



4.1.2. Temperature Results

For inert tests, temperatures beneath the firebrand pile were recorded using the TSC array. Averaged temperatures of the inner and outer group TSCs (shown in Figure 1a) provide representative temperatures for the center of the pile and perimeter of the pile, respectively. The averaged inner TSC temperature provides a representative temperature for the area around the WC-HFG. Figure 5 shows averaged center and perimeter temperatures for two pile sizes under four different wind speeds. First, it is clear that temperatures increased as the deposited pile mass increased. Additionally, the heating duration also increased as the deposited pile mass increased, while the duration of heating slightly decreased with higher wind speeds owing to faster oxidation rates.


[image: Figure 5]
FIGURE 5. Averaged TSC temperatures for (left) a 4 g deposited mass pile and (right) a 16 g deposited mass pile. Solid lines represent inner TSCs; dashed lines represent outer TSCs.


In larger piles the average temperature of the inner TSCs reached 500-700°C, close to expected values for smoldering ignition under wind, while the center temperatures for the 4 g pile only reached approximately 400°C, much lower than what would be expected for a smoldering reaction under wind. While averaged temperatures for the inner TSCs for the large pile reach about 700°C, the temperatures of individual TSCs reached well over 900°C instantaneously at higher wind speeds. These temperatures correspond well with previously measured temperatures by Urban et al. (2019) using color pyrometry.

A comparison between averaged temperatures at the center of the pile and the perimeter of the pile show that, for the most part, the center of the pile experiences higher average temperatures. This trend is the clearest for the large 16 g pile shown on the right in Figure 5; however, at lower wind speeds, there is little difference between central and perimeter temperatures. For 0.5 m/s, neither the small nor the large pile experienced higher center temperatures than perimeter temperatures. At 0.8 m/s, the 4 g pile shows perimeter temperatures that are slightly higher than center temperatures. The difference between center and perimeter temperature reached 200°C for the 16 g pile under a 1.2 m/s wind.

The differences between the 4 and 16 g pile, both in terms of temperatures reached and trends between the center and perimeter of the pile, are expected to be the result of two phenomena. First, sensors were more completely surrounded for the large pile, while the small pile was sparse in nature, resulting in poor coverage of the sensors. Second, visually, the larger piles of smoldering firebrands reached a glowing state as the wind speed was increased. It is expected that the higher temperatures from the 16 g pile resulted in a firebrand pile dominated by re-radiation. Additionally, the size of the large pile, in comparison to the small one, served to better insulate the firebrands from some of the convective cooling effects from the surrounding wind. On the other hand, for the 4 g pile, it is expected that conduction may still play a significant role in heating. The sparse nature of the 4 g pile more closely resembles contact from individual firebrands rather than a pile structure which insulates, suspends firebrands, and encourages re-radiation.



4.1.3. Peak Heating and Heating Duration

The above investigation of averaged temperatures indicated that both pile size and wind speed have a considerable effect on heating duration and maximum temperatures. Similar results can be seen when comparing the averaged heat fluxes for different pile size and wind speed configurations. The effect of pile size and wind speed on averaged heat flux is shown in Figure 6. As shown for temperature in Figure 5, higher wind speeds are shown to yield higher maximum heat fluxes and result in a shorter heating duration. In Figure 6, it is clear that there is a large uptick in the maximum heat flux as the mass of the pile increases from 4 to 8 g; however, there is little difference between 8 and 16 g, except that the duration of heating generally lasts longer for the larger pile.


[image: Figure 6]
FIGURE 6. (Left) Time-resolved heat flux for three deposited mass piles at 0.8 m/s wind. (Right) Time-resolved heat flux for a 16 g deposited mass pile under five different wind speeds.


The influence of wind speed and deposited pile mass on heat flux and temperature can also be observed by investigating the point values of peak heat flux and peak temperature, as shown in Figure 7. Peak heat flux is seen to be highly dependent on wind speed with a relatively linear increase in peak heat flux as wind speed is increased. The differences in peak heat flux resulting from pile size are mostly small and within the standard deviation of other pile sizes, though 8 g piles experienced high peak heat fluxes on average for wind speeds from 0.7 to 1.4 m/s.


[image: Figure 7]
FIGURE 7. Peak heat flux (left) and peak temperature (right) as a function of wind speed for three pile sizes. For most pile sizes, peak heat flux and temperature increases with increasing wind speed. Peak temperatures are shown for inner TSCs (squares) and outer TSCs (circles).


The effect of wind speed on peak heat flux is anticipated as higher wind speeds produce higher temperatures as a result of increased surface oxidation. Increased oxidation will invariably increase heat fluxes to the surface. As heat is released at a higher rate, firebrands burn out faster, resulting in a reduced duration of heating. While increased wind speeds may increase the cooling rate from firebrands, it appears that the effect of increased rates of oxidation is considerably larger than any cooling effects within the regimes tested here.

Peak temperature shows somewhat different trends from peak heat flux. While peak heat flux depended mostly on wind speed, peak temperature is dependent on both pile size and wind speed. While the two larger piles experience similar peak temperatures, the 4 g pile reaches much lower peak temperatures. This is due to the smaller bulk density in the 4 g piles, which results in decreased interaction between firebrands and a larger cooling effect from the wind. Although there is generally an increase of peak temperature with wind speed, there are more variations for sensors along the perimeter (outer TSCs). This variation is likely due to the fact that the sensors on the edges of the pile were sometimes more sparsely covered than those at the center of the pile and subject to more convective cooling effects from the wind. An effect concealed here is the area that receives this heat flux. A larger pile will heat a larger area, which is indicated by the large peak temperature differences for the outer TSCs.




4.2. Ignition Results

In order to understand ignition behavior, smoldering and flaming observations and times were compared over a range of wind speeds for the three different target fuels tested. All samples experienced smoldering on the surface. Some samples also experienced in-depth smoldering or flaming ignition. In intermediate regimes where conditions could cause either smoldering or flaming, tests were repeated above the minimum five repetitions per scenario. Surface smoldering occurred early in the test for almost all conditions studied, and eventually propagated in-depth in the target fuel for some conditions. In some cases, especially those with high wind speeds and a low target fuel density, transition to flaming occurred and flames appeared on the surface of the fuel.

In order to determine which tests experienced flaming of the target fuel, it was necessary to distinguish between flaming of the firebrands (which occurred even in some inert tests) and flaming ignition of the target fuel. Figure 8 shows the difference between flaming of the firebrand pile and flaming ignition of the target fuel. The flames over the glowing firebrands appear higher in the photograph, while the flame anchored to the target fuel surface is visually lower down, indicating the location of the top surface of the target fuel. Flames over the firebrand pile usually started at the top of the pile and moved to the left of the pile (downwind). On the other hand, flaming ignition of the target fuel typically started at the boundary of the fuel and pile of firebrands, at the right side of the pile (upwind). These flames were typically anchored to the target fuel surface.


[image: Figure 8]
FIGURE 8. Photograph showing flames present both over the pile of firebrands, downwind and attached to the glowing firebrands, and over the fuel surface, upwind and anchored to the fuel surface.


A representative time to smoldering and time to flaming ignition was determined in each case and used to quantify ignition conditions for different materials. Self-sustained smoldering of the target fuel was quantified with a time to smoldering, defined as the time when smoldering propagated to a 0.5 cm depth in the target fuel. Therefore, the smoldering times shown do not represent surface smoldering but in-depth smoldering. Time to flaming ignition is the time when smoldering at the surface of the fuel transitioned to flaming ignition at the surface of target fuels. After observing a flame at the surface of the fuel, the test was ended and the time to flaming was recorded. Time to smoldering was only collected from samples without flames observed at the surface of the fuel, i.e., flaming ignition. This was due to the fact that flaming, if it occurred, happened quickly, whereas in-depth smoldering would be observed at later times. Therefore, tests with flaming on the surface of the fuel were ended before smoldering was measured in-depth. If flaming samples were allowed to continue to burn, which was allowed to occur in limited cases, they would eventually burn through the entire sample.

Figure 9 shows the time to ignition for both in-depth smoldering and flaming as a function of wind speed for the three fuels tested. The ignition times presented here represent cases where either smoldering or flaming occurred, not a transition from one to the other. Under certain wind speed and firebrand loading conditions not all tests transitioned to flaming, as indicated by the flaming propensity. In order to explore this transition region, additional ignition tests were conducted in the 0.8–1.4 m/s wind speed range.


[image: Figure 9]
FIGURE 9. Time to smoldering ignition (left) and time to flaming ignition (right) as a function of wind speed for three fuels and 16 g firebrand piles. Each point is averaged with error bars representing the standard deviation between values from individual tests. The flaming propensity is the ratio of tests that transitioned to flaming over those that did not; darker colors indicate a higher likelihood of transition to flaming.


The density of the fuel bed was found to be a critical parameter related to propensity of smoldering ignition. A higher fuel density resulted in generally longer times to smoldering ignition. This effect is clearly seen for the lowest density material, cedar, which experienced the shortest ignition times and the greatest propensity for flaming. Smoldering ignition times decreased slightly and became more repeatable at higher wind speeds, while lower wind speeds exhibited more stochastic behavior. Many factors, including wind speed, firebrand pile mass, and target fuel density, influenced transition to flaming. Ultimately, higher wind speeds were more likely to transition to flaming. For low wind speeds, ignition behavior was found to be more variable and the probability of flaming on the fuel surface was low, especially for high fuel density.



4.3. Heat Flux at Ignition

While ignition times are important for a particular set of experiments, ultimately criteria are needed to fully describe ignition conditions. There are several different types of ignition criteria–critical temperature at ignition, critical mass flux, and critical heat flux at ignition–for each material. For radiation-based steady heating, it is possible to define a critical heat flux which, when sustained for a certain period of time, will result in ignition. Quantifying critical heat fluxes from firebrand piles is more complicated as heat fluxes change as a function of time. In some situations, values of instantaneous heat flux at ignition may be higher than the steady critical heat flux value (Santamaria and Hadden, 2019). Studies on transient heat flux (Bilbao et al., 2002; Lizhong et al., 2007; Zhai et al., 2017; Gong et al., 2018; Santamaria and Hadden, 2019) have investigated time to ignition for transient as opposed to constant heat flux, including investigating the ignition criteria of critical temperature, critical heat flux, and critical mass flux; however, these studies have focused on incident radiative heating. Studies by Vermesi et al. (2016, 2017, 2020) have investigated ignition of various materials exposed to transient heat fluxes and found that dual-criteria may be more accurate to describe ignition rather than a single criterion.

Most previous studies on transient heating focus either on increasing or decreasing heating. The heat flux from the firebrand pile provides both increasing and decreasing heating, depending on the portion of the test. As described previously, the heat flux profiles in these tests increase to a peak heat flux and then gradually decay. As the wind speed is increased, the peak heat flux achieved also increases, but the heating occurs over a shorter duration. In order to look at whether ignition occurs under the increasing or the decreasing part of the test, flaming and smoldering ignition times for target fuels were plotted on the averaged time-resolved heat flux curves, as shown in Figure 10. These results are shown for three wind speeds and all three target fuels. For all fuels and wind speeds, both smoldering and flaming ignition occur under a region of increasing heat flux.


[image: Figure 10]
FIGURE 10. Averaged heat flux curves for inert tests under three wind speeds and a 16 g firebrand pile. Time of flaming (red) or smoldering (black) ignition is marked on the heat flux curves for three fuels, cedar, OSB, and plywood.


Although the value of the heat flux at ignition may not be able to provide in itself a critical ignition criterion, the heat flux at the time of ignition may still be useful to assess and compare the relative conditions occurring at the point of ignition for different fuels. For smoldering ignition, there is a clear increase in the value of heat flux at ignition as wind speed is increased. For flaming ignition, a similar increase occurs from 0.5 to 0.8 m/s, but not for higher wind speeds. It is interesting to note that differences between the heat flux at ignition for smoldering and flaming ignition are minimal. Note that smoldering ignition here is again the in-depth smoldering propagation measured at 0.5 cm below the fuel surface.

The heat flux at ignition shown here illuminates some trends in smoldering and flaming ignition for different target fuels, but it does not fully describe the ignition process. It only provides a point value to describe an ignition condition and so is unable to account for the changing heat flux leading up to ignition or the duration over which this heat flux occurs. In determining ignition criteria, it is notable that ignition occurs during the increasing heating phase. Previous work on ignition under increasing radiant heat flux suggests defining the critical ignition criteria using a ratio between the surface losses and the incident heat flux (Santamaria and Hadden, 2019). For radiant heating, it is possible to develop a simplified one-dimensional model; however, the energy balance for the firebrand pile is more complicated and may require numerical simulations to provide further insight.




5. DISCUSSION AND CONCLUSIONS

Several factors were found to be critically important to the ignition of fuels, namely, the ambient wind speed, the firebrand pile mass, and the density of the target fuel. A large number of repetitions of several experimental conditions were conducted due to the stochastic nature of the transition from smoldering to flaming and natural variability in wood samples. Despite the high variability, some key trends were extracted from these experiments. Both the temperature beneath the firebrand pile and the heat flux from firebrands over an inert sample increased with increased wind speeds as a result of more rapid oxidation in firebrands. For ignition tests, these increases in temperature and heat flux were reflected in the decreased time to ignition and increased likelihood of flaming ignition of the target fuel under higher wind speeds. For both smoldering and flaming ignition, density of the target fuel was found to be the most important factor.

Results point to interesting interactions between firebrands once they are deposited in bulk over a surface. In particular, firebrands at the center of a pile have higher temperatures than surrounding firebrands, which are losing heat to the surrounding environment. Interactions between firebrands in the pile and enhanced oxidation driven by the wind overcomes some cooling effects and results in increased temperatures and heat fluxes with higher wind speeds. The role of re-radiation within the pile was not explicitly explored, but may be important here. Wind speeds were varied from 0.5 to 2.0 m/s for inert tests, and heat flux trends for those wind conditions were illustrated. In particular, tests at higher wind speeds resulted in higher peak heat fluxes and shorter test duration. While not possible in this work, it is important to consider conducting experiments with higher wind speeds in the future, as higher wind speeds may provide increasing rates of cooling to the firebrand pile and affect the trends found.

The ignition of a target fuel is complex and influenced by a number of factors. In this study, a number of simplifications were made to isolate the effects of wind speed, pile size, and target fuel type. The present work shows that ignition, at least for the configuration considered here, occurs under the increasing heat flux regime. Future work should consider expanding to more complex and realistic considerations, including fuel geometry, additional fuel types and fuel moisture content (MC). To simulate a worst-case scenario, the MC of the fuels remained zero in all experiments; however, MC may have a non-negligible effect on ignition and should be considered in future tests. A flat fuel surface presents a perfect configuration for this fundamental study, but future work will have to address more complex geometries. Other geometries, such as crevices, L-shaped walls, and corners, are more common accumulation points in real fires than the flat surfaces studied here. It will be important to understand how geometry influences ignition of a dense fuel on a small-scale.
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The number, dimensions, and initial velocity of the firebrands released from burning Quercus suber, Eucalyptus globulus, Quercus robur, and Pinus pinaster trees were analyzed in laboratory experiments using a particle image velocimetry system. Additionally, the flame height, tree mass decay, vertical flow velocity, and temperature at the top of the trees were measured during the experiments. The relationship between the various parameters was analyzed and a good connection was found. The specimens burnt were mostly young trees, so large particles (e.g., pine cones, thick trunk barks, branches) were not included in this study as they were not present. Actually, the firebrands produced in the laboratory tests, mainly burning leaves, had a cross-sectional area of <1,600 mm2, having the potential to cause short distance spotting (up to tens of meters). Quercus trees are often considered to have a lower fire risk than eucalyptus or pine trees. However, in this study, Quercus suber and Quercus robur were the species that produced more firebrands, both in terms of number and total volume. The tests with Quercus suber were the only ones using specimens from an adult tree, confirming the great importance of the age of trees in the propensity to release firebrands. The results obtained with Quercus robur confirmed the high tendency of this species to originate spot fires at a short distance. Thus, these results are of great relevance to afforestation plans and to evaluating the risk of the presence of these species in wildland–urban interface areas.
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INTRODUCTION

Spotting is one of the most relevant and common mechanisms of fire spread in wildfires, especially in extreme burning conditions. Its importance derives from the increased difficulty in firefighting caused by spotting; the serious consequences in terms of accidents, infrastructures, and other economic losses caused; and the great difficulty with regard to the prediction of this phenomenon. Moreover, spotting can dramatically increase the fire spread rate, being in some circumstances the main factor affecting it (Rothermel, 1983). Indeed, despite the several studies performed on this topic, the prediction of spotting is still very basic, which clearly jeopardizes the firefighting operations and threatens fire safety.

The analysis of the spot fires mechanism is frequently divided into four stages (Almeida et al., 2013): (1) release of firebrands, (2) lofting of the firebrands in the thermal plume, (3) downwind transport of the firebrands, and (4) ignition of the fuel recipient where the firebrands land. Most of the work seeking the determination of the maximum spotting distance is carried out in the second and third phases (e.g., Tarifa et al., 1967; Albini, 1979; Ellis, 2000; Hall et al., 2015) considering that firebrands, after leaving the thermal plume, travel at a velocity defined by the terminal velocity and the wind speed. The determination of the probability of ignition of landing firebrands was also the focus of some experimental studies. Statistical analysis based on tests with different combinations of firebrand types and fuel bed recipients (e.g., Ganteaume et al., 2009; Viegas et al., 2014; Ellis, 2015) or in a shower of firebrands artificially generated that hit building façades or other relevant structures (e.g., Manzello et al., 2011; Manzello and Suzuki, 2014; Oliveira et al., 2014) was produced.

The work performed on the release of firebrands is less frequent, and consequently, there is a great lack of knowledge on this phase of the process. The release of firebrands depends on several factors, the most important ones being the fire intensity, the airflow direction, velocity and turbulence, the characteristics of the source of the firebrands (e.g., tree type, species, age, etc.), and the characteristics of the firebrands (type, shape and dimensions, terminal velocity, moisture content, rate of combustion, etc.). Research on the firebrand generation can be divided into two areas, namely (1) firebrands generated by burning structures, which was initially investigated by Waterman (1969), paving the way for more recent research such as Suzuki et al. (2012) or Foote et al. (2011); and (2) firebrands generated by vegetation, which is the main topic of this work and is an even less investigated problem.

Six relevant works addressing this topic are as follows:

(1) Gould et al. (2008) performed four field experiments in plots with the size of 200 × 200 m and, among other analyses, studied the firebrand generation and spotting behavior resulting from a fire front spreading in a eucalyptus forest. Besides the successful validation of the model developed by Ellis (2000) to predicting maximum spotting distance of fibrous firebrands, these authors confirmed the importance of the fire intensity, and consequently of the convection column, in the release of the firebrands. It was also stated that younger fuels, including young trees, produce fewer firebrands than mature specimens.

(2 and 3) Manzello et al. (2007) analyzed the size and mass distribution of firebrands generated from burning Douglas-fir (Pseudotsuga menziesii) trees with heights of 2.6 and 5.2 m by collecting the firebrands in pans methodically distributed on the ground. The average firebrand size reported was 3 and 4 mm in diameter and 40 and 53 mm in length for the 2.6-m tall and 5.2-m tall trees, respectively. Later, Manzello et al. (2008) carried out similar tests with 3.6-m high Korean pine trees, which did not result in a significant number of firebrands produced. However, the dominant firebrands collected had a cylindrical shape with a diameter of 5 mm and a length of 40 mm, on average.

(4) Almeida et al. (2014) used a methodology based on particle image velocimetry (PIV) to analyze the firebrands lofted during the burning of pieces of the bark of eucalyptus trees in several scenarios with different arrangements of the barks tested. The methodology then used was quite similar to the one described herein.

(5) Tohidi et al. (2015) presented a mechanical firebrand break-off model for determining the formation of cylindrical firebrands produced during the burning of coniferous trees, stating the importance of the limb break-off process on the release of the particles. For validation, the laboratory data presented in Manzello et al. (2007) and Manzello et al. (2008), previously mentioned, were used.

(6) Filkov et al. (2017) studied the firebrand production in a prescribed fire in a pine forest by following a methodology described in Houssaimi et al. (2015). Around 80% of the firebrands collected in pans distributed on the ground, mostly from bark fragments (≈70%) and twigs (≈30%), had a cross-sectional area between 50 and 200 mm2.

The present work intends to contribute to mitigating these knowledge gaps. The main focus is studying the release of firebrands by typical tree species in the Mediterranean area, namely cork trees (Quercus suber), oak trees (Quercus robur), pine trees (Pinus pinaster), and eucalyptus trees (Eucalyptus globulus). These species were chosen among the other tree species with major representation in the Mediterranean forests (San-Miguel-Ayanz et al., 2016) for their role in the spotting mechanisms.

The eucalyptus species is by far the most associated one to spotting in several fire events such as the Black Saturday Australian Fires (Cruz et al., 2012) or the fires on October 15, 2017 that occurred in Central Portugal (Viegas et al., 2019). Spot fires driven from pine species also have some references, such as the 2010 Mount Carmel Forest Fire (Israel) described by Kutiel (2012). The role of the oak and cork trees is not as recognized. However, its potential has been well-established in several fire events, for example:

(a) Fire of Cicouro—Portugal (Viegas et al., 2013), in 2013, where an episode of oak leaves spotting drastically increased the rate of fire spread, surprising a group of firefighters, causing two fatalities;

(b) Fire of Pedrógão Grande of June 2017, in Central Portugal (Viegas et al., 2017), where the control of the fire in Regadas was lost due to spotting of cork oak leaves across a 10-m wide road.

The main aim of this work is to understand the relative role of the mentioned tree species in the short-distance spotting process. Spotting by large firebrands is not addressed in this work since the intense airflow convection column required to naturally produce such particles (Gould et al., 2008) was not achieved in the laboratory experiments. On the other hand, the trees tested did not have large particles such as thick barks or cones available to burn and potentially produce medium- to long-distance spotting, but, given the large number of particles produced, they have a great potential to produce a large number of spot fires.

The most common firebrands observed in the laboratory tests carried out were burning leaves released from the trees. Many reports (e.g., Viegas et al., 2013, 2019; Ribeiro et al., 2014) on large forest fires mention spotting by leaves as an essential mechanism of the fire spread. However, the majority of the research on spot fires addresses rigid artificial shapes (like spheres, cylinders, and disks) or natural shapes (cones, barks, and twigs) and usually neglect other potential firebrands like leaves. Clements (1977) is one of the rare exceptions where the terminal velocity of leaves from 17 different species were determined. This author found terminal velocities values of 1.54, 1.57, and 1.80 m·s−1 for the leaves of Quercus species (Q. phellos, Q. nigra, and Q. falcata, respectively) and 2.90, 4.00, and 4.14 m·s−1 for Pinus trees needles (P. echinate, P. elliottii, and P. taeda, respectively).



METHODOLOGY


General Conditions and Characterization of Fuels

The experimental work presented herein was carried out at the Forest Fires Research Laboratory (LEIF: Laboratório de Estudos sobre Incêndios Florestais), located in Lousã (Coimbra—Portugal), of Association for the Development of Industrial Aerodynamics (ADAI: Associação para o Desenvolvimento da Aerodinâmica Industrial).

The young trees were collected from forests close to the LEIF in the early hours on the day of the experiments. The samples of Quercus suber were collected 2 days before the experiments. Quercus suber is a protected species in Portugal, but a license (reference 53521/2014/DCNF-C/DLAP) for cutting a mature specimen that was about to fall on a road was obtained. Due to the impossibility of cutting young specimens, the branches of this mature tree were used as samples of Quercus suber. For simplicity, the authors will mention each Quercus suber branch as a tree and use this differentiation during the discussion of results.

The tests were performed on a single day. The 10 previous days were normally sunny with an average temperature of 19.7°C (from 12 to 31°C), an average wind velocity of 6.2 km·h−1 (from 0 to 22 km.h−1), and an accumulated precipitation of 1.0 mm (data from www.wunderground.com). So, the trees collected presented a moisture content value that allowed a sustained burning. On the day of the experiments, the fuels were stored in the laboratory and protected from the sun with the indoor environmental conditions mentioned in Table 1. The air temperature and relative humidity values are the average values registered at a portable weather station located inside the LEIF. Table 1 shows the moisture content values of the different trees used. The moisture content was determined immediately before each burning test by using a moisture analyzer (AnD ML-50 0.1%) using samples composed of leaves and branches (<3 mm in diameter) in a percentage distribution representative of each species.


Table 1. Main data related to the experimental conditions (m0–initial mass of the trees; mf–residual mass of the trees after the burning tests; H—tree height; FMC—fuel moisture content in wet basis; T—air temperature; RH—air relative humidity).

[image: Table 1]

A brief characterization of the structure of the trees used is presented in Table 2. This determination was carried out by detaching the leaves and branches of one representative tree (i.e., roughly medium dimensions) from each species. The main trunk of the trees was not considered in the analysis. The images of the trees used in the experiments are presented in Figure 1.


Table 2. Representative mass distribution of the trees used in the tests.

[image: Table 2]


[image: Figure 1]
FIGURE 1. Photography of the experimental set up: (A) CORK02; (B) CORK03; (C) EUC01; (D) EUC02; (E) OAK01; (F) OAK02; (G) PIN01; and (H) PIN02.




Experimental Apparatus and Procedures

The experimental apparatus can be seen in Figure 2. The tests were carried out in a burning trees platform with an area of 1.5 × 1.5 m and a height of 0.15 m, supported by three load cells with 0.1 g of precision each, connected to a computer for automatic mass recording.


[image: Figure 2]
FIGURE 2. Design of the experimental apparatus: (A) top view; (B) profile view.


The burning of the trees was only sustainable through the addition of a complementary fuel under the canopy. Since the use of bushes or other wild fuels as an ignition fuel would produce firebrands that would disturb the final analysis, denatured alcohol (DA) was used as a complementary fuel. Thus, in each burning test, a container with a diameter of 0.75 cm filled with 0.35 L of DA (ethanol 90% v/v) was placed under the tree. In order to check the eventual effect of the DA on the final results and to correct the mass loss, the authors carried out some experiments with a similar methodology but with no trees, thus exclusively burning 0.35 L of DA. As expected, these tests did not produce any firebrand and allowed for the determination of the constant mass-loss rate of the burning alcohol, which was found to be equal to 2.8 g/s.

Using a supporting structure, an S-Pitot tube (6 mm of internal diameter) and a thermocouple (1-mm thick) were placed over the platform, 1.8 m above the ground. This equipment was connected to a computer in order to record the vertical velocity and temperature of the convective airflow. Consistently, the mass, the temperature, and the pressure were registered at a frequency of 2 Hz during the experiments.

For each test, the tree specimen was placed vertically on the platform after measuring the fuel moisture content (FMC) of the samples of leaves and branches <3 mm in diameter. Ignition was achieved by dropping a match on the DA, which immediately started to burn, spreading the flames to the tree canopy. The DA continued to burn with a constant intensity/flame height until after the test was over.



Characterization of the Particles Released Using the PIV System

For determining the particles released by the trees, a system of PIV was used. The software used was DynamicStudio, version 15, from Dantec. A Speedsense 1,040 camera and a Frame Grabber 1,031 from National Instruments (National Instruments Corp., Switzerland)1 were used.

The PIV device was located 5.8 m away from the tree and the platform and 3.3 m above the ground, so as to minimize parallax errors, and horizontally oriented to the smoke plume. The image selected for analysis had an area of 0.7 × 0.7 m, thus capturing images in the height range of 2.95–3.65 m (Figure 3). The height of the PIV capturing area was chosen considering an expected maximum flame height of about 2.5 m, according to previous tests performed by Almeida et al. (2014), thus avoiding the interference of the flame in the analysis of the PIV images. Since there were no predominant horizontal airflows, the flames observed tended to be vertical. Therefore, the flame height coincided with the flame length and consisted of the vertical distance between the DA level and the top of the flame. Eventual detached flames were not considered.


[image: Figure 3]
FIGURE 3. Profile view of the experimental apparatus. For convenience, the figure is not to scale.


As can be seen in Figure 3, the PIV image-capturing system targeted the central axis of the smoke column at a height of 3.3 m. In the middle of the smoke column, the firebrands have a strong vertical upward component (Figure 4). After being lofted, the firebrands, commonly extinct or less glowing, start a descending movement out of the smoke column and thus were not able to be captured by the PIV system. Thus, almost all the particles captured in the PIV images are glowing and being lofted in the convective column of smoke.


[image: Figure 4]
FIGURE 4. Images from the PIV system: (A) velocity vectors of the firebrands; (B) firebrands identified using the shadow processing tool.


The authors assumed a radial symmetry of the tree and of the characteristics of the smoke plume. The PIV images were acquired at a frequency of 143 Hz, in double frame, using the Shadow Processing tool to identify the firebrands (Figure 4). The domain of interest in the PIV images was the analysis area of size 0.7 × 0.7 m (square 2 of Figure 3). This methodology was previously tested with good results, allowing for an accurate particle velocity determination through the comparison of two consecutive frames, thus reducing the likelihood of firebrands being incorrectly identified. Since the brightness of the incandescent particles highlights them in the images taken, the process of tracking is facilitated without the need for complementary illumination systems (laser or other). Thus, not only the number and area of the firebrands but also their velocity can be accurately determined using the double frame in the Cross-Correlation tool.

Due to the limitation of the computer storage capacity, and because of the large number of images being captured, the PIV images were acquired during 44 s in each test. Thus, the capture of images by the PIV system was initiated only when the first release of firebrands was observed. This process was started typically by an initial increase in the release rate of the firebrands and, after reaching a maximum value at time tM, the number of firebrands produced started to decrease. In order to increase the accuracy of the method, the authors used the data of the time interval tM±5 s, which was designated as the “10 s-peak period.” Thus, the authors ensured that the comparison between the various burning tests was made at the same stage of the process around the maximum release period. Since the period of 10 s provided in this method is limited in duration and consequently in sample size, when appropriate, the entire PIV image acquisition period of 44 s was used in the analysis of the results.

In Figure 5, on the right of the burning tree, it is possible to see a vertical pole with 25-cm markers that were used as a scale to estimate the flame height, using frames captured from the video recordings. The same scale was used to calibrate the PIV images.


[image: Figure 5]
FIGURE 5. Image of a burning test captured just before the start of the acquisition of the PIV images (test EUC02).


The firebrands released were divided into five classes based on average cross-sectional area Aav: 10< Aav≤50 mm2; 50<Aav≤100 mm2; 100<Aav≤500 mm2; 500<Aav≤1,000 mm2; Aav>1,000 mm2. Firebrands with Aav≤10 mm2 were not considered in this analysis since their potential to cause new ignitions is very low.

It was observed that the majority of firebrands released were the leaves of the burning trees. Thus, since the authors did not find in the literature typical values of the terminal velocity for the leaves of the species used in these tests, a set of tests with that purpose was performed using a methodology very similar to that used by Clements (1977). Ten leaves of each species, randomly collected, were dropped from a height of 9 m in the absence of wind. The time tfall that each leaf took to fall in the last 5 m, when the falling velocity is practically constant, was found using video footage. The terminal velocity Vtwas determined by the quotient between the 5 m distance and the time tfall elapsed on this final 5 m. The resulting Vt values (Table 3) were not significantly different from those found by Clements (1977) for the species of the same taxonomic genre.


Table 3. Terminal velocity results from the experimental tests.

[image: Table 3]




RESULTS AND THEIR INTERPRETATION


Number and Cross-Sectional Area of the Firebrands Released

The total number of firebrands released during the capture period of the PIV images is presented in Figure 6. In order to allow for the extension of the use of these data in future works, the number of particles released is denoted as those released per unit of area (N·m−2). Once again, due to data storage limitations of the system, the capture of PIV images was started after fire ignition, when the operators considered the burning process to already be in sustained development. Therefore, the first point of the graph in Figure 6 does not initiate at t = 0 s, when the ignition occurred.


[image: Figure 6]
FIGURE 6. Number of firebrands released per m2 captured in the PIV images. Time “0 s” corresponds to the beginning of the burning test, which is different from the beginning of PIV image capture.


The distribution of the total number of firebrands released during the capture period of the PIV images, grouped in classes based on their cross-sectional area Aav, is presented in Figure 7. As previously mentioned, the analysis was limited to the 10 s-peak period, allowing for a fair comparison among the different species used.


[image: Figure 7]
FIGURE 7. Distribution of firebrands released per m2, captured in the PIV images, by classes of cross-sectional area during the 10 s-peak period. Above the vertical bars is the percentage values of the firebrands for the respective classes.


Each pair of tests on the same species showed a very similar tendency in terms of the number of firebrands released, except in the oak trees tests, where, for test OAK01, the number of firebrands counted was much higher than that for OAK02. By observing the OAK02 test video, it was possible to notice that during the capture period of the PIV images, this tree burned mostly on one side of the canopy unlike the other tests, where the burning was more comprehensive. Therefore, the release of firebrands in the OAK02 test may have been affected. Regarding the distribution of firebrands by the classes based on the cross-sectional area Aav, the results show a satisfactory reproducibility in the tendency obtained for each pair of tests, even for both the oak trees tests.

It is possible to state that the maximum number of firebrands was released by the cork trees and by the oak trees (excluding OAK02), followed by the pine trees and finally the eucalyptus trees. On the other side, the most represented area classes Aav in terms of the number of firebrands released are [10, 50] mm2 and [100, 500] mm2. This figure also shows that Cork tree tests have a higher tendency to produce larger firebrands, while tests with the other species drove mainly toward the production of smaller particles within the range of 10<Aav≤50 mm2. It is worth noting that the cork trees were collected 2 days before the tests while the other trees were cut on the day of the experiments. Although the storage of the cork trees occurred under controlled conditions and these trees did not show visible degradation, the decay of FMC (Table 2, above) may have affected the results, thus contributing to the change in the number and dimensions of the firebrands released.



Temperature and Vertical Airflow Velocity

In the graphs in Figure 8, the values of temperature T and vertical airflow velocity Vf, measured at a height of 1.8 m and the values of the velocity of the particles Vp determined using the PIV images at the heights of 2.95–3.65 m are represented as a function of the time elapsed since the ignition up to 75 saver. The number of firebrands released is represented in the same figure to facilitate the establishment of relationships. The velocity and temperature values of the CORK02 test were not obtained as the Pitot tube did not work properly during this experiment. The sampling of the values of the velocity of the firebrands is limited to the 44-s acquisition time period for the PIV images for all tests. This period is marked in the figure by the two vertical solid lines. The dotted vertical lines in the graphs limit the 10 s-peak period of the particles released.


[image: Figure 8]
FIGURE 8. Values of up-flow velocity Vf, velocity of the firebrands Vp, temperature T, and the number of firebrands N as a function of the elapsed time t for each test. The two vertical solid lines limit the period of PIV image acquisition. The two vertical dotted lines limit the 10 s-peak period. The color of the markers corresponds to the color of the axes to which they refer. (A) CORK02; (B) CORK03; (C) EUC01; (D) EUC02; (E) OAK01; (F) OAK02; (G) PIN01; and (H) PIN02.


As can be verified, the values of the velocity of the firebrands do not differ considerably from the values of airflow velocity registered at the same time, following an approximate trend as the number of firebrands released. It would be expected that the Vp values were consistently smaller than the Vf values because of gravity and drag effects. It is worth noting that the values of Vf at a height of 1.8 m were not measured exactly at the same position as that of the firebrands (2.95–3.65 m high). Besides, the values of Vf correspond only to the vertical component of the flow velocity, while Vp is the modulus of the two-dimensional velocity of the particle and is limited to the PIV image-capturing area. This could be the reason why occasionally the values of Vp are larger than Vf.

The average velocity of the particles in the smoke plume should be given by the difference between the airflow velocity and the terminal velocity of the particle Vt (Equation 1).

[image: image]

During the burning tests, the authors observed that most of the firebrands released were leaves or parts of leaves. Some twigs were also released but in much smaller quantities. Therefore, the authors used the terminal velocity values measured for the leaves of each species (Table 3) to make a comparison with the results obtained with the PIV system. The results given in Table 4 show that the values of Vt obtained in the PIV tests are of the same order of magnitude as those measured in the free fall tests. The small discrepancies can be justified by the differences in the relative measurement positions of Vf and Vf, as explained above. In the case of OAK2 test, a negative value of Vt was obtained possibly because the tree did not burn with radial symmetry. Thus, the central axis of the smoke plume did not coincide with the central vertical axis of the tree where the Pitot tube was located. Therefore, the Vf value determined was not the highest flow value in the smoke plume, leading to apparent negative Vp values.


Table 4. Terminal velocity Vt of the leaves of the species used in the tests.

[image: Table 4]



Mass Decay

In order to estimate the mass loss of each tree during the burning test, the authors considered the mass loss of the DA, which was also placed in a pan on the weighing platform. A reference test was made using only the alcohol container under the same conditions as those of the burning tests. Assuming that the burning conditions of the alcohol in the pan were not affected by the presence of the tree, in all tests, the authors estimated the mass m of the tree by subtracting to the total mass mT the mass mDA of the alcohol, which decreased linearly with a rate of 2.8g·s−1 (r2 = 0.99).

In order to make a fair comparison of the mass loss among all tests, the mass values were normalized using the initial value of the tree mass m0 and its value after the burning test mf, as given in Equation (2) for the determination of the relative mass α. The relative mass α as a function of the elapsed time for all tests performed is presented in Figure 9.

[image: image]


[image: Figure 9]
FIGURE 9. Relative mass α as a function of the elapsed time t for each entire test. The cross marks (x) correspond to the values determined for the 10 s-peak period.


During the 10 s-peak period presented in Figure 9, the relative mass decay curves can be fitted to an exponential function as indicated by Equation (3) and as shown in Figure 10.

[image: image]


[image: Figure 10]
FIGURE 10. Fractions of the curves presented in depicting the values of the 10 s-peak period to fit the model of Equation (4).



In Equation (4), the relative mass decay coefficient “a” allows for the comparison among the several tests. As can be seen in Table 5, the OAK02 test, which was not a conventional one, and the eucalyptus trees tests were those in which the relative mass consumption was slower.


Table 5. Exponential relative mass decay coefficient “a” (s−1) and correlation coefficient achieved in the fitting of the relative mass α of the trees by the elapsed time t during the 10 s-peak period (Figure 10), according to Equation (4).

[image: Table 5]

The relative mass loss rate [image: image], which is used to estimate the relative mass decay per unit of time, is defined by Equation (4). The variation in relative mass loss rate [image: image] during the 44 s of the capture period of the PIV images is shown in Figure 11. This representation of the relative mass loss rate α indicates a faster mass consumption for cork tests, OAK01, and pine tests.

[image: image]


[image: Figure 11]
FIGURE 11. Relative mass loss rate [image: image] as a function of the elapsed time t for the period of PIV image acquisition in each test. The cross marks (x) correspond to the values determined for the 10 s-peak period.




Correlation Between Parameters

The mass and the volume of the firebrands released were not determined since only one PIV camera was used and consequently only a two-dimensional analysis was carried out. However, a rough association between the cross-sectional area can be made with the volume and mass of the particles. The accumulated values of the total cross-sectional area Aac (Equation 5) of the firebrands released since the beginning of image acquisition up to a certain moment t were related with the relative mass α of the trees, as presented in Figure 12.

[image: image]


[image: Figure 12]
FIGURE 12. Variation of the relative mass of the trees α as a function of the accumulated total cross-section area Aac of the released firebrands captured in the PIV images.


As expected, the accumulated total cross-sectional area Aac of the firebrands released increases with the decrease in tree mass (Figure 12). The tree mass decay is dependent on three parameters: (1) the mass transferred to the firebrands released, (2) the mass lost in the water volatilization process, and (3) the mass lost to the formation of volatile gases. The relationship given in Figure 12 deals with that between the mass transferred and the firebrands released.

Making the same relationship for the 10 s-peak period (Figure 13), the slope m of the tendency lines formed by each data set (Table 6) can be analyzed. Larger values of the slope m mean less mass reduction dependency on the mass associated with the Aac of the firebrands released.


[image: Figure 13]
FIGURE 13. Variation of the relative mass of the trees α as a function of the accumulated total cross-section area Aac of the released firebrands captured in the PIV images during the 10 s-peak period.



Table 6. Linear coefficient m (mm−2) and exponential coefficient k (mm−2) and respective correlation coefficients achieved in the fitting of the mass of the trees by the estimated values of firebrands released (Figure 11) using Equation (6).

[image: Table 6]

Using the same relationship in Figure 13, the exponential coefficient k obtained from Equation (6) was determined as presented in Table 6.

[image: image]

The results show that the mass loss of burning eucalyptus trees is less driven by the production of firebrands than for other trees. This is consistent with Figure 7, where it is shown that the small firebrands were the most represented in the EUC experiments. On the opposite side, the variation of α vs. Ac for the cork trees was very strong as denoted by the lowest k value, which is consistent with the larger number of firebrands released (Figure 6, above) and with the lowest values of moisture content (Table 1).

When equations 3 and 6 are combined using the common parameter α, Equation (7) is obtained.

[image: image]

In Figure 14, the evolution of Aac as a function of t is represented using the data from all tests. The dotted line presented, characterized by the linear function shown in the figure, was achieved by the overall tendency of the values. The slope of this function is close to 1, showing the close similarity between both members of Equation (7). Therefore, the relationship between the parameters “a” and k, derived from the relative mass α, and the accumulated total area of the firebrands Aac is well-established.


[image: Figure 14]
FIGURE 14. Variation of Aac as a function of the second term of Equation (7). The dotted line represents the linear tendency of all the values, which is characterized by the linear function presented in the graph.


The flame height Hf variation was also analyzed and compared with the other parameters described above. As can be seen in Figure 15, the flame height follows a trend comparable to the relative mass loss decay [image: image].


[image: Figure 15]
FIGURE 15. Comparison between the flame height Hf and relative rate of mass loss [image: image] variations during the PIV image-capturing period of the tests. (A) Tests on cork trees; (B) tests on eucalyptus trees; (C) tests on oak trees; (D) tests on pine trees.


The variations in the flame height and in the total cross-sectional area of the firebrands released are presented in Figure 16. The total cross-sectional area At represents the sum of the areas of all the firebrands captured at each instant. It is possible to see that both parameters follow the same tendency; however, the At peaks show a delay of some seconds when compared with the Hf peaks. The time difference between At and Hf peaks is hereby denoted by “delay time.”


[image: Figure 16]
FIGURE 16. Comparison between the flame height Hf variation and total cross-sectional area of the firebrands released At during the PIV image-capturing period of the tests. (A) Tests on cork trees; (B) tests on eucalyptus trees; (C) tests on oak trees; (D) tests on pine trees.


In Table 7, the delay times determined for each test are presented. One of the factors affecting the delay time is the period required for the particles to take off from the tree by detachment as a consequence of fire; this time is hereby denoted by “reaction time.” On the other hand, the firebrands were separated from the tree at approximately the height of its canopy (Table 1), but the particles were captured in the PIV images at an average height of 3.30 m (2.95–3.65 m). The time taken for uplifting firebrands from the canopy to the average height of the PIV image capture was determined by dividing the average velocity of the firebrands Vp (Table 4) and the vertical distance between the canopy and the PIV image center. The reaction time was determined by calculating the difference between the delay time and the uplift time (Table 7).


Table 7. Values of the reaction times for the different experiments seen as the average time required to detach the particles from the tree as a consequence of the burning.

[image: Table 7]

The reaction times found for the several species were very similar except for the eucalyptus trees, which require more time to release firebrands due to a change in the fire intensity. On the other hand, the reaction time of the oak trees and the pine trees was about four times lower than that of the eucalyptus trees, and about two times smaller than that of the cork trees (except for the PIN02). The authors believe that these differences are much related to the thickness and robustness of the petiole that links the leaves to the branches. However, specific tests are required to better explore these observations.




FINAL DISCUSSION OF RESULTS

The results of several tests aiming at the analysis of the firebrands released during the burning of different trees common in the Mediterranean forests were presented and preliminarily discussed. A compilation of the main results (Table 8) and an integrated discussion are carried out in this section.


Table 8. Compilation of the main results previously presented and discussed.

[image: Table 8]

Contrary to what is usually assumed, the eucalyptus trees were found to be the species releasing fewer firebrands, while cork and oak trees produced more firebrands. In many situations of fuel management in the wildland–urban interface, the oak and cork trees are used to reduce the fire risk propensity, but the results of these tests and other observations show that their predisposition to produce firebrands able to cause spot fires at a shorter distance (tens of meters) cannot be neglected. These results are corroborated by the analysis that was carried out in order to understand the dependence of the mass loss on the release of firebrands. Once again, the loss of mass recorded during the burning of the cork trees was the one that proved to be most influenced by the release of particles. Eucalyptus was the species in which this dependence was the lowest.

On the other hand, the terminal velocity of the firebrands released by the cork trees was shown to be higher than that of the trees in the OAK tests, and so a larger spotting distance is expected for the firebrands produced by oak trees.

It is worth highlighting that in these experiments, with the exception of the cork trees, only young trees were tested and these results are not extended to mature trees. For example, the thicker barks of eucalyptus trees or pine cones were not available in these tests, and their relevant role in the development of spot fires in real fire events was not addressed. On the other hand, these results must be interpreted considering the limited fire intensity achieved in these experiments. In real fire events, not only would several episodes with higher intensity and thus more convective airflow velocity be expected but also the existence of meteorological wind, which would lead to the production of more and larger firebrands, would be anticipated. Still, this study allows a comparative analysis of the species with higher potential to produce firebrands that are able to originate spot fires at a distance up to some tens of meters.

It was observed that most of the firebrands released were the leaves of the trees. Since the eucalyptus trees used were the species with a larger mass percentage of leaves (Table 2) and a lower mass percentage of thick branches, a greater release of firebrands would be expected in these trees. However, it was also noted that the eucalyptus leaves require a high energy value to release firebrands, which is shown by the larger reaction time (Table 8) and by a higher value (52 and 56%, respectively) of final mass mf of fuel to burn after the tests (Table 1).



CONCLUSIONS

In this work, the number and characteristics of the firebrands produced during the burning of four different trees were analyzed. The authors observed that a young tree belonging to Eucalyptus globulus had a lower potential to produce spot fires, followed by Pinus pinaster, Quercus robur, and Quercus suber. These trees released mostly leaves and twigs capable of producing spot fires at a short distance.

The results presented are relevant when used in fire behavior prediction models that consider the mechanism of spotting. However, the results obtained for cork, oak, and pine trees are related to young specimens and cannot be directly transposed to adult trees.

The methodology based on PIV images proved to be useful in this analysis. However, since the analysis was made on a two-dimension basis, it is expected that the number and mass of firebrands determined are underestimated since firebrands can be hidden behind each other. Moreover, some firebrands may have had an early abandonment of the smoke plume and so might not have been captured by the PIV images and considered in the analysis. Thus, the previously mentioned sequence of the potential for those trees to cause spot fires is valid.

The authors of this study intend to perform additional tests with other species commonly found in the Mediterranean and non-Mediterranean forests of not only trees but also shrubs and herbaceous plants that have the potential to cause spot fires. Moreover, the authors aim to analyze the effect of the age of the tree and the effect of wind on the firebrands released during the burning of several forest species. The test results like the ones presented herein will be used as a reference to harmonize the results of tests performed in different conditions.
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The focus of the present work is on the deposition of firebrands in a flow over a rectangular cubic block representative of a structure in wildland-urban interface (WUI). The study was carried out by physics based modeling where the wind flow turbulence was dealt with by large eddy simulation (LES) and firebrands were treated by Lagrangian tracking. The Lagrangian equations coupled with the flow solver, accounted for both translational and rotational motions as well as thermochemical degradation of firebrands, assumed to be cylindrical. The dimensions of the structure were varied from 3 to 9 m in the simulations for a parametric study. The simulations were carried out by tracking many firebrands randomly released with a uniform distribution from a horizontal plane 35 m above the ground into the computational domain. The coordinates of the deposited firebrands were used to calculate their normalized number density (number of landed firebrands per unit surface area) to quantify their deposition pattern. On the leewardside of the block, an area, referred to as the safe zone, was identified right behind the structure where firebrands never deposit. The size of the safe zone in the direction perpendicular to the wind was nearly identical to the width of the structure. The length of the safe zone in the wind direction was proportional to the height of the structure. The leeward face of the blocks was never hit by a firebrand. The windward face was hit by many more firebrands than the lateral faces but much less than the top face. The distribution of the number density of the deposited firebrands on the top face was found to be correlated with the flow separation and reattachment on this face.
Keywords: firebrands, flow over a block, large eddy simulation, firebrand deposition, WUI fire, Lagrangian tracking
1 INTRODUCTION
A critical mechanism for the spread of large outdoor fires, e.g., wildland-urban interface (WUI) fires is spotting. Spotting is the creation of the secondary (spot) fires by firebrands that are generated by the primary fires. Firebrands can be lofted up into the atmosphere and carried away by the ambient wind to short/long distances (Tarifa et al., 1967; Sardoy et al., 2008). In the presence of strong ambient winds, firebrands can cross distances from a few 100 m to a few kilometers, thus capable of spreading fires over barriers such as rivers, lakes, hills, etc. Spotting is seen frequently in WUI fires and can burn down many WUI structures under extreme conditions such as an ember shower (Manzello, 2014). This motivated the present computational study with a focus on characterizing the deposition pattern of firebrands carried by the wind on top and in the vicinity of a structure shaped as a rectangular cuboid mounted on the ground. The computational configuration here can be considered as a simplified representation of a single isolated WUI structure.
There have been several studies on the role of firebrands in the spread of wildland and WUI fires. Manzello et al. (2007) performed experiments by burning two Douglas-fir trees with 2.6 and 5.2 m heights. They found that the generated firebrands were predominately cylindrical in shape with an average diameter of 3 mm and length of 40 mm for the shorter tree and 4 and 53 mm for the taller tree. Manzello et al. (2008) constructed an apparatus capable of generating glowing firebrands and used it to release firebrand in a wind tunnel. The firebrands released in the wind-tunnel at 9 m/s experienced a mass loss of 20–40% when compared to firebrands released in no wind condition. Tohidi and Kaye (2017b), Tohidi and Kaye (2017a) experimentally and computationally studied the lofting of firebrands in a wind tunnel where in addition to wind, a convective plume was included. They observed that for higher wind speeds, the change in the initial vertical velocity of the convective column did not affect the mean or standard deviation of the heights where the firebrands lofted or the distances they traveled to land. Yin et al. (2003), Oliveira et al. (2014) developed numerical models for the firebrand transport accounting for the drag, lift and gravitational forces and their effect on the rotation of firebrands to model both translational and rotational motions of cylindrical firebrands. To validate their model, Oliveira et al. (2014) performed computations and experiments for a cylindrical firebrand (balsa wood) falling from an elevated point under a no ambient flow condition. The influence of different formulations for the distance between center of pressure and center of mass of a cylindrical object in motion was explored in the modeling by Rayleigh (1876), Marchildon et al. (1964), Rosendahl (2000), Yin et al. (2003).
Anand et al. (2018) preformed simulations to investigate the deposition of cylindrical firebrands released in a turbulent wind environment from a fixed elevated point. They assumed for firebrands to retain their mass from release to landing. They reported a bivariate Gaussian function like distribution for the landed firebrand position with a larger variance in the streamwise direction, compared to the spanwise direction. Anand (2018) performed similar simulations while allowing firebrands to experience mass loss due to thermal degradation, taking into account the effect of burning. They observed that, firebrands with a higher mass density [image: image] experienced a higher mass loss, as compared to lower density [image: image] firebrands. The lower density firebrands cooled rapidly and reached ambient temperature before landing. On the other hand, the higher density firebrands retained more thermal energy while flying, thus had higher temperatures at landing. Song et al. (2017) performed wind tunnel experiments with disc-shape firebrands and showed the deposited firebrands had uni-modal distribution except for certain wind speed and firebrand conditions where they displayed a bimodal distribution.
Properties of the flow over a cubic obstacle mounted on the ground have been studied in the past (Murakami et al., 1987; Werner and Wengle, 1993; Lee and Bienkiewicz, 1997; Rodi, 1998). One of the earliest works is due to Murakami et al. (1987) who simulated a cube submerged in a boundary layer using large-eddy simulation (LES). Werner and Wengle (1993), Rodi (1998) computationally studied a cube mounted on a surface in a channel flow with a Reynolds number of [image: image] based on the velocity at the height of the cube. Werner and Wengle (1993), Rodi (1998) showed the existence of a horse-shoe vortex on the windward side of the cube and flow separation and reattachment on the top face of the cube. Rodi (1998), using different turbulence models, reported two counter rotating re-circulation region on the leeward side of the cube. Vortex shedding was observed originating from the lateral faces with a pair of re-circulation region closer to these faces. More recently, Richards et al. (2001) claimed the pressure coefficient on the surface of the cube is independent of the Reynolds number via a field test. Later in wind-tunnel experiments (Richards et al., 2007), they observed a drop in the pressure coefficient on the windward and leeward faces of the cube as the wind direction changed from [image: image] to [image: image] with respect to the windward face of the cube. Lim et al. (2009) performed experiments and simulations for a flow around a cube submerged in a turbulent atmospheric surface layer (ASL) and showed that the mean profiles of pressure coefficient and velocity components are independent of the Reynolds number.
The present work is a modeling study focused on deposition of firebrands in a flow over a cubic block representative of a structure in WUI. The flow is dealt with by LES while the deposition of firebrands is treated in the Lagrangian framework. In Section 2, modeling approaches are illustrated for both firebrands and the flow. In Section 3, results are presented with the model validation results included. Concluding remarks are made in Section 4.
2 MODELING APPROACHES
2.1 Firebrand Equations
The firebrand equations are expressed and solved in the Lagrangian framework. Firebrands are assumed to be cylinders with a large ratio of length to diameter, undergoing both translational and rotational motions (Yin et al., 2003; Oliveira et al., 2014; Anand et al., 2018) and thermal degradation as a result of pyrolysis and charring (Morvan and Dupuy, 2004; Anand, 2018).
2.1.1 Translational Motion
The position and velocity of the center of mass of the firebrand are denoted by [image: image] and [image: image], respectively, which are governed by
[image: image]
[image: image]
where [image: image] is the time derivative calculated in the Lagrangian framework. Eq. 2 is an expression of Newton’s second law where the forces are due to gravity combined with buoyancy [image: image], drag [image: image] and lift [image: image], which are calculated (Hoerner, 1965) by:
[image: image]
[image: image]
[image: image]
[image: image]
Here, [image: image] and [image: image] are the firebrand density, diameter, length, volume, mass and velocity relative to the flow at the center of mass of the particle, respectively. It is calculated by [image: image] where the first term indicates the flow velocity at the position of the center of mass of the firebrand. The drag coefficient [image: image] is calculated, using the particle Reynolds number [image: image] (Kelbaliyev, 2011), where ρgas is the density of air and α is the incidence angle between the relative velocity and the major axis of the cylindrical firebrand [image: image].
2.1.2 Rotational Motion
The rotational motion is described by the Euler rotation equation:
[image: image]
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where [image: image] are the moments of inertia with respect to the Cartesian frame of reference [image: image]-[image: image]-[image: image] attached to the cylindrical firebrand with the origin at the cylinder center and the z′ axis constituting the cylinder axis. The total torque is the addition of the torque [image: image] due to the hydrodynamic forces and the torque [image: image] (Oliveira et al., 2014) due to the frictional air resistance experienced by the firebrand
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Here, [image: image] is the radius of the firebrand, [image: image] is the half length and [image: image] is the distance between the center of pressure and the center of mass (Marchildon et al., 1964), and [image: image] is the transformation matrix expressed in terms of quaternions [image: image] and η (Yin et al., 2003):
[image: image]
Quaternions are governed by
[image: image]
The quaternions are correlated with Euler angles [image: image] through the following equations, which are used here to find initial values of the quaternions:
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2.1.3 Mass and Temperature
Heat is transfered from the firebrand to the surrounding gas through thermal radiation and convection. The firebrand undergoes thermal degradation and loses mass as a result of pyrolysis and char oxidation. To take this effect into account, the firebrand model assumes for the firebrand to be thermally thin (i.e. temperature throughout the firebrand is spatially uniform) with a mass governed by:
[image: image]
where [image: image] and [image: image] are the mass loss rates due to pyrolysis and char oxidation, respectively, which are modeled by the Arrhenius equation:
[image: image]
where [image: image] represents the mass of the solid constituent, namely [image: image] for the charring of the fuel and [image: image] for char oxidation, [image: image] is the pre-exponential factor, [image: image] is the temperature of the firebrand and [image: image] is the activation temperature where [image: image] is the activation energy. The pre-exponential factor and activation temperature for pyrolysis are [image: image], [image: image] (for Pinus) and for char oxidation are [image: image], [image: image] (Morvan and Dupuy, 2004; Sardoy et al., 2007; Anand, 2018).
The firebrand temperature is governed by
[image: image]
where [image: image] and [image: image] are the enthalpy of pyrolysis and char oxidation, respectively (Sardoy et al., 2007; Mell et al., 2009; Anand, 2018). Here, [image: image] and [image: image] are the rates of the convective and radiative heat transfer, respectively:
[image: image]
[image: image]
where A is the surface area of the firebrand, [image: image] is the ambient temperature, h is the heat transfer coefficient, σ is the Stefan-Boltzmann constant and ϵ is the emmisitivity of the firebrand set to 0.9. It is noted that for improved modeling of the mass loss and thermal energy, combustion models are needed in addition to the char oxidation representation here to more accurately represent the burning effect.
2.2 Computational Approach
Our group developed a model that handles the transport and burning of firebrands, according to Eqs. 1–26, in the framework of Fire Dynamic Simulator (FDS, version 6.7.0) (McGrattan et al., 2018). FDS is computational fluid dynamics (CFD) based software capable of modeling the fire dynamics while representing significant thermal, chemical and physical processes such as combustion, turbulence, radiation, etc. In the present study, only the fluid dynamical features of FDS are relevant. Turbulence is dealt with by LES in FDS with the default option of Deardoff model (Deardorff, 1980) set to represent the subgrid-scale (SGS) terms here. FDS uses Wall-Adapting Local Eddy-viscosity model (WALE) (Nicoud and Ducros, 1999) as the near-wall model by default. The firebrand equations are solved by a second-order Admas-Bashforth time integration method, as described by Anand et al. (2018) and Anand (2018). In computations, [image: image] defined in Section 2.1.1 is calculated via a trilinear interpolation of the flow velocities at cell faces to the location of center of mass of the firebrand. The coupling of firebrands to the flow solver is one-way, as the influence of firebrands on the flow is assumed negligible. The firebrands deposited on the solid surfaces, i.e., ground and faces of the block, are removed from the simulation after their deposition coordinates are recorded.
3 RESULTS AND DISCUSSION
3.1 Firebrand Model Validation
To validate the firebrand model, first, a firebrand drop test previously investigated both experimentally and computationally (Oliveira et al., 2014) was considered. The exercise involved a non-burning cylindrical firebrand made from balsa wood with diameter 10 mm and length 80 mm, which was released from the height 8.7 m in a no-wind condition. At the release point, the firebrand had zero velocities and made an angle of [image: image] with the vertical axis. The firebrand mass density was reported [image: image] = 215.5 kg/m3. Using the firebrand model illustrated in Section 2.1.1 and Section 2.1.2, the drop test was simulated here in a computational domain [image: image] (length [image: image] width [image: image] height). In lieu of Eq. 15 (Marchildon et al., 1964), other formulas (Table 1) have been also reported in the literature (Rayleigh, 1876; Rosendahl, 2000; Yin et al., 2003) for calculation of [image: image]. This motivated a sensitivity study of the model to these formulas to be a part of this validation exercise.
TABLE 1 | Landing time of a cylindrical firebrand released in a still air in the previous experiment and simulation (Oliveira et al., 2014), and present simulations using different formula for the center of pressure [image: image] (Rayleigh, 1876; Marchildon et al., 1964; Rosendahl, 2000; Yin et al., 2003).
[image: Table 1]Table 1 tabulates the landing times calculated in the current study using various [image: image] formulas and compares them against those obtained in the modeling and measurement of Oliveira et al. (2014). Corresponding trajectories of the firebrand from release to landing are shown in Figure 1. Both table and figure suggest the significance of the [image: image] formula in the firebrand landing time and trajectory. Discussed by Oliveira et al. (2014) was the notable difference between the amplitudes of the trajectory oscillation in their model (panel E in Figure 1) and their measurement (panel F). They additionally argued that this difference was correlated with the difference between their corresponding calculated and measured landing times, as tabulated in Table 1. On the other hand, Figure 1 suggests that the amplitude obtained in the current simulations, regardless of the formula used [image: image], was significantly more consistent with the experimental data of Oliveira et al. (2014). When the [image: image] formulas of Rayleigh (1876) (panel A) and Marchildon et al. (1964) (panel B) were used, the amplitudes of the trajectories were slightly larger than those observed in the experiment and accordingly, the calculated landing times were slightly smaller than the measured landing time. When the formula of Rosendahl (2000) (panel C) was used, the calculated amplitude seemed to be more consistent with the amplitude in the experiment. However, the calculated landing time was greater than the measured landing time by a larger amount. When the formula of Yin et al. (2003) (panel D) was used in the calculations, the resulting amplitude was larger than both the measured amplitude and the amplitude measured by other formals. However, the landing time was closer to the measured landing time.
[image: Figure 1]FIGURE 1 | Trajectory of a cylindrical particle released in still air condition in the present simulations using center of pressure formulation of (A)Rayleigh (1876); (B)Marchildon et al. (1964); (C)Rosendahl (2000); (D)Yin et al. (2003); (E)Oliveira et al. (2014); and (F) the experiment of Oliveira et al. (2014).
3.2 Flow Model Validation
The flow model used here was first validated against the previous experimental and modeling data obtained in a wind tunnel for a flow over a cubic block (Lim et al., 2009). The test section of the wind tunnel had dimensions of [image: image] (length, width and height, respectively) with a cube of height of 0.08 m situated 2.36 m from the inlet of the tunnel. Figure 2 displays the computational domain [image: image] with a gird resolution of [image: image] and the cube with height 0.08 m. The computational configuration and resolution here are consistent with the simulation of Lim et al. (2009). A power law profile was set as the inlet boundary condition with a power law exponent of 0.18. Consistent with the simulation of Lim et al. (2009), a Reynolds number of [image: image], where h is a reference length identical to the cube height and [image: image] is the reference velocity at the inlet at the vertical location [image: image]. It is noted that Lim et al. (2009) reported that they conducted their experiments for Reynolds numbers in the range between [image: image] and [image: image] but did not find the mean and variance of measured velocities to significantly change at this range of Reynolds numbers. The lateral and top boundaries were set to be free slip and the outflow boundary condition was set to be open. At the inlet, turbulence with the intensity of 5% was introduced. Flow turbulence was dealt with by LES with the Deardoff SGS (Deardorff, 1980) and near-wall models, as discussed in Section 2.2. However, the simulations were repeated with other SGS models including constant Smagorinsky (Smagorinsky, 1963), dynamic Smagorinsky (Germano et al., 1991; Moin et al., 1991), Vreman (Vreman, 2004) and RNG (Yakhot et al., 1989) available in FDS. It was determined that the results were negligibly sensitive to the SGS models. Hence, only the results of the Deardoff model are presented here.
[image: Figure 2]FIGURE 2 | Computational domain [image: image] for the cube height, [image: image] with a grid resolution of [image: image] used in the model validation against the experimental data of Lim et al. (2009). The axial centerline (solid line) at [image: image] and the transverse centerline (dashed line) at [image: image] are shown.
Figure 3 shows the mean velocity streamlines at a slice [image: image] and [image: image] obtained from present simulations. This figure shows the key flow structures around the cube, viz. the center of the horseshoe vortex, the flow separation and reattachment on the top and lateral faces, flow reattachment on the leeward side of the cube, the two counter rotating re-circulation region and the stagnation point of the windward face of the cube. Table 2 compares the locations of these points of interest obtained in the current study with those obtained in the simulation of Lim et al. (2009). The center of the horseshoe vortex obtained here is a little further away from the windward face of the cube when compared to the previous simulation (Lim et al., 2009). On the other hand, the locations of the stagnation point on the windward face of the cube, the reattachment length on the top face of the cube and the reattachment length on the leeward side of the cube obtained here closely match those in the simulation of Lim et al. (2009), as seen in Table 2.
[image: Figure 3]FIGURE 3 | Mean velocity streamlines at (A) slice [image: image]; and (B) slice [image: image] of the flow over [image: image] cube at [image: image] in the flow model validation study.
TABLE 2 | The locations of the center of the horseshoe vortex (HSV) [image: image]; the stagnation point on the windward face [image: image]; the flow reattachment point on the top face [image: image] and the flow reattachment point on the leeward side of the structure [image: image] in the previous (Lim et al., 2009) and current simulations in the flow model validation study.
[image: Table 2]Figure 4 shows the pressure coefficient [image: image] on the axial (i.e. [image: image] = 0) and transverse (i.e. [image: image] = 0.5) center-lines on the faces of the block as indicated in Figure 2. As could be seen Figure 4, the pressure coefficient calculated here for the top face of the cube compares very well against the experimental and simulation data of Lim et al. (2009). The agreement between the current simulation and the previous works for this coefficient is reasonable for the rest of the faces. The experimental data of Richards et al. (2001) is also shown here for a comparison albeit they were obtained for a different Reynolds number of [image: image]. The profile in Figure 4A shows the largest positive pressure on the windward face of the cube closer to the leading edge which is a result of the cube blocking the flow. On the top face, the largest negative pressure right after the leading edge is associated with the flow separation at the leading edge which is followed pressure recovery corresponding to the flow reattachment.
[image: Figure 4]FIGURE 4 | Pressure coefficient on the surface of the cube in the flow validation study; (A) the axial centerline where [image: image]; and (B) the transverse centreline where [image: image] in the experiments of Lim et al. (2009) ([image: image]) and Richards et al. (2001) (+), the simulations of Lim et al. (2009) (dotted line) and the present computational study (solid line).
In Figure 5, the mean streamwise and vertical velocities are plotted vs. z on the axial centerline of the top face of the block at various x’s. The agreement between the current simulation and the previous experiment and simulation (Lim et al., 2009) is very good. The change of the velocity profile in the x direction is attributed to the flow separation on the top face.
[image: Figure 5]FIGURE 5 | Profiles of (A) the streamwise mean velocity; and (B) the vertical mean velocity in the flow model validation study; the experiment (blue dashed-dotted line), and simulation (red dashed line) of Lim et al. (2009) and the present simulation (solid line).
Figure 6 shows the profiles of the root mean square (rms) of the streamwise and vertical velocities as well as the Reynolds shear stress at various x’s on the axial center-line of the top face of the block. As could be seen in Figures 6A,B, the current simulation substantially over-predicts the rms values obtained in the previous experiments and the simulation (Lim et al., 2009). On the other hand, the Reynolds shear stress in the simulation is in reasonably good agreement with the previous experimental and simulation data.
[image: Figure 6]FIGURE 6 | Profiles of (A) the streamwise velocity rms; (B) the vertical velocity rms; and (C) Reynolds shear stress [image: image] in flow model validation study; the experiment (blue dashed-dotted line) and simulation (red dashed line) of Lim et al. (2009), and the present simulation (solid line).
3.3 Firebrand Deposition in the Flow Over a Single Structure
Figure 7 shows the computational configuration used in the simulation of firebrand deposition in a flow over a single cubic structure. The length, width and height of the structure are indicated by L, W and H, which are its dimensions in the x, y and z directions, respectively. Simulations were carried out for structures with various lengths, widths and heights. The domain size is [image: image] in the x, y and z directions, respectively. The domain is divided into two sub-domains with a finer gird ([image: image]) between heights 0–12 m and a coarse grid ([image: image]) between heights 12–36 m. The inlet flow velocity was specified by a power law with an exponent of 0.18 with a velocity of [image: image] at a reference height h = 3 m which resulted in [image: image]. The turbulent intensity at the inlet was set to 20%. This inlet boundary condition is an approximate representation of a neutrally stable ASL. The modeling approaches such as SGS turbulent closure model and the near-wall models are the same described in Section 3.2. The dimension and velocity scales the structures are selected here to be relevant to WUI.
[image: Figure 7]FIGURE 7 | Computational configuration in the firebrand deposition study with a structure [image: image]. The horizontal plane located at [image: image] is where the firebrands are released from.
The firebrands were released every second from positions with coordinates randomly selected with a uniform distribution from a horizontal plane passing [image: image], as shown in Figure 7, after the flow reached a statistically stationary state. At the release points, firebrands had a zero velocity with the orientation of [image: image] with respect to the vertical axis and the initial firebrand temperature [image: image]. The initial firebrand mass density was 570 kg/m3, and the firebrand diameter and length of 3 mm and 40 mm, respectively (Manzello et al., 2007). Considering the flow and firebrand release conditions, the simulations here will be relevant to long range spotting. The random initial distribution of firebrands is to account for the uncertainty of the firebrand release point.
To quantify the spatial distribution of the firebrands deposited on the ground and the top face of the block, a criterion proposed by Anand et al. (2018) with the following function, was used:
[image: image]
where n is the total number of the deposited firebrands, and [image: image] is the kernel function with [image: image] satisfying the normalization condition [image: image]. Here, B is the bandwidth, which set to [image: image] in this study, and [image: image] and [image: image] are the landing co-ordinates of the firebrand number i. In the simulation, [image: image] firebrands were deposited. The reason for release of many firebrands is to generate enough samples for the statistical description of the deposition location of firebrands. A Gaussian function was selected as the kernel function MathWorks (2019a) here. It is noted that [image: image] defined in Eq. 27 indicates the normalized number density (NND) of deposited firebrands, where the number density is defined as the number of firebrands deposited per unit area.
Figure 8 shows the mean velocity streamlines superimposed on the contour plots of mean velocity magnitude on the slice [image: image] for varying structure sizes (panels B–H) and no structure (panel A). The streamline features here, when there is a structure, overall resemble the ones seen in Figure 3A, which is for a low Reynolds number. However, the details of these features are different for various displayed cases. In the group of structures (panels C, E, F) with fixed lengths and heights but varying widths, the horseshoe vortex and the length of the wake on the leeward side of the structure increases in size with the increase of the width. It can also be seen that the flow accelerates above the leading edge of the structure. This acceleration in the flow is more prominent for a group of structures (panels B,C,D) with fixed lengths and widths but varying heights, as the height of the structure increases. The length of the wake on the leeward side of the structure decreases slightly as the length of the structure increases as seen in the group of structures (panels C,G,H).
[image: Figure 8]FIGURE 8 | Mean velocity streamlines superimposed on the contour plots of mean velocity magnitude at slice [image: image](A) with no structure; and with structure with (B)L = W = H = 3 m; (C)L = W = 3 m, H = 6 m; (D)L = W = 3 m, H = 9 m; (E)L = 3 m, W = H = 6 m; (F)L = 3 m, W = 9 m, H = 6 m; (G)L = H = 6 m, W = 3 m; (H)L = 9 m, W = 3 m, H = 6 m.
Figure 9 shows a top view of the contour plots of NND of the deposited firebrands for cases displayed in Figure 8. As seen in this figure, there is a region of very low NND on the leeward side in panels with structures. Examining the scattered deposited particle data revealed that no firebrands were deposited on this region. This region is hereby referred to as the safe zone. The safe zone is approximately shaped like a rectangle with a length [image: image] and a width [image: image] (in the spanwise direction), which is almost identical to the width of the structure W. The length [image: image] is calculated as the distance from the leeward face of the structure to where the NND is [image: image]. As seen in Figure 9, the safe zone length is larger for the structures with larger heights. Figure 10 displays [image: image] vs. H and indicates that for every 3 m increase of the structure height, the safe zone length increases roughly by one meter. The change in width W or length L of the structure barely affected the length of the safe zone. The simulation of the structure size [image: image] was repeated with a grid size twice larger in each direction and it was found that [image: image] decreased less than 6%.
[image: Figure 9]FIGURE 9 | Contour plots of normalized number density of the deposited firebrands on the ground (A) with no structure; top face and the ground around single structures with (B)L = W = H = 3 m; (C)L = W = 3 m, H = 6 m; (D)L = W = 3 m, H = 9 m; (E)L = 3 m, W = H = 6 m; (F)L = 3 m, W = 9 m, H = 6 m; (G)L = H = 6 m, W = 3 m; (H)L = 9 m, W = 3 m, H = 6 m.
[image: Figure 10]FIGURE 10 | Length of the region with no deposited firebrands vs. structure height for L = W = 3 m.
Figures 11A–C shows the NND of deposited firebrands vs. x at [image: image] and Figures 11E,F plots it against y at [image: image] for various structure sizes and the case with no structure. Seen in Figures 11A–C, are distinct troughs in cases with a structure, which correspond to the safe zones. It is also seen in these panels that NND overall decreases from the leading to the trailing edge on top of the structures. This feature is associated with the flow separation that occurs on top faces of the block, which is visible in Figure 8. It is seen in Figures 8G,H, which are for the blocks with longer lengths, this separated flow reattaches. It is believed that this reattachment gives rise to the local peaks of NND on the top face of the structure which are more pronounced for [image: image] and 9 m in Figure 11C. This could be a result of some firebrands gaining momentum from the accelerated flow above the leading edge of the structure (Figure 8) and depositing closer to its trailing edge. The curves of the cases with structures in Figures 11D–F show that the NND on top faces overall has smaller values compared to the neighboring areas on the ground. Figures 11A,D shows that an increase in the height of the structure results in a slightly higher NND on the top face of the structure.
[image: Figure 11]FIGURE 11 | Normalized number density of deposited firebrands vs. x at [image: image] on the left panels and vs. y at [image: image] on the right panels for (A,D)L = W = 3 m; (B,E)H = 6 m and L = 3 m; and (C,F)H = 6 m and W = 3 m.
Table 3 shows the number of firebrands deposited and their temperatures on the top, front and lateral faces of the structure. In none of the cases, a firebrand was deposited on the back face of the structure. This table shows that in the cases with varying height but the same width and length, the number of firebrands deposited on the top face and their average temperature increase with an increasing height. The reason for this average temperature increase is that overall as firebrands descend, their temperatures drop. Figure 12 shows the exact location and temperature of each deposited firebrand on all faces of one of the considered structures but the leeward face. As noted earlier, the leeward face did not receive any firebrands in any of the cases. As evident in this figure, the temperature of the firebrands deposited on the windward face decrease with the decrease of z. A triangular like region with no firebrands on either lateral face of the block is noticeable.
TABLE 3 | Number and average temperature (K) of firebrands deposited on the top, front and lateral faces of the structure.
[image: Table 3][image: Figure 12]FIGURE 12 | Location and temperature of the firebrands deposited on the faces of the structure with length and width of 3 m and height of 6 m. Dots indicate the positions of the deposited firebrands on the block faces. The leeward face is not shown since no firebrands are deposited on it. The rectangles with the smallest number of dots are the lateral faces. The square between these two faces is the top face. The rectangle on the left of the top face is the windward face.
4 SUMMARY AND CONCLUSION
A model was developed for simulation of cylindrical firebrand motion and burning in the FDS computational framework. The model was validated against the previous experimental and computational data (Oliveira et al., 2014) for a firebrand falling in a no-wind condition. The current model showed better agreement with the experimental data than the previous computational model. In addition, the previous experimental and CFD data (Lim et al., 2009) for a flow over a mounted 0.08 m height cube in a wind tunnel was used to validate FDS for simulation of flows over obstacles. The pressure coefficients in the simulation was in relatively good agreement with the experimental data. The mean velocity profiles in the streamwise and vertical directions as well as the Reynolds shear stress in the simulation closely matched the experimental data. On the other hand, the simulation substantially over-predicted the measured rms of the velocities in the streamwise and vertical directions. The developed firebrand model then used with FDS to simulate the deposition of firebrands carried by a flow over a rectangular cubic structure, as a representative of a single structure in an open domain. The Reynolds number in the deposition study was an order of magnitude larger than that in the validation study. A parametric study was conducted where heights, widths and lengths were varied from 3 to 9 m. It revealed an area on the leeward side of the structure on the ground where no firebrands were deposited. This area was refereed to as the safe zone. The width of the zone was the same as the width of the structure (the dimension of the structure in the spanwise direction). The length of this zone in the streamwise direction was proportional to the height of the structure. No firebrand was deposited on the leeward face of the structure regardless of the size of the structure. The NND on the top face of the structure increases slightly with its height. For structures with longer lengths, the NND dropped near the leading edge and rose back again toward the trailing edge of the structure. This effect was attributed to the flow accelerating above the leading edge of the structure thus imparting extra momentum onto the firebrands and carrying them farther away.
Shapes of the structures considered here were simple but fundamental. Understanding the problem in fundamental setups seems an essential first step but considerations should be given to shapes representing more realistic structures. Realistic structures can significantly change from one to another in shape while involving additional geometric parameters, which can hinder the interpretation of the results. It is noted that the dimensions chosen for the structures here ranged from 3 to 9 m which are relevant to the overall dimensions of realistic small structures, e.g., houses. Future work should include sensitivity studies of the wind speed and direction. It should also include heat flux transferred from the deposited firebrands because of its consequence on ignition of the recipient fuel. Calculations of this flux require additional models to represent this phenomenon.
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Source terms of the number of firebrands released as trees/shrubs torch are essential for helping to more accurately implement detailed physics-based models of wildfire propagation, particularly when torching occurs. A key challenge in estimating these source terms is the difficulty in measuring firebrand generation rates from the source. Typical studies have reported generation characteristics (firebrands/m2), but enumeration of the total number of firebrands released has remained elusive. Recently, a fire-resistant fabric was successfully employed to quantify “hot” firebrands (i.e., can potentially lead to further fire spread) generated during tree-scale burns. In this paper, a total of 71 tree/shrubs were burned to quantify hot firebrand production statistics for Douglas-fir, ponderosa pine, and sagebrush. A network of 65 fire-resistant fabric stations were deployed during the burns to measure the “hot” firebrands that are released. These stations are placed strategically at several radii and angles in the prominent wind direction. Using the number of firebrands determined from the fabric, a first-order extrapolation method was developed and evaluated to estimate the source terms (i.e., total number of hot firebrands released). Variation in the firebrand production with the height of the trees and for three species is reported. The total number of hot firebrands produced typically increased with the height of the tree/shrub burned as expected. The specific hot firebrand production (firebrands produced per kg dry mass burned) is exponentially dependent on the moisture content of the tree and had an inconclusive correlation with the height of the trees. Overall, for trees of comparable moisture content, sagebrush produced higher specific hot firebrands when compared to ponderosa pine and Douglas-fir species.

Keywords: firebrand, generation, Douglas-fir, spot fires, wildfire, sagebrush, ponderosa pine, wildland urban interface


INTRODUCTION

A major cause of the spread of wildfires into the wildland urban interface (WUI) are spot fires caused by firebrands. Firebrands are pieces of burning material (e.g., cones, branches, structural components) that are released from the main fire. One study estimated that, in some situations, 75% of structures burn because of exposure to firebrands and radiative heat transfer (Fernandez-Pello, 2017). The threat of fires caused by firebrands can be a particularly challenging because firebrands can be transported a long distance (e.g., kilometers), thus bypassing barriers that may stop the main fire front (e.g., rivers, roads, and green spaces).

Four processes lead to spot fires: generation of firebrands, transport and deposition of firebrands, and subsequent ignition of recipient fuel bed (Manzello et al., 2020). Understanding characteristics associated with each of these processes is important for developing strategies or tools to help reduce the risk of spot fires, near the WUI. Knowledge gained regarding the processes leading to spot fires can be used to improve reduced-order and detailed physics models [e.g., FDS, WFDS, and FIRETEC (Linn et al., 2002; Jolly et al., 2016; Anand et al., 2017; Shotorban et al., 2018)]. In turn these models can be applied to better understand how to apply resources (Monedero et al., 2019), or to develop codes and standards which reduce the risk of spread of fire to the WUI.

Several studies, across multiple-scales have considered firebrand generation characteristics for building materials (Suzuki et al., 2012, 2013, 2014, 2015; Suzuki and Manzello, 2016; Hedayati, 2018) and vegetation (Manzello et al., 2006, 2007a, 2009; Benkoussas et al., 2007; Filkov et al., 2017) as part of efforts to understand processes that lead to spot fires. For example, Thomas et al. (2017) measured the time-resolved flux of firebrands onto pans of water during prescribed burns. The higher the heat release the greater the firebrand flux, in general. Studies by Manzello et al. (2007a) and Hudson et al. (2020) have shown sensitivities of firebrand characteristics to the species of tree or burning conditions. The firebrands with the largest mass from vegetation typically came from larger trees, showing a sensitivity of generation characteristics to the size and/or age of the tree (Manzello et al., 2007a). In related studies, the sizes of firebrands generated have been reported for two species of trees with similar heights. Korean pine provided firebrands that were shorter, but with a larger diameter than corresponding firebrands generated from Douglas-fir trees with similar heights (Manzello et al., 2007a,b).

Additionally, differentiating between firebrands which can cause ignition (i.e., have sufficient temperature and mass) and those which do not has been a problem of interest. The water tray method provides an estimation of the total number of firebrands, both those which can and cannot lead to spot fires. Several researchers have tried to quantify the number of “hot” firebrands that are produced from a fire. To this end, researchers have used the sizes and number of holes in trampoline mats near fires to evaluate the characteristics of “hot” firebrands (Rissel and Ridenour, 2013; Manzello and Foote, 2014). Recently, “hot” firebrands produced during tree-scale burns were estimated using char marks on a fire-resistant fabric and compared with the total number of firebrands produced using the water tray method (Hudson et al., 2020). A characterization of the fire-resistant fabric carried out by Adusumilli et al. (2020) indicated that the firebrands leaving char marks on the fabric would have a temperature of at least 300°C. The characteristics of the “hot” firebrands were found to be quite different compared to the total number of firebrands collected during experiments (Manzello et al., 2007a, 2020; Hudson et al., 2020). Since “hot” firebrands have a higher probability of causing spot fires, enumerating the production of these specific firebrands is of high priority.

One of the challenges to the fire community has been understanding how to link results from studies of firebrand generation characteristics, like those described above, to support models and/or fire decision makers. For example, firebrand generation characteristics have been measured based on firebrand fluxes or distributions at particular locations (Filkov et al., 2017; Thomas et al., 2017; Hudson et al., 2020). Yet a method for applying measured firebrand fluxes as boundary conditions in models is not clear, nor is it clear how the knowledge about the number of firebrands generated can be used to inform fire responders. To aid in such understanding, measurements or estimates of the total number of firebrands released are needed.

With this background, the objectives of this work are 3-fold. First, establish and evaluate a methodology for estimating the total number of “hot” firebrands that are released as trees/shrubs are burned. In turn, scale the results to provide specific source terms (i.e., “hot” firebrands released/kg of fuel consumed) that could potentially be used as source terms in models (Linn et al., 2002; Jolly et al., 2016; Anand et al., 2017; Shotorban et al., 2018). Second, apply this methodology to characterize how firebrand generation characteristics change as different species of trees burn. Third, assess the limitations in scaling of the source terms as the size of the tree/fuel are varied. By addressing these objectives, the following specific contributions can be derived of this work.

1) Source terms for firebrand generation (i.e., firebrands produced/kg-fuel consumed) can be used in both reduced-order and detailed physics based models examining wildfire propagation.

2) Sensitivities of measured source terms to fuel conditions (e.g., size of trees) are assessed. This information can be used to better understand how measured source terms are expected to scale as the number and size of trees are varied.

3) Establishing a methodology that can be used by the wider research community to further identity source terms for varying fuels and fire conditions relevant to wildfires and WUI communities.

To help achieve these objectives a total of 71 trees/shrubs were burned to understand “hot” firebrand production rates for 3 species of trees/shrubs. To measure the hot firebrand generation rates, a network of 65 fire-resistant fabric stations were deployed during the burns. These stations are placed strategically at several radii and angles in the prominent wind direction. Hot firebrands leave char marks on the fabric, as discussed later. Prior work has shown notable differences in the total number of firebrands released and hot firebrands (Hudson et al., 2020); only the results for hot firebrands are reported because of their potential to cause ignition during fires. For the remainder of this paper “hot” firebrands are described as firebrands.



APPROACH

The approach to quantify the firebrands generated from tree-scale burns expands upon the approach detailed by Hudson et al. (2020). In this effort, tree-scale burns of three species (Douglas-fir, ponderosa pine and sagebrush) of varying heights between 1.4 and 6.2 m were conducted. The measurement approach along with details regarding processes used to characterize the experiment (i.e., moisture content, wind speed measurements etc.) are provided in this section.


Experimental Arrangement

Figure 1A shows the experimental arrangement, with a 6 m tall Douglas-fir tree being torched. The torching of the tree is achieved by lighting a 10 kg wheat straw bed at one end and allowing the flames to progress toward the tree. The typical dimensions of the fuel bed were on average 2.2 m in length, 1.3 m in width, and 0.3 m in depth. The straw bed was arranged at an inclination to provide a ladder fuel effect resulting in taller flames that could better ignite the trees. In the foreground of Figure 1A several fire-resistant fabric stations can be observed. The fire-resistant fabrics were arranged in a semi-circle format in the prominent wind-direction. The fabric was used to collect firebrands; the resulting char marks were used to quantify the number of hot firebrands. Prior work suggests that only firebrands with surface temperatures >300°C leave char marks (Adusumilli et al., 2020). Figure 1B shows a map of the locations of the fabric. Each firebrand collection station consisted of a sheet of fabric, typically 40 by 41 cm squares, mounted to a wooden frame. The stations were in five concentric semicircle bands. The first band contained five stations positioned 45° apart along a 1.5 m radius arc. The second contained nine stations positioned 22.5° apart along a 3 m radius arc. The third, fourth, and fifth bands each contained seventeen stations positioned 11.25° apart and had radii of 4.5, 6, and 7.5 m, respectively. A key improvement of this work compared to the work of Hudson et al. (2020) was the expansion of the number of fabric stations from 15 to 65. The number of fabric stations at a radius was increased as the distance from the tree was increased in an effort better to capture the spread of the firebrands. All firebrands generated from a burn are assumed to fall in this semicircular region; while some firebrands might fall beyond this region their number is considered minimal based on where firebrands are observed (i.e., relatively few along the edges). The fabric was collected as needed after the completion of a burn and subsequently analyzed, as discussed later. Wind speeds and directions were recorded using an anemometer (OnSet S-WSA-M003) and are reported.


[image: Figure 1]
FIGURE 1. (A) Torching ~6 m tall Douglas-fir tree (details about this particular burn are given in Table A.1, test number 17) with fire-resistant fabric stations setup to collect “hot” firebrands. (B) Location map of the 65 fire-resistant fabric stations, with the tree location at (0, 0). Shown are selected station numbers to indicate the numbering scheme.


Typically, seven or more trees were burned for each species at a particular height. Burning of the trees was influenced by the flammability of the tree, the spacing of the branches, and the proximity of the flames from the ladder fuel to the foliage. As a result of all these factors, some of the trees torched completely while others did not. Similar variations in the torching characteristics are expected during wildfires. Variability in the burning of the trees/shrubs is considered by normalizing the results by the mass of fuel consumed by the fires. The tree's height along the trunk, maximum width, and diameter at breast height (DBH measured at 1.4 m from base) were measured and reported. As sagebrush lacked a defined trunk, the maximum discernable height is measured rather than height along the trunk. For similar reasons the DBH for these trees was also not measured. The tree's pre-burn and post-burn mass was measured using a scale. Average measurements characterizing the trees/shrub are provided in Tables 1–3 for Douglas-fir, ponderosa pine, and sagebrush (respectively). The ladder fuel was burned three times without a tree to evaluate the char mark production from the ladder fuel. No char marks were observed on the fire-resistant fabric from these tests, indicating that all char marks observed during tree burns come from the firebrands produced by the trees.


Table 1. Measurements corresponding to representative average trees for Douglas-fir species.

[image: Table 1]


Table 2. Measurements corresponding to representative average trees for ponderosa pine species.
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Table 3. Measurements corresponding to representative average trees for sagebrush species.
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Data Collection and Analysis

The firebrand collection stations were inspected and potentially replaced following each test. Initially, a station was replaced after a burn if char marks were present. In the second phase of testing, only stations with sufficient char marks to warrant concern about overlap between marks were removed. Pictures of the sheets of fabric were collected using a Canon EOS Rebel T3i camera (18-megapixel). The images were subsequently used to determine the number of firebrands. An exposure time of 0.008 s and an 18–55 mm lens were used. A studio lighting arrangement was used to ensure that the fabric was illuminated uniformly and that the contrast between the fabric and char marks can be clearly observed. Figure 2A shows the example of a fire-resistant fabric with char marks from firebrands. The spatial resolution for these images was 0.016 cm/pixel.


[image: Figure 2]
FIGURE 2. (A) Raw image of a fire-resistant fabric showing char marks captured from a tree burn. (B) Corresponding binarized image to enumerate the number of char marks on the fabric.


A computer algorithm written in MATLAB R2019b (MathWorks Inc., Natick, MA) (The MathWorks Inc., 2018) was used to process the images and extract firebrand characteristics. First, the zone outside the data collection region was cropped out and converted into a separate greyscale image. The greyscale image was converted to a binary image with the imbinarize function at a threshold of 0.4. This designated sufficiently dark pixels (i.e., the char marks) as one and left the rest as zero (example shown Figure 2B). Finally, the script used the distance to pixel ratio to measure the cropped image area and counted the number of char marks. Once the number of char marks was counted, the char mark area density was determined as the number of char marks divided by the area of the fabric. This process was repeated for fabric collected at every station, and an example representation of the processed data is shown in Figure 3. The data shown here is for a single tree burn; note that firebrands do not reach all the stations due to the transport characteristics. The number of firebrands at locations near the tree are significantly higher than the firebrands at locations farthest from the tree, consistent with the work by Hudson et al. (2020).


[image: Figure 3]
FIGURE 3. An example of char mark area density variation with the location of fabric stations where char marks were detected for a 4.4 m tall Douglas-fir tree.




Fabric Characterization

To characterize the temperature response of the fire-resistant fabric used in these experiments, the experimental approach described by Adusumilli et al. (2020) was employed. Briefly, a cartridge heater at a known temperature was used to form a char mark on a sample of the fire-resistant fabric. The heater and fabric were in contact for several durations of time. Once the char marks were formed, the samples were imaged and analyzed using the same algorithm described before. There were two different fire-resistant fabrics employed during these tests. For Douglas-fir trees material A (Roc-Lon Cotton Lining Fabric, from Jo-Ann Fabrics, item no. 1144484) was used, whereas for ponderosa pine and sagebrush material B (Roc-Lon Cotton Lining Fabric, from Jo-Ann Fabrics, item no. 1144492) was employed. Ideally, the material would remain constant between species of trees but due to a shortage of material A, material B was chosen. Both materials conform to the National Fire Protection Association 701 standard for fire-resistant fabrics, are 100% cotton, and are ~1 mm thick. The characterization of these fabrics became even more prudent with the need to change materials during testing.

Figure 4 shows the normalized char mark area variation with the cartridge heater power, temperature, and exposure time. This information is useful for understanding how the materials char when exposed to elevated temperatures (e.g., firebrand or heater). The exponential curve-fit for the data of both materials overlap, indicating that the char mark response of both materials is the same. This is expected as both these materials are made of 100% cotton and use the same fire retardant. Table 4 shows a comparison of coefficients of the curve fit when compared to values for material A tested using similar apparatus by Adusumilli et al. (2020). The maximum difference between the coefficient values is ~11%, which could be attributed to differences in experimental conditions. Adusumilli et al. (2020) established that material A would only form char marks if a firebrand had a temperature greater than roughly 300°C. Since both the materials have similar responses to heat exposure the minimum char mark formation temperature would also be 300°C for material B. As a result of the analysis just described, both types of fabric are considered to have equivalent responses to firebrands.


[image: Figure 4]
FIGURE 4. Demonstration of the curve fit between normalized char mark area, cartridge heater power input, temperature, and exposure time for both material A and B.



Table 4. Coefficients of the curve fit between normalized char mark area, heater power, temperature of the heater, and the time of exposure.
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Moisture Content Measurement

Moisture content (MC) of the tree was measured using samples collected from the trees before a burn. The samples were collected from random locations of the tree to provide an accurate representation of the tree. In general, the firebrands observed on the fabric were needles or leaves from the trees. Certainly branches, bark, and cones can be firebrands during wildfires, however they were not observed in this study. The MC of the trees was estimated from the fine foliage (i.e., what formed firebrands). These samples were dried in an oven at ~105°C (Matthews, 2010) until the mass of the samples did not change, this drying method typically took 4 days to complete. The temperature of the oven was chosen to vaporize the moisture in the samples, but not cause pyrolysis. The MC percentage on a dry basis in the sample was calculated using the following relation (MacLean, 1952; Eckelman, 1997):
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In general, the MC value was below 100% for all the trees burned. Trees were allowed to dry before burning to increase their propensity for torching, making the trees under consideration to be drier than those that would be found in forests (live trees). This step was necessary as the current ladder fuel's heat is insufficient to torch live trees. The results from this work are expected to be conservative in the number of hot firebrands produced (i.e., a larger number) than live fuels because of the lower moisture content. This assumption requires further investigation. Since this drying is natural and happens over a few days, we can assume that the dehydration occurs due to loss of moisture. Any loss in volatility of the trees is minimal and is not measured in this study. The amount of moisture in trees varied from species to species as the duration the trees were left out to dry differed. Figure 5 shows the measured MC for all the trees burned during the current tests. The average MC values for representative trees (using 7–8 trees of similar height) are given in Tables 1–3 for Douglas-fir, ponderosa pine, and sagebrush, respectively. On average the Douglas-fir trees were the driest followed by ponderosa pine trees. The sagebrush had the highest moisture content despite being left out to dry for a similar number of days to the Douglas-fir trees (14–20 days). The Douglas-fir trees were tested during a drier climate (May to June) when compared to the sagebrush tests (October to November). The dry mass (Md) was measured using the relationship given in Equation (2). All mass values reported in the table are of the actual mass measured, and Md was calculated from the MC value reported as needed.


[image: Figure 5]
FIGURE 5. Moisture content of three different species of trees/shrubs burned during this study.




Wind Speed and Direction Measurements

The burns were conducted at an outdoor testing site because of the size of the trees and fires. To monitor the wind conditions a wind speed and direction smart sensor (OnSet S-WSA-M003) was deployed. This sensor works in association with a HOBO® Station logger to record the wind speed and direction. The accuracy of this sensor is ±1.1 m/s and ±5° for speed and direction, respectively. The resolution is 0.38 m/s and 1.4° for speed and direction, respectively. The starting threshold for the instrument is 1 m/s and the logging interval is 30 s. The wind speed reported is the average wind speed over the logging interval measured at a rate of 1 Hz, the gust speed is reported as the highest 3-s gust during the logging interval and the wind direction is logged as the vector average of wind direction measured every 3 s of the logging interval. The average wind speed and direction measurements (using 7–9 trees of similar height) are given in Tables 1–3 for Douglas-fir, ponderosa pine, and sagebrush, respectively. For measurements of each individual test, refer to the tables provided in the Appendix.

In general, the average wind speed was <1 m/s; these relatively low values were deliberate as burns were not conducted when it was windier. The maximum wind gust recorded was 4.8 m/s (for sagebrush), but the median value was 2.3 m/s. Anecdotally, the sagebrush measurements were gustier than the tests for Douglas-fir and ponderosa pine due to the difference in the season (i.e., fall instead of spring).

The wind direction provided here is the angle from the x-axis in the counterclockwise direction. Figure 6 shows the average wind direction of average trees for all the species under consideration. The average wind direction was between 0 and 180° which was the region where fire-resistant fabric stations were located. Although the average lies in this region, individual tests did sometimes have wind direction away from the region of interest indicating some of the firebrands might have been carried away from the region of interest. This would bias the measurements low. The error bars shown in Figure 6 display this possibility as the boundary of one standard deviation values lies beyond 180° for some of the tests. But the wind direction measurements have a drawback in that the sensor starting threshold was 1 m/s and the average wind speed was <1 m/s so sometimes the logger could record a false wind direction for the lowest wind speeds. Considering the relatively low wind speeds, and the number of tests conducted for each tree/shrub condition, the influence of wind on the average results is expected to be relatively minor. Despite the inability to control the wind due to outdoor testing, current work contributes toward the understanding of physics governing firebrand generation, particularly in low wind conditions (i.e., <1 m/s). Other research groups can obtain similar results for experiments conducted in low ambient wind speeds.


[image: Figure 6]
FIGURE 6. Average wind direction for an average tree. The error bars indicate the boundary of one standard deviation values.





RESULTS

In this section, first, current measurements are compared with measurements from literature. Second, methodologies that can be used to estimate the total number of firebrands are discussed and evaluated. Third, the total weight and specific number of firebrands released are reported for Douglas-fir, ponderosa pine, and sagebrush. The sensitivity of the number of firebrands released to the height and MC of the tree/shrub are discussed.


Validation Results

Figure 7 reports the average char mark area density (i.e., number of char marks per m2) with respect to distance from the Douglas-fir trees. The average is based on the results from all the fabric stations where firebrands are collected at a given radii. The char mark area density decreases as the distance increases, as expected because of the increasing surface area with increasing radii for firebrands to be deposited. On average, the char mark area density at a radius of 1.5 m is 15 times larger than the value at a radius of 7.5 m. For reference, measurements collected by Hudson et al. (2020) are included on Figure 7. They conducted similar experiments but with fewer number of fabric stations (i.e., 15). In general, the overall trends of the current and former data are similar. It is noted that current char mark area density measurement are typically higher (e.g., 50% higher at 1.5 m radius) than the values measured by Hudson et al. (2020). The difference between measurements is attributed to the higher number of fire-resistant fabric stations used in the current study. Specifically, the larger number of stations assists with more accurately capturing the number of firebrands that are released. With fewer stations, it is more likely for firebrands to not land on fabric, hence biasing the measurements lower.


[image: Figure 7]
FIGURE 7. Char marks generated with distance from the tree for Douglas-fir trees, compared to measurements by Hudson et al. (2020).




Estimation of Total Number of Firebrands

Several methods were developed and evaluated for extrapolating from the number of measured char marks to estimate the total number of firebrands released by the tree/shrub during a burn. In particular, care was taken to ensure that the extrapolated values were not skewed by the data closest to the source. Currently, the assumption is that all the firebrands released fall in the semicircular region of interest. Since the fire-resistant fabric stations are in the wind's direction, the number of firebrands traveling in the opposite direction is minimal. Further, the data shown in Figure 7 indicates that the number of firebrands beyond the last semicircle (at 7.5 m) will be low when compared to the total number of firebrands within the semicircular region of interest. Further, the data shown in Figure 7 indicates that the number of firebrands beyond the last semicircle (at 7.5 m) will be low when compared to the total number of firebrands within the semicircular region of interest. The five extrapolation approaches considered are described and evaluated.


Node Method

With the node method to estimate the total number of hot firebrands released, the measured char mark/m2 information was used directly to estimate the total number of firebrands released. The semi-circle in front of the tree was divided into 65 spatial regions, with each region including a fabric station (i.e., a node). The measured char mark area density for a node was multiplied by the corresponding area of the region to calculate the firebrands in that region. In turn, the estimated number of firebrands from all the regions were cumulated to determine the overall number of hot firebrands released. If a node had no char marks, then that corresponding node area was assumed to not have any firebrands. The advantage of the node method was its ease of implementation. However, the method suffers from disproportional area weight given to the nodes at the farther end of the area of interest (i.e., the area increases as the node location is farther away from the tree). As a result, the total number of firebrands estimated by this methodology tends to be an overestimate. Figure 8 shows the estimated total number of firebrands released from Douglas-fir trees using the node method. The node method overestimates the number by a minimum of 100% when compared to other extrapolation and interpolation techniques.


[image: Figure 8]
FIGURE 8. Variation of total number of firebrands measured using the node method and several interpolation and extrapolation methods. The trees used for these tests are Douglas-fir with heights between 2.7 and 4.2 m. The captions represent: LL, Linear interpolation and extrapolation; NN, Nearest neighbor interpolation and extrapolation; NaL, Natural neighbor interpolation and linear extrapolation; NaN, Natural neighbor interpolation and nearest neighbor extrapolation.




Interpolation and Extrapolation Methods

Arguably, a more accurate method to estimate the total number of firebrands is to interpolate data between nodes (i.e., 1.5 < r < 7.5 m) and extrapolate data for locations between center of the tree and nodes at 1.5 m radius (i.e., where not fabric could be placed). Once the char mark area density is interpolated and extrapolated, the char mark area density is integrated over the semicircular area of interest to estimate the total firebrand number. Four different interpolation/extrapolation combinations were used to estimate the total number of firebrands:

1. Linear interpolation and linear extrapolation (LL)

2. Nearest neighbor interpolation and extrapolation (NN)

3. Natural neighbor interpolation and linear extrapolation (NaL), and

4. Natural neighbor interpolation and nearest neighbor extrapolation (NaN)

These methods were implemented using functions already built into MATLAB software (The MathWorks Inc., 2018). Nodes that did not have char marks were specified as 0 when applying these methodologies. Figure 8 shows the estimated number of hot firebrands released using the four interpolation/extrapolation approaches. The total number of estimated firebrands from all these methods produce similar values (i.e., usually agree within 10%) indicating no significant differences in the results when the different methodologies are used, at least for the conditions from this study. For all methodologies, the total number of firebrands released was 2000 or less for Douglas-fir trees 2.7–4.2 m tall, as shown in Figure 8.

The results from the 4 interpolation/extrapolation techniques were further explored to evaluate the physical accuracy. Figure 9 shows the measurements (magenta) and the interpolated/extrapolated values (surface distribution) for the various methodologies. It is noted that both linear extrapolation methods resulted in a negative char mark area density at locations between 0 and 1.5 m radius (see Figures 9A,C). This occurred because linear extrapolation means extending data to unknown regions based on data at the last given point. A negative value for char mark area density is possible depending on the data at 1.5 m radius boundary. It was decided to not use either method employing linear extrapolation because of the unphysical aspect of extrapolation.


[image: Figure 9]
FIGURE 9. Performance of various interpolation and extrapolation methods for a Douglas-fir tree of height 4.4 m and MC = 16.8%. (A) Linear interpolation and extrapolation, (B) Nearest neighbor interpolation and extrapolation, (C) Natural neighbor interpolation and linear extrapolation, and (D) Natural neighbor interpolation and nearest neighbor extrapolation.


The nearest neighbor extrapolation method was used in conjunction with the nearest neighbor interpolation and natural neighbor interpolation methods (see Figures 9B,D). In the nearest neighbor interpolation method, the char mark area density between stations is calculated as the value of the nearest point leading to a piecewise constant value between data points (Amidror, 2002), as can be seen in Figure 9B. The natural neighbor interpolation method improves on the nearest neighbor interpolation method by applying a weighted value to neighboring known data points based on the distance between the point of interest and the neighbors (Amidror, 2002). This leads to a better estimation of the char mark area density at unknown locations as the approximation is smoother and close to the “true” function. This smoother approximation is evident in Figure 9D when compared to the nearest neighbor interpolation method shown in Figure 9B. The combination of natural neighbor interpolation and nearest neighbor extrapolation was used for the remainder of the work because linear extrapolation method is unphysical and natural neighbor interpolation method proved to be superior.




Single Tree vs. Accumulation Method

Two different approaches were evaluated for determining the total number of firebrands released. The first method was to collect the sheets of fabric after burning each tree [i.e., single tree method (STM)]. The results from each burn were added to provide the total number of firebrands produced for a type of tree for with a particular average height (using 7–9 trees). The second approach was the accumulation method (AM), where a total of 7–9 trees were burned separately and the fire-resistant fabric was changed between tests only if the fabric had enough char marks to warrant concern about marks merging together. If a station had to be replaced after a test, the char mark area density at that station is calculated as the sum of char mark area density of the fabrics at that station. The total number of firebrands was then estimated using the interpolation method. Each method has certain advantages, the STM provides resolution of the firebrands released for each tree whereas the AM method's data has char marks at more stations increasing the confidence in the interpolated data. The main advantage of the AM method is the ability to conduct tests with fewer resources (i.e., time and fabric) as the need to change fabric after every test is eliminated. Changing fabric typically consumes the longest amount of time to complete a test.

Figure 10 shows a comparison of the estimated number of firebrands produced per kg dry mass loss using the STM and AM for several Douglas-fir trees. Normalizing the total number of firebrands by the mass loss is important for allowing comparison between tests, and the values can potentially be used as source terms for models. Note that the AM provides a single data point (i.e., an accumulation for multiple trees) whereas the STM provides data points for individual trees. The data generated using STM was directly compared to the AM results by aggregating the former results for multiple trees [i.e., Accumulated Single tree method (ASTM)]. Considering both AM and ASTM data, as the average height of the tree increases the firebrands produced per dry mass loss decreases (i.e., Figure 10a). The trees studied using the STM measurements have an average height of 3.8 m, but a relatively large variation in firebrands produced per kg dry mass loss is evident; no discernable trend can be observed indicating that other physical parameter(s) are key for firebrand production.


[image: Figure 10]
FIGURE 10. Number of firebrands measured per dry mass loss for Douglas-fir trees using both single tree method (STM) and accumulation method (AM). (a) Shows generation characteristics with respect to the height of the trees. (b) Shows results with respect to the moisture content of the trees.


Comparison of firebrands produced relative to the MC of trees is shown in Figure 10b. As trees become drier their ability to produce firebrands increases roughly exponentially. This was expected, as the trees dry, they have less moisture which makes them burn with higher intensity and thus can produce more firebrands. The average MC of the trees measured using STM is 30.2% as shown by the ASTM data point. The AM data points in this comparison fall in trend with the STM data points, indicating that MC is a factor that determines the firebrands produced per kg dry mass loss. Admittedly, the moisture content evaluated in this study is lower than for live fuel. Hence caution should be exercised in extrapolating the sensitivity found in this study to live fuels.



Species Dependence

The AM was applied to measure the sensitivity of the production of firebrands as the species of tree/shrub was varied. The AM was used because the reduced resources needed for the method allowed a greater number of trees/shrubs to be evaluated. Additionally, the AM and STM methods provide similar results (see Figure 10). Figure 11a shows the total number of firebrands produced for trees/shrubs of different heights for various species. Sagebrush typically produces larger numbers of firebrands when compared to the other two trees. Anecdotally, the burning intensity of sagebrush tended to be the highest of all the trees/shrubs. As the tree height increases the total number of firebrands being produced increases for Douglas-fir trees and nearly remains constant for ponderosa pine trees. The different sensitivities for the two species of trees is attributed to differences in the burning behavior of the trees. Ponderosa pine trees were less prone to complete torching, in particular with increasing height, because of the spacing of the branches and needles.
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FIGURE 11. (a) Variation of total number of firebrands with the height of trees, (b) variation of total number of firebrands with the MC of trees, (c) variation of number of firebrands per kg dry mass loss with the height of trees, (d) variation of number of firebrands per kg dry mass loss with the MC of trees.


The number of firebrands produced for sagebrush increases as the height of the tree increases but decreases for the tallest trees. The cause of the reduction is not clear but may have happened because the prevailing winds may have caused firebrands to not be deposited on the fabric. However, as discussed before, the average wind conditions are expected to have a minor impact on burning of the trees/shrubs. Recall that the average wind speed was always <1 m/s and the average wind direction was toward the region of interest. Perhaps a more likely reason for the reduction in firebrands is that the ground fire has a disproportionate impact on the shorter trees/shrubs. Shorter sagebrush, tended to torch completely, thus producing more firebrands. For the taller trees/shrubs the starter fire burns the leaves closer to the ground, but not always propagate throughout the trees/shrubs. In particular, the tallest sagebrush do not have foliage near the ground and hence could experience a reduction the total number of firebrands. The effect of this anecdotal observation needs to be examined further in future studies.

As discussed before, MC could be used as the physical parameter indicative of firebrand production instead of tree height. Figure 11b shows the total number of firebrands produced with varying MC measured using AM. The total number of firebrands increases as the MC increases for Douglas-fir and sagebrush species but remains roughly constant for ponderosa pine trees. This trend is counter intuitive and may require further investigation, specifically to identify if the moisture content couples with other physical parameters.

Figure 11c shows the variation of the number of firebrands produced per kg of fuel consumed (specific number of firebrands) relative to the height of the tree/shrub. As the tree height increases the specific number of firebrands decreases for Douglas-fir and ponderosa pine trees. The cause of this sensitivity is not clear, but it is plausible that the greater number of branches with larger diameters for the taller trees reduces the relative number of firebrands that are produced. Hudson and Blunck (2019) found that the diameter of dowels was one of the most significant parameters that influences the propensity to generate firebrands. Hence, the larger the tree the greater the number of branches that may burn (and consume mass), but not produce firebrands. For sagebrush the specific number of firebrands increases initially with height of the shrub and then decreases for the tallest bushes. It is also plausible that the upper branches of bigger trees block the movement or generation of firebrands. The specific cause of the sensitivity identified in Figure 11c requires further investigation.

Figure 11d shows the specific number of firebrands relative to the MC of the tree/shrub. The specific number of firebrands decreases as the MC of the trees increases for Douglas-fir and ponderosa pine trees. These trees produce similar specific numbers of firebrands, but ponderosa pine trees had higher moisture content than Douglas-fir trees even though they were left out to dry for a longer time period. Since these trees are less susceptible to drying, it is expected that they could produce a smaller number of firebrands during wildfires compared to Douglas-fir. In contrast, sagebrush produces approximately six times more specific number of firebrands when compared to ponderosa pine trees for similar amount of MC. This is consistent with a visible greater burning intensity of the sagebrush and greater consumption of the foliage.




SUMMARY AND CONCLUSIONS

In this work, a total of 71 individual trees/shrubs of varying heights (1.4–6.2 m) were burned to enumerate the total number of firebrands produced. Two tree species (Douglas-fir and ponderosa pine) and one shrub species (sagebrush) were evaluated. A total of 65 fire-resistant fabric stations were deployed for each tree/shrub; the enumeration was carried out by counting the total number of char marks firebrands left on the fabric. The number of char marks was equated to be the number of firebrands captured whose temperatures were >300°C. A novel interpolation/extrapolation methodology was established to measure the total number of firebrands generated using the char mark information at individual stations.

The specific conclusions from this work are as follows:

1. Overall, sagebrush trees tend to produce a greater total number of firebrands and firebrands per kg of fuel consumed (~6 times higher for trees of similar moisture content) when compared to the Douglas-fir and ponderosa pine trees. This is attributed to the relatively small diameters of the foliage/branches and the visibly greater burning intensity of sagebrush.

2. The total number of firebrands tends to increase with the increase in the height of the tree/shrub. The specific number of firebrands produced tends to decrease with increasing height of the tree/shrub. It is plausible that the greater number of branches with larger diameters for the taller trees reduces the relative number of firebrands that are produced.

3. The total number of firebrands tends to increase or remain similar as the moisture content of the tree varies. The specific firebrand production increased exponentially with decreasing moisture content in the trees for Douglas-fir and ponderosa pine trees. This is supported by the anecdotally observed increase in the intensity of burns for trees with lower moisture content irrespective of the species. The definite cause of this sensitivity is unclear, but it is plausible that this trend results from a coupling of the moisture content with another physical parameter.

It is expected that the methodology established here can be used by other researchers to determine the total number of firebrands generated for other fuels of interest during fires. Moreover, the firebrand production terms reported here can be used within detailed physics-models to improve the fidelity of simulations of firebrand transport and ignition. Further, current measurements show that other experimental parameters, such as heat release rate from the burns, the size of tree branches and needles/leaves, and velocity within a tree during a burn need to be evaluated. Plans are in place to measure a few of these parameters in future experiments.
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Firebrands are known to cause ignition of structures far from the primary fire front, resulting in significant damage to structures before firefighting can be attempted. To make structures more resilient to firebrand ignition, a better understanding of the heat transfer from firebrands to surfaces is needed. This paper provides a statistical assessment of different factors expected to have an impact on the heat flux from firebrand piles to a flat surface. The factors included in the study were wood moisture content, wood type (hardwood or softwood), wood density, wood state (live, dead, or artificial), wind speed, pile mass, firebrand diameter, and firebrand length. Using design of experiments, test matrices were developed that permitted a statistical analysis to be performed on the data. This statistical analysis was used to quantify which factors had a statistically significant impact on the heat flux from the pile as well as ranking the importance of the different factors. Artificial firebrands were found to have statistically higher heat fluxes compared with natural firebrands. Other factors that had a statistically significant impact on the heat flux were wind speed, firebrand length, and firebrand length-diameter interaction. Firebrand aspect ratio (related to the firebrand length-diameter interaction) is directly related to the pile porosity, which is a measure of the volume of air in the pile. Increasing the aspect ratio (which increases the pile porosity) results in higher heat fluxes across a larger region of the pile and was found to be an important factor. Firebrand diameter and pile mass were found to affect the burning duration but not as significantly as other parameters. The number of firebrands in the pile was also observed to potentially affect the heat flux, with a critical number required to reach the highest heat flux for a given firebrand geometry.
Keywords: firebrand, piles, heat transfer, statistics, experiments
INTRODUCTION
For much of the world, wildland fires present a serious and reoccurring threat to life, property, and the environment. The recent 2019–2020 fire season in Australia for example was so severe that it was named the Black Summer (Deb et al., 2020), with a cumulative 97,000 km2 of vegetation burned (Ward et al., 2020). Tragically, Australia’s Black Summer resulted in the destruction of 3,000 homes and 33 direct fatalities (Filkov et al., 2020). This type of destruction from wildland fires has been increasingly seen around the world. The 2017 fires in Portugal killed 112 people (Turco et al., 2019). In 2018, fires in Greece burned 3,000 houses (Lagouvardos et al., 2019). In the United States, the 2018 Camp Fire alone killed 85 people and destroyed 19,000 structures (Brown et al., 2020). Much of the human toll from these fires occurred in the wildland urban interface (WUI), the confluence of rural and developed environments. As the wildland urban interface continues to expand (Theobald and Romme, 2007), there is a pressing need to design structures to withstand the potential destruction caused by wildfires.
Wildfires produce airborne pieces of burning vegetation and debris known as firebrands, which have been shown to be a prominent mode of home ignition (Mell and Alexander, 2009). Firebrands are particularly dangerous due to their lofting potential. The high winds associated with wildland fires can transport these firebrands 1–2 km from the fire front (Koo et al., 2010), where they have been witnessed to cause home ignition without direct flame contact. Experimental work has shown that during wind-driven firebrand showers, firebrands can accumulate in piles and easily ignite common building materials (Manzello and Suzuki, 2014). Understanding heat transfer from piles of firebrands is an important step in engineering fire-resistant structures.
One of the difficulties in identifying the risk of a structure igniting due to firebrand piles is the uncertainty and variability in the heat transfer from firebrand piles to surfaces. Early work in the field conducted by McArthur and Lutton investigated the ignition of mock building assemblies by radiata pine wood cribs at 3–5% moisture content. Crib masses from 0.8–12.0 g were tested in the absence of wind and it was found that burning damage to the structure increased with crib mass (Mcarthur and Lutton, 1991). Dowling collected embers from burned wood cribs which were then used to test the ignition of timber bridges. It was found that 7.0 g of firebrands deposited in a 10 mm gap was sufficient to cause ignition with no wind applied (Dowling, 1994).
Tests were conducted by Manzello et al. (2008) using machined Douglas fir firebrands to assess ignition in various fuel beds. The firebrands were cylindrical and came in two sizes. The first size had a diameter of 5 mm and a length of 51 mm, while second size had diameter of 10 mm and length of 76 mm. The study included tests with single and groups of four firebrands. It was found that increasing the number of deposited glowing firebrands led to an increased likelihood of ignition when all other factors were held constant. Increasing firebrand size and wind speed also led to increased ignition (Manzello et al., 2008). In another similar study, also by Manzello et al. (2006) ponderosa pine disks were used for firebrands. The authors point out that compared with disks, approximately half the mass of cylindrical Douglas fir firebrands are required to cause ignition under identical conditions (Manzello et al., 2008).
Filkov et al. (2016) investigated the effects of firebrand size, firebrand quantity, and wind speed on the ignition of pine needle beds at 9.3% moisture content. The firebrands were made from pine bark 5 mm thick with lengths and width dimensions of 10 × 10, 15 × 15, 20 × 20, 25 × 25, and 30 × 30 mm depending on the test. Firebrand quantity ranged from 1 to 10, and wind speed was varied between 0 and 3 m/s. It was found that the ignition of the fuel beds depended on the size and quantity of firebrands, with ignition being more likely with a greater quantity of large firebrands. For a given firebrand size and quantity, the likelihood of ignition increased with wind speed (Filkov et al., 2016).
Two separate studies investigated the ignition of recipient fuels by firebrand piles based on the geometric configuration of the piles and the substrate. Santamaria et al. (2015) used slices of bark to assess ignition on flat and angled (120°) configurations and concluded that ignition depends on pile mass. Manzello et al. (2009) also looked at the effect of configuration using plywood and oriented strand board with ponderosa pine firebrands. The size of a crevice between two boards was varied by changing the crevice angle. Results show that there was an interplay between configuration, wind, and mass/number of firebrands. Generally, the likelihood of ignition increased with increasing wind speed and decreasing crevice angle (Manzello et al., 2009).
The studies mentioned so far have mainly relied on binary observation data to assess heat transfer from firebrand piles (i.e., the pile did or did not cause ignition under certain conditions). Hakes et al. (2018) were some of the first to characterize the heat transfer from firebrand piles. Heat flux data was taken with both a 1.27 cm water-cooled heat flux gauge (WC-HFG) and an array of thin-skin calorimeters (TSC). The TSC’s were used to resolve the distribution of heat flux across the surface area but suffered from poor spatial resolution (1.5 cm). All firebrands used in this study were 25 mm long, with diameters of 6.35, 9.5, and 12.7 mm. Deposited piles masses ranged from 0.1 to 9.6 g, and cases with and without wind were tested. It was found that for a given firebrand diameter, increasing the pile mass resulted in increased heat flux and duration. Additionally, it was found that if two piles had the same mass, the diameter of the firebrands within the piles made little difference on the recorded heat flux, a finding at odds with previous studies which point to firebrand geometry as an important parameter (Manzello et al., 2008). It was also found that wind substantially increased the heat flux from the firebrand pile but shortened the burning duration (Hakes et al., 2018). Bearinger et al. (2020) conducted a similar study where heat fluxes were measured at a high resolution (0.4 mm × 0.4 mm) using inverse heat transfer with infrared thermography. The authors observed local heat fluxes significantly higher than the critical heat fluxes for many building materials in single firebrand configurations which were not expected to cause ignition from previous studies.
Tao et al. (2020) further investigated the effects of firebrand size and geometry on heat transfer from piles of firebrands. In this study, a combination of firebrands collected from natural vegetation and those made from commercially available materials such as dowel rods were used. Piles were subjected to 0.5–1.4 m/s winds in a wind tunnel and heat flux measurements were again taken using a water-cooled heat flux gauge and TSC array. It was noted that based on the type of firebrand, piles exhibited differing bulk densities (i.e., mass divided by pile volume). The bulk density was found to have a significant impact on the measured heat transfer, but there are likely competing effects between oxygen availability and reradiation within the pile. There also appeared to be a difference in the heat transfer from piles made with natural firebrands compared with those made from dowel rods. As found in all previous studies, increasing wind led to increased heat flux (Tao et al., 2020).
It is apparent that there are many factors that could potentially affect the heat transfer from firebrand piles. Some of these factors such as pile mass, wind speed, firebrand size, and whether the firebrand was made from natural or processed wood have been at least partially explored in previous work. Other factors such as wood moisture content and density have received little attention. The goal of this work was to test the effect of as many independent factors as possible and statistically evaluate their importance. This work explored the impact of eight factors including wood moisture content, wood type (hardwood or softwood), wood density, wood state (live, dead, or artificial), wind speed, pile mass, firebrand diameter, and firebrand length on the heat flux from firebrand piles to a flat surface. Design of experiments was used to develop tests that would permit a statistical analysis of this data to determine the statistically significance of the factors as well as rank their importance on the heat flux from a firebrand pile. The data was then further analyzed to examine the impact of the important factors on the heat flux distributions.
EXPERIMENTAL METHODS
A series of tests were conducted using a custom testing apparatus to investigate the impact of the different factors on the heat flux from firebrand piles. High resolution heat transfer measurements from the firebrand piles were collected through time by a method of inverse heat transfer (IHT) using thermographs from an infrared (IR) camera. The test details were developed using design of experiments through the methodologies described below. In addition, analysis methods are described highlighting how the statistical analysis was used to analyze the test data and determine the significance of the various factors.
Experimental Setup
Apparatus
A custom experimental apparatus was developed for this testing (shown in Figure 1) consisting of a wind tunnel, support structure, an infrared (IR) camera, a wire mesh cage, and a black 304 stainless steel plate. The wind tunnel was 2.4 m long by 0.31 m wide with a flow-conditioning section in the middle. The wind tunnel exit was 0.31 m wide and 0.10 m high with a uniform flow across 90% of the opening. The flow through the tunnel was driven by an American Fan Company AF-8 blower, controlled by a 1 hp, 3-phase AC motor and a Reliance Electric SP500 variable speed drive. The maximum flow rate for the tunnel was 3.5 m/s corresponding to volumetric flow rate of 0.106 m3/s (225 cfm).
[image: Figure 1]FIGURE 1 | Overview of test details including (A) test setup and (B) metal mesh cage used to contain firebrand piles.
The firebrand piles were supported on a 304 stainless steel plate having dimensions 457 mm × 457 mm x 0.762 mm. The plate was painted black on both sides using Rust-oleum™ High Heat black enamel paint. The paint thickness was approximately 20 μm and has been shown by Cholewa et al. (2016) to have an emissivity of ε = 0.97. The plate was clamped to the support structure and carefully leveled such that the top face of the plate aligned with lower edge of the wind tunnel exit. A thin piece of aluminum tape (not pictured in Figure 1) connected the inside of the wind tunnel exit to the top side of the plate, ensuring no wind reached the underside of the plate.
A FLIR A655sc IR camera was used in the testing and controlled by ResearchIR™ acquisition software. The A655sc camera records in the longwave infrared spectrum (7.5–14.0 μm), have 640 × 480 pixel resolution, and used a 25°lens. The camera recorded at 3.13 Hz with the data being down-sampled to 0.28 Hz post-process. The IR camera was used to measure the temperature on the underside of the stainless steel plate, and it was operated in the 100–650°C mode with an emissivity equal to that of the plate (ε = 0.97). In all these tests, the IR camera was positioned 0.648 m below the bottom surface of the plate resulting in a pixel resolution of 0.44 mm × 0.45 mm the plate surface. Plate temperature data from the IR camera was used for the inverse heat transfer calculations as described below.
Firebrand piles have been observed to accumulate on flat surfaces with external wind and remain in a pile due to the larger surrounding pile preventing them from moving (Manzello and Suzuki, 2014). To quantify the heat flux from small piles of firebrands, the firebrands in this study were placed inside a lightweight cage made of steel mesh with dimensions shown in Figure 1. In addition to keeping the firebrands from prematurely blowing off the plate, the cage helped the pile maintain a circular shape with diameter of 50 mm. The 6.3 mm by 6.3 mm gridding was sufficiently porous to allow wind to access the pile while still securing small firebrands.
Inverse Heat Transfer
Inverse heat transfer (IHT) analysis is the method through which the stainless steel plate temperature measurements recorded with the IR camera were used to calculate the heat flux from the firebrands onto a horizontal surface. The advantage of this method is that heat flux measurements can be resolved with the same spatial and temporal resolution as recorded by the infrared camera.
The IHT method using infrared images was originally developed by Rippe and Lattimer (2015) and relies on a thermally-thin interstitial medium (in this case the black 304 SS plate) of known optical and thermal properties between the infrared camera and the heat source. The IR camera was used to obtain a series of 2D temperature measurements of the unexposed side of the plate through time. Each pixel recorded by the camera corresponds to a small, discrete area on the plate and a known temperature. By knowing each temperature value through time and ambient conditions, an energy balance (see Figure 2) was conducted on every pixel to obtain a temporally-resolved 2D heat flux map.
[image: Figure 2]FIGURE 2 | Schematic of the energy balance on the stainless steel plate used in the inverse heat transfer analysis.
The net heat flux into each pixel, [image: image], is the combined heat flux from all modes of heat transfer on the exposed side of the plate and is determined by an energy balance on the pixel
[image: image]
where [image: image] is rate of energy storage, [image: image] are the conduction fluxes into the pixel of interest from its neighbors, and [image: image] and [image: image] are the radiation and convection fluxes from the plate’s unexposed surface. The details of how the conduction heat fluxes and the storage terms were determined can be found elsewhere (Rippe and Lattimer, 2015).
As the plate temperature increases, the actual net heat flux from the firebrand pile to the plate will decrease as the temperature difference is minimized. For this reason, it is convenient to express the measured heat transfer as the heat flux that would be experienced by a surface maintained at a standard temperature of 20°C (293K). This is also equivalent to the heat flux that would be measured with a water-cooled heat flux gauge. This heat flux at the standard temperature, [image: image], is calculated using
[image: image]
where [image: image] is the convective heat transfer coefficient of the exposed side of the plate. All heat flux values presented in this work are the heat flux at standard temperature, [image: image], as described in Eq. 2. The details of calculating the heat transfer coefficients on the top and bottom of the plate for the different test conditions can be found elsewhere (Bearinger et al., 2020).
The above approach was previously verified for measuring heat transfer at this scale over the range of heat fluxes expected for firebrand piles (Bearinger et al., 2020). Based on the error analysis performed in Ref. (Rippe and Lattimer, 2015), the uncertainty in the heat flux measurements is 2.6 kW/m2.
Test Procedure
The details pertaining to each separate test will be discussed in the following sections. Unless otherwise stated, the wood used to make the firebrands was harvested from living trees in the Eastern United States. A single tree of each species provided wood for all tests to reduce variability. To make the unburned firebrands, tree branches were cut to length using a bandsaw and bark was left intact. The length tolerance for firebrands was ±0.5 mm relative to the reported lengths in Table 1. Due to imperfections in the natural samples, some variability existed in the diameter of the firebrands. A diameter tolerance of ±1.0 mm was specified and samples not within this window were discarded. Prior to testing, the firebrands were dried to 0% moisture content (MC) by storing them in an oven at 75°C for several days. It was confirmed that this time and temperature was sufficient to bring the samples to <0.3% MC.
TABLE 1 | Tests used to evaluate the impact of eight factors on heat transfer from firebrand piles.
[image: Table 1]Prior to each test, the metal cage shown in Figure 1B was centered 127 mm from leading edge of the 304 SS plate. For tests with wind, the wind tunnel was started and the wind speed inside the metal cage was verified using an Extech Hot Wire Thermo-Anemometer with 0.1 m/s resolution. A custom funnel was placed on top of the cage to facilitate firebrand placement. Initially it was found that during tests with wind, the firebrands were blown to the trailing edge of the cage during the placement process. For this reason, a wind shield was added in front of the cage during the setup and removed at the start of testing. Data acquisition for the IR camera was started prior to the heating of the firebrand pile.
To make the firebrand pile, a carefully measured mass of unburned firebrands was heated in a wire mesh basket over a propane gas burner. Heating times and initial masses of unburned firebrands are recorded in the following sections. The initial heat time corresponded to when all the firebrands reached a state of self-sustaining flaming combustion after which the propane burner was turned off. The firebrands were allowed to flame and transition to smoldering combustion while the mass was monitored using a Sartorius FB6CCE-S scale with 0.1 g resolution. Once the total mass of the firebrands reached the desired deposited mass (approximately 60–120 s after the flames went out), the glowing firebrands were poured into the funnel and allowed to fall randomly within the cage. The funnel and wind shield were removed, and the firebrand pile burned unhindered until the peak temperature within the pile dropped below 100°C, at which point the test was ended. The firebrand piles left some residue on the plate during burning, so no more than two tests were conducted on the same plate before the plate was cleaned with acetone and repainted. No paint discoloration was observed following the firebrand pile exposures.
Design of Experiments
Experimental design was used to assess the impact of eight factors on the heat flux (response) from the firebrand piles through a series of five different studies, see Table 1. Using experimental design, the details of the tests that need to be performed are established so that the statistical analysis can be conducted on the data. This was done either by tests designed to evaluate main effects only (impact of a factor on the response) or assess the main effects and interactions with other main effects (impact of multiple factors on the response). Using this approach, a total of 33 tests were conducted in this study.
To assess the main effects only, the experimental design was a completely randomized block design to assess the impact of a single factor. Four separate experimental designs were performed to evaluate different factors including wood moisture content, wood type, wood density, and wood state on the heat flux from firebrand piles. In these experimental designs, all variables were kept constant except for the factor being considered. The factor had different treatment levels, which were either a high and low value or a categorical change. The goal of these tests was to determine whether these factors needed to be considered in the full-factorial design which can be time consuming if there are many factors.
To evaluate main effects and their interactions, a full-factorial design was developed based on the four factors expected to influence the heat flux from the firebrand pile. These factors included pile mass, wind speed, firebrand diameter, and firebrand length. For a full-factorial design with four factors (n = 4), this requires 2n = 16 tests without repeats. For each factor, a high and a low treatment level were chosen. These high and low levels were selected to represent the extremes that would likely be seen in a realistic wildfire scenario, but in some cases were subject to constraints of the test setup.
Moisture Content Study
To assess the impact of starting moisture content on the heat flux from firebrand piles, tests were designed with two moisture content levels (0 and 25%) as shown in Table 2. One replication was conducted per level for a total of four tests. Prior to heating, all the firebrands used in this study had length of 12.5 mm, diameter of 9.5 mm, and were made from live Northern Red Oak [image: image] branches. A wind speed of 2.0 m/s was used for all tests. To reduce bias, tests were run in a random order. The moisture content was calculated using
[image: image]
where [image: image] is the mass and [image: image] is the dry mass. Initially, all firebrands were dried to 0% MC. Firebrands used for the 25% MC tests were rehydrated by storing them in an airtight container filled with damp cloth. The firebrands were turned frequently to ensure even saturation and the total mass was checked periodically until the pile reached the desired moisture content. The rehydration process typically took 24–27 h.
TABLE 2 | Test matrix used to assess the impact of starting moisture content factor on the heat flux from firebrand piles. Firebrand diameter 9.5 mm and length 12.5 mm with wind speed 2.0 m/s.
[image: Table 2]The test details are provided in Table 2. The firebrands at 25% MC had to be heated substantially longer to reach self-sustaining combustion, which was attributed to the fact that more energy was required to also drive off the moisture in the wood before ignition would occur. The number of wood samples used in the testing was determined by preserving the initial mass of wood. The deposited mass is the mass of smoldering firebrands deposited onto the plate and was constant in all tests.
Wood Type Study
Differences exist in the basic cellular structure of hardwoods and softwoods. Char from wood burning is a byproduct in the decomposition of lignin and hemicellulose in the wood with approximately 45% of the lignin mass converted to char and 25% of the hemicellulose converted to char (Yang et al., 2007). Hardwood contains 18–25% lignin and 20–25% hemicellulose while softwood contains 25–30% lignin and 15–20% hemicellulose (Rowell et al., 2012). Based on average values for the lignin and hemicellulose contents, hardwood and softwood would be expected to generate approximately the same amount of char (char fractions of 0.21 and 0.22, respectively). Therefore, differences that may appear in firebrands generated by these types of wood would be attributed to their microstructure or other characteristics.
Hardwoods include many vessel elements that make the wood porous, while softwoods contain an abundance of tracheid cells with no vessels making the wood non-porous (Conners, 2015). Hardwoods come from trees that typically have broad leaves, which they typically loose during autumn, while softwoods are cone bearing trees with needle/scale-like evergreen leaves (Conners, 2015). The sapwood, which the smaller branches are primarily composed from and is on the outside of the trunk and large branches, generally has a higher moisture content in softwood vs. hardwood in living trees. The effects of this higher living tree moisture content was not explored here. Instead, assuming that both types of trees have similar moisture content, the research investigated whether firebrand piles produced from hardwood and softwood trees would result in different heat fluxes to a surface.
This experimental design was developed to have different wood type categorical levels (hardwood and softwood) with similar density. Yellow Poplar [image: image] was selected for the hardwood and Eastern White Pine [image: image] was selected for the softwood. Prior to heating, all the firebrands used in this study had a length of 12.5 mm, diameter of 9.5 mm, and were made from live branches dried to 0% MC. A wind speed of 2.0 m/s was used for all tests. As shown in Table 3, each level was repeated in duplicate yielding four total tests with tests run in a randomized order. The number of wood samples used in the testing was determined by preserving the initial mass of wood. The deposited mass is the mass of smoldering firebrands deposited onto the plate and was constant in all tests.
TABLE 3 | Test matrix used to assess the impact of firebrand wood type factor on the heat flux from firebrand piles. Firebrand diameter 9.5 mm, length 12.5 mm, and MC 0% with wind speed 2.0 m/s.
[image: Table 3]Density Study
The impact of firebrand wood density on pile heat flux has received little attention in the literature. To evaluate the impact of this parameter, tests were performed with hardwood but at different density levels using Yellow Poplar [image: image] and Northern Red Oak [image: image]. As before, firebrands used in this study had length of 12.5 mm, diameter of 9.5 mm before heating, and they were made from live branches dried to 0% MC. A wind speed of 2.0 m/s was used for all tests. Each level was repeated in duplicate, yielding four total tests as shown in Table 4 performed in randomized order. The initial wood mass and deposited pile mass were kept constant during the testing.
TABLE 4 | Test matrix used to assess the impact of firebrand wood density factor on the heat flux from firebrand piles. Firebrand diameter 9.5 mm, length 12.5 mm, and MC 0% with wind speed 2.0 m/s.
[image: Table 4]Wood State Study
Much of the previous work in the field of firebrand research has used dowels or other commercially-available processed woods to simulate firebrands naturally occurring in wildfires. These “artificial” firebrands typically lack bark, have very consistent sizes, and are made from wood harvested from the trunk of trees instead of the branches. It is unclear how well these artificial firebrands simulate natural results. Tao et. al. (2020) has reported some differences in heat transfer from piles made with natural and artificial firebrands. For cases using natural firebrands, a difference may also exist between firebrands made from living or dead wood.
To explore the impact of firebrand wood state factor, the experimental design included three different categorical levels (artificial, live, and dead) all of the same wood type (Northern Red Oak). Tests at each level was replicated for a total of six tests, shown in Table 5. The unburned live [image: image] and dead [image: image] firebrands were collected from different branches of the same Northern Red Oak tree in early autumn when it was easy to distinguish between live and dead tree limbs. The unburned artificial firebrands [image: image] were cut from commercially available Northern Red Oak dowel rods. All firebrands used in this study had length of 12.5 mm, diameter of 9.5 mm prior to heating, and were dried to 0% MC. A wind speed of 2.0 m/s was used for all tests with a randomized run order. The wood mass and applied firebrand mass were kept constant in the study.
TABLE 5 | Test matrix used to assess the effect of firebrand wood state on the heat transfer from firebrand piles. Firebrand diameter 9.5 mm, length 12.5 mm, and MC 0% with wind speed 2.0 m/s.
[image: Table 5]Full-Factorial Study
The previously described test series have examined the effect of a single factor at different levels on the heat flux from the firebrand pile. While the main effects associated with each factor are important, the interaction between factors may be significant as well and cannot be evaluated using a single factor block design. Recent studies have pointed to a complex influence of pile mass, pile bulk density, and wind speed on the heat transfer from firebrand piles (Hakes et al., 2018; Tao et al., 2020). Pile bulk density is related to pile porosity or the percentage of the pile volume occupied by gases instead of smoldering firebrands. Porosity is of particular interest due to its effect on oxygen availability and reradiation within the pile.
The porosity can be attributed to the packing density of the cylindrical firebrands which has been shown to depend on the aspect ratio [image: image] and thus the firebrand length and diameter (Zou et al., 1997; Li et al., 2010). To capture the complexity of this interactions, the factors expected to the have the most significant impact on the heat flux from the firebrand pile (pile mass, wind speed, firebrand diameter, and firebrand length) were evaluated in a series of tests using a [image: image] full-factorial experimental design. High and low levels were chosen for each factor and all possible combinations of factor levels were evaluated. The addition of a center point (combination of average levels for each factor) brought the number of tests to 17. The complete test matrix can be found in Table 6. All firebrands used in this study were cut from live Northern Red Oak branches and dried to 0% MC. The run order of the tests was randomized. Due to the time required to run the full-factorial test matrix, replication was not feasible.
TABLE 6 | Full-factorial test matrix used to assess the effect of unburned firebrand length and diameter, pile mass, and wind speed on the heat transfer from firebrand piles from live N. Red Oak branches.
[image: Table 6]Analysis
The data produced from the tests described were used to produce heat flux distributions from the firebrand piles with time. Additional processing was conducted on this data to reduce it in size to support determining a single heat flux level that could be used to represent the test, which is necessary for the statistical analysis. The details of the statistical analysis performed on each of the five different experimental designs is also provided below.
Heat Flux Data Processing
The infrared images from the IR Camera were used to generate high resolution maps of the heat flux through time. Each pixel corresponded to a 0.44 mm [image: image] 0.45 mm area on the underside of the 304 SS plate. Since the pile diameter was 50 mm there were ∼9,900 pixels per image representing a discrete location under the pile. While this high spatial resolution is valuable for visualizing the distributed heat fluxes under the pile, it is unlikely that the ∼0.5 mm length scale is relevant to ignition. High heat flux into a single 0.44 mm [image: image] 0.45 mm surface element would quickly dissipate through lateral conduction if the surrounding material were at a lower temperature. Conversely, taking the average flux under the entire pile with time would dilute higher measured values and may under-predict ignition. To remedy this length-scale issue, the pixels under each pile were divided into twenty-nine 6.6 mm [image: image] 6.75 mm (15 [image: image] 15 pixel) grids that were totally within the pile boundaries, as shown in Figure 3. The grid array was centered on the pile and grids lying even slightly outside the pile were not considered. This produced 29 different time-temperature heat flux plots. However, the statistical evaluation required a single heat flux value for each test (response). The determination of a single heat flux to represent a test is discussed in the Results section.
[image: Figure 3]FIGURE 3 | 6.6 mm [image: image] 6.75 mm grids (shown in red) lying totally within the bounds of the 50 mm circular pile (shown in white).
Statistical Analysis
Three different experimental designs were used in these studies: one factor with two treatment levels, one factor with three treatment levels, and full-factorial (four factors and two treatment levels). For all cases, the objective of the statistical analysis was to determine whether the factor or interaction of factors in question significantly affected the heat flux from the firebrand piles.
One Factor, Two Treatment Levels
The analysis of the experimental designs with one factor (moisture content, wood type, or density) and two different treatment levels (high and low or categorical) was conducted using one-way analysis of variance (ANOVA) to assess whether there was a statistically significant difference in the mean, [image: image], of the two treatment levels. Analysis was conducted using Minitab v.19 software at the 95% confidence level ([image: image]) and equal variance was assumed between factors. The null hypothesis, [image: image], was that there was no significance between [image: image] and [image: image] and was rejected for p-values < 0.05 (i.e., 95% confidence level that the means are statistically the same). Treatments where the null hypothesis were rejected were assumed to have an effect on the heat flux from firebrand piles. The null and alternate ([image: image]) hypotheses are
[image: image]
One Factor, Three Treatment Levels
For the tests with one factor (wood state) and three treatment levels (artificial, live, dead), Fisher’s Least Significant Difference (LSD) method was chosen to conduct the pairwise comparison on the categorical treatment level means ([image: image]) in Minitab v.19. Fisher’s method is essentially a set of individual t-tests but uses the pooled standard deviation and is more powerful than conservative techniques such as Tukey’s method. The Type I error rate is set for each individual contrast and does not take into account that the same data is used for multiple comparisons. A 95% confidence level was specified for each of the individual contrasts, meaning that the simultaneous confidence level for the comparison as a whole was 90.17%. The null and alternate hypotheses for experimental design with three treatment levels are
[image: image]
Full-Factorial Design (Four Factors, Two Treatment Levels)
The full-factorial design was developed to simultaneously evaluate the four independent factors (wind, pile mass, firebrand diameter, and firebrand length) and all interactions between factors with each factor at two treatment levels (a high and low value) through a series of [image: image] tests. A main effect was defined as the effect on the response (heat flux from the firebrand pile) caused by one of the four independent factors (e.g., heat flux increased with increasing wind). An interaction was defined as the impact on the response by a combination of two or more independent factors (e.g., wind and pile mass; diameter, length, and wind, etc.). Four-way analysis of variance (ANOVA) was used to assess whether each main effect or interaction had a significant effect on the pile heat transfer. For each term, the null hypothesis was that there was no effect; p-values [image: image] indicated that the null hypothesis should be rejected, and the term significantly impacted the pile heat flux. The center point was not included in the model.
RESULTS
Select experimental data produced in this study is provided in this section along with the statistical analysis of this data. An overview of the data produced from individual tests is first provided along with an analysis to determine the appropriate response variable for the statistical analysis (i.e., a single heat flux value to represent the test). In addition, the repeatability of the test is assessed. Using this response variable, statistical analysis was performed on the different experimental designs to determine the impact of the different factors on the firebrand pile heat flux.
Data Overview
The data for the tests consisted of the average flux within each of the 29 grids at every point in time. Figure 4 contains plots of heat flux at each grid as well as the mean heat flux for all grids with time for tests with no wind and 2.0 m/s wind speed.
[image: Figure 4]FIGURE 4 | Sample grid heat flux data with time for (A) FF6 with no wind and (B) FF14 with 2.0 m/s wind. Tests had a pile mass of 3.0 g containing firebrands with a diameter 4.75 mm, length 50 mm, and 0% MC.
The plots illustrate a trend seen in much of the data where the highest heat fluxes were measured early in the test and then the heat fluxes decreased with time as the firebrands burned out. In general, the effects of wind seen in Figure 4 are indicative of the trends in the data collected in this study. Tests with no wind have lower heat fluxes but longer exposure durations, while the 2.0 m/s wind speed tests resulted in heat fluxes 2–3 times higher but shorter burning durations.
In the statistical analysis, only a single value for the response variable (heat flux) can be used to represent the heat flux for the firebrand pile test. Since this data will be used to assess whether a firebrand pile may cause material ignition, the selected heat flux must represent the high end of the values with space and time. For the spatial variation, a percentile approach was adopted. The 75th percentile of all of the heat flux data was selected since this heat flux would be a level that would bound 75% of all of the measured heat fluxes for a pile. An example of this is shown in Figure 5 for the 120 s average heat flux for the same tests in Figure 4. The histogram represents the frequency of grids at that range of heat flux while the cumulative distribution function (CDF) represents the likelihood (percentile divided by 100) that this heat flux would occur. Since the likelihood is the percentile divided by 100, the 75th percentile would be the heat flux corresponding to a likelihood of 0.75 on the CDF line. For the data shown in Figure 5, the 75th percentile heat flux would be 13.8 kW/m2 for the no wind case and 39.7 kW/m2 for the 2.0 m/s wind case. To include time, different averaging times were considered based on averaging times used in standard material fire testing such as the cone calorimeter. The results of the different averaging times are provided in Figure 6 for both no wind and 2.0 m/s wind speed tests in the full-factorial test matrix, where heat fluxes are the 75th percentile values for each of the averaged quantities. Based on these data, the test average is generally low while the peak values are high compared with the other averages, so these values were not used. The 120 s average heat flux represents a value between the 60 s average, which corresponds to the early time higher heat flux levels, and the longer averaging times which can be skewed low due to firebrand burnout (as seen in Figure 4). As a result, the response variable used in the statistical analysis was the 75th percentile value of the 120 s average heat fluxes for all grids in the test.
[image: Figure 5]FIGURE 5 | Histogram of 120s average heat flux along with CDF for data from test (A) FF6 with 0 m/s wind and (B) FF14 with 2.0 m/s of wind. Tests had a pile mass of 3.0 g containing firebrands with a diameter 4.75 mm, length 50 mm, and 0% MC.
[image: Figure 6]FIGURE 6 | The 75th percentile heat flux over different average times and for the peak with (A) a wind speed of 0 m/s and (B) with a 2.0 m/s wind speed for all the full-factorial tests.
The repeatability of the tests was quantified through comparing results of the same test that was performed seven separate times during this study. In these tests, the pile had a mass of 3.0 g and was composed of firebrands with a diameter of 9.5 mm, length of 12.5 mm, and 0% MC. Tests were conducted with a wind speed of 2.0 m/s. The mean heat flux for all grids with time in the repeat tests is provided Figure 7, showing that the heat flux had a similar magnitude and trend in all tests. In addition, the 75th percentile average and peak heat fluxes are provided in Figure 7 along with error bars corresponding to the standard deviation in the data. These results further demonstrate the similarity in results between the repeat tests. For the 120 s average heat flux, the standard deviation in the repeat test data was 3.6 kW/m2.
[image: Figure 7]FIGURE 7 | Repeat test (A) mean heat flux with time and (B) 75th percentile average heat fluxes. Pile had a mass of 3.0 g with firebrands having a diameter of 9.5 mm, length of 12.5 mm, and 0% MC with a wind speed of 2.0 m/s.
Statistical Analysis of Single Factor Data
Statistical analysis was conducted to evaluate the performance of select single factors including moisture content, wood type, wood density, and wood state. The focus of this analysis was to determine which factors had an impact on the heat flux from a firebrand pile. The results from the tests on the different factors are provided in Figure 8. Heat fluxes are the 75th percentile of the 120 s average heat fluxes at all grids. Each bar represents the mean from the two tests at level while the error bars correspond to the population estimated 95% confidence interval.
[image: Figure 8]FIGURE 8 | Results from the experimental designs to evaluate the impact of single factors (A) moisture content, (B) wood type, (C) wood density, and (D) wood state. Error bars correspond to 95% confidence intervals.
The impact of starting moisture content of the unburned firebrands were statistically analyzed using the one-way ANOVA with the results summarized in Table 7 and Figure 8A. Piles made from firebrands with a starting moisture content of 0% were found to have a mean heat flux of 33.4 kW/m2, while piles made from firebrands with 25% starting MC were found to have a mean heat flux of 38.8 kW/m2 with a population estimated 95% confidence interval of ±4.76 kW/m2. The resulting p-value of 0.075, indicates that this difference does not meet the threshold for statistical significance. As a result, the null hypothesis could not be rejected, and it was concluded that firebrand starting moisture content does not have a significant impact on firebrand pile heat flux. This result was somewhat expected since the moisture was believed to be driven off during burning to form the firebrand.
TABLE 7 | Summary of the statistical analysis of the effect of starting moisture content of unburned firebrands on the heat transfer from firebrand piles.
[image: Table 7]The significance of wood type (hardwood and softwood) on the heat flux from firebrand piles is summarized through the data and statistical results provided in Table 8 and Figure 8B. The mean heat flux from firebrand piles made with hardwood firebrands was found to be 39.3 kW/m2 while the mean for the piles with softwood firebrands was 45.4 kW/m2 with a population estimated 95% confidence interval of ±15.1 kW/m2. This higher confidence interval was due to the higher standard deviation measured in these tests. The resulting p-value of 0.346 means the null hypothesis could not be rejected. It was therefore concluded that firebrand wood type does not significantly affect heat transfer from firebrand piles.
TABLE 8 | Summary of the statistical analysis of the effect of firebrand wood type on the heat transfer from firebrand piles.
[image: Table 8]The density study used two types of hardwood firebrands with different unburned dry densities to evaluate whether this parameter influenced heat flux from firebrand piles. A summary of the data are contained in Figure 8C while the statistical results are provided in Table 9. It was found that for low density wood (Yellow Poplar, [image: image]) the mean heat flux value was 39.3 kW/m2. The high-density wood (N. Red Oak, [image: image]) had a mean heat flux of 34.33 kW/m2 with a population estimated 95% confidence interval of ±10.44 kW/m2. The p-value was 0.286, an order of magnitude higher than the 0.05 threshold for significance. For this reason, the null hypothesis could not be rejected, and it was concluded that firebrand wood density does not significantly affect the heat transfer from firebrand piles.
TABLE 9 | Summary of the statistical analysis of the effect of unburned firebrand dry density on the heat transfer from firebrand piles.
[image: Table 9]The wood state study was an experimental design with three treatment levels (live, dead, or artificial) used to assess the impact on the heat flux from firebrand piles. A summary of the data are provided in Figure 8D with statistical analysis results using Fisher’s technique contained within Table 10. Fisher’s technique is used in this case since there are three treatment levels. The output of Fisher’s Pairwise Comparison is the ordered letter report. Treatment levels that do not share a letter have significantly different means. As seen in Table 10, piles made with artificial firebrands have a mean heat flux value of 48.9 kW/m2 which is significantly different the mean value of 36.3 kW/m2 for piles consisting of live firebrands and 35.7 kW/m2 for piles consisting of dead firebrands. The estimated population 95% confidence interval was determined to be 7.98 kW/m2. The ordered letter report confirms that no significant difference exists between piles made of live and dead firebrands. Fisher’s method also gives the p-values for the simultaneous test of the difference in treatment level means, shown in Table 11. The null hypothesis for each test is that there is no significant difference between treatment means.
TABLE 10 | Summary of the statistical analysis of the effect of wood state on the heat flux from firebrand piles.
[image: Table 10]TABLE 11 | Fisher’s individual tests for difference of means from wood state statistical analysis.
[image: Table 11]Statistical Analysis of Full-Factorial Data
The full-factorial experimental design was used to assess the impact of the factors and their interactions on the heat flux from firebrand piles. Results from the four-way ANOVA analysis on the data are shown in Figure 9. The Pareto chart of the standardized effects contained in Figure 9A illustrates the impact of each term ranked from largest to smallest with the threshold for statistical significance denoted by the red dashed line. The standardized effects are t-statistics used to test the null hypothesis that the term has no effect, with larger t-statistics corresponding to smaller p-values. The main effects are denoted by A, B, C, or D for firebrand length, firebrand diameter, pile mass, and wind, respectively. Interactions are denoted using the appropriate combination of letters. The normal plot in Figure 9B provides insight on the impact of the effect on the response with the red line corresponding to the response if the effect from all main effects and interactions were zero. Values positive relative to the line are effects that cause an increase in the response while negative values cause a decrease in response. The only parameter in the plot to be sufficiently far from the red line to be statistically significant is wind and since wind is on the positive side of this line increasing the wind speed is expected to increase the heat flux. From the plots in Figure 9, wind was determined to be the only statistically significant factor with firebrand length being the next most significant.
[image: Figure 9]FIGURE 9 | Pareto chart (A) and normal plot (B) for the full factorial tests with all terms included.
To improve the model, insignificant high-order interactions can be removed and the model redeveloped. In physical systems, high-order interactions consisting of three or more terms are rarely physically significant. The Pareto chart in Figure 10A, shows that the fourth order interaction between length, diameter, mass, and wind (ABCD) does not appear to be important. The same is true for the length-mass-wind (ACD) and diameter-mass-wind (BCD) third order interactions. These terms were removed, and the statistical analysis was conducted again. Results are shown in Figure 10 for the refined model with three terms now being predicted to be statistically significant: wind (D), firebrand length (A), and the length-diameter interaction (AB). The main effects of pile mass (C) and firebrand diameter (B) were found to have a statistically insignificant impact on the heat flux; however, firebrand length, firebrand diameter and mass (ABC) was nearly statistically significant. From the normal plot in Figure 10B, the wind and firebrand length are both statistically significant and an increase in the factors will result in an increase in the heat flux. The firebrand length-diameter (AB) interaction was also found to be significant but increasing this value results in a decrease in heat flux.
[image: Figure 10]FIGURE 10 | Pareto chart (A) and normal plot (B) for the full factorial tests with ABCD, ACD, and BCD terms removed.
In addition to providing the statistical significant terms as well as their relative importance, the statistical analysis of the full-factorial data also provides a linear regression fit of the data based on the terms. The linear regression fit to predict the 75th percentile of the 120 s average heat flux is
[image: image]
where L is the firebrand length (mm), D is the firebrand diameter (mm), m is the applied firebrand pile mass (g), and U is the wind speed (m/s). This equation has an R-squared value of 0.992 but is only valid over the range of the variables tested.
Firebrand Pile Heat Flux Distributions
Statistical analysis was performed using a single response value (i.e., 75th percentile of the 120 s average heat flux). As previously seen, the heat fluxes across the pile are non-uniform and change with time. To better observe these changes, heat flux distributions at different snapshots in time were created for select tests listed in Table 12. This table includes the factors considered in the full-factorial study as well as the firebrand aspect ratio as well as the pile porosity. The pile porosity (ratio of the volume of air in the pile to the total pile volume) was calculated using correlations from Ref. (Zou and Yu, 1996). for a loosely packed pile cylinders and is dependent only on the firebrand aspect ratio. The minimum porosity for loosely packed cylinders is 0.40 while the maximum porosity goes to 1.0 (all air). As seen in the table, decreasing the aspect ratio of the firebrands decreases the pile porosity resulting in less air volume in the pile.
TABLE 12 | Tests to compare the effects of different firebrand pile parameters on the heat flux distribution with time.
[image: Table 12]These tests were selected to highlight the trends observed in the statistical analysis to further demonstrate the impact of these factors on the heat flux from the firebrand pile. For this, tests were selected where only one of the factors was changed and all other factors remained constant. This included the effects of wind speed (FF6 and FF14), pile mass (FF10 and FF14), firebrand length (and aspect ratio) (FF13 and FF14), and firebrand diameter (FF14 and FF16). The different heat flux distributions at different snap shots in time are provided in Figures 11–15 with all figures having the same color scaling for heat flux magnitude. In all tests, the wind is applied on the right hand side (upstream side) of the firebrand pile.
[image: Figure 11]FIGURE 11 | Heat flux distribution for test FF6 at different times. Firebrands: D = 4.75 mm, L = 50.0 mm, and AR = 10.5; Pile mass of m = 3.0 g; Wind speed: U = 0.0 m/s.
[image: Figure 12]FIGURE 12 | Heat flux distribution for test FF10 at different times. Firebrands: D = 4.75 mm, L = 50.0 mm, and AR = 10.5; Pile mass of m = 1.5 g; Wind speed: U = 2.0 m/s.
[image: Figure 13]FIGURE 13 | Heat flux distribution for test FF13 at different times. Firebrands: D = 4.75 mm, L = 12.5 mm, and AR = 2.6; Pile mass of m = 3.0 g; Wind speed: U = 2.0 m/s.
[image: Figure 14]FIGURE 14 | Heat flux distributions for test FF14 at different times. Firebrands: D = 4.75 mm, L = 50.0 mm, and AR = 10.5; Pile mass of m = 3.0 g; Wind speed: U = 2.0 m/s.
[image: Figure 15]FIGURE 15 | Heat flux distribution for test FF16 at different times. Firebrands: D = 9.5 mm, L = 50.0 mm, and AR = 5.3; Pile mass of m = 3.0 g; Wind speed: U = 2.0 m/s.
DISCUSSION
The full-factorial study highlighted factors that were statistically important and ranked them in order of importance based on the 75th percentile 120 s average heat flux. The results from the statistical analysis were compared with the heat flux distribution data measured for the firebrand piles as different snapshots in time to further evaluate the impact of these factors.
The effects of wind speed on the heat flux can be seen through comparing the FF6 test with no wind in Figure 11 to the FF14 test with 2.0 m/s of wind in Figure 14. All other factors were constant. The time data for these tests at each grid location (not shown in these figures) is also provided in Figure 4. In the test with no wind (Figure 11), the heat flux was relatively uniform over the pile and remained constant over the times shown. Tests with 2.0 m/s of wind (Figure 14) had a more non-uniform distribution with the highest heat fluxes on the side where the wind was applied. With time, this high heat flux region migrated from right to left which corresponded to the firebrands being consumed on the upstream side of the pile which allowed downstream firebrands to be exposed to higher wind velocities and more intense burning. Though these firebrand piles had the same mass, the one with no wind was burned for 1,170 s while the one with 2.0 m/s of wind burned for only 465 s. Clearly, wind speed has an impact on the heat flux from the firebrand pile which supports the findings of the statistical analysis as this being the most significant factor.
The impact of firebrand length on the heat flux distribution is seen by comparing Test FF13 in Figure 13 where the length was 12.5 mm with Test FF14 in Figure 14 where the length was 50.0 mm. This also provides a comparison of the effect of aspect ratio, which dictates the pile porosity (or volume of air within the pile). All other factors were constant. Test FF13 had an aspect ratio of 2.6 and low porosity (0.43) while Test FF14 had an aspect ratio of 10.5 and high porosity (0.61). Test FF13 (shorter length, lower aspect ratio, and lower pile porosity) had high heat fluxes at the upstream side of the firebrand pile. However, these high heat fluxes were only measured to be present along the perimeter of the pile with low heat fluxes in the pile downstream of the where the wind was introduced. With time, the pile reduced in size as firebrands were consumed, but the highest heat fluxes always existed at the upstream perimeter with lower heat fluxes downstream. In Test FF14 (longer length, higher aspect ratio and higher porosity pile), the wind was able to penetrate into the pile more compared with Test FF14 resulting in a larger band of high heat fluxes across the upstream portion of the firebrand pile. As a result, the firebrand pile in Test FF14 (465 s) was consumed faster compared with Test FF13 (1,205 s) despite both piles having the same mass. These results confirm that firebrand length has a significant impact on the heat fluxes, which confirms the statistical analysis that had this as the second most important parameter. In addition, these tests also demonstrate the importance of aspect ratio (pile porosity) on the heat flux distribution in the pile. Aspect ratio was not explicitly identified as important in the statistical analysis. However, length times diameter was the third most important parameter and is directly related to aspect ratio in tests where the diameter is constant, AR=(L/D)D2.
The impact of the firebrand diameter on the heat flux distribution is seen by comparing Test FF14 in Figure 14 where the diameter was 4.75 mm with Test FF16 in Figure 15 where the diameter was 9.5 mm. This also resulted in a change in the aspect ratio, with Test FF14 having an aspect ratio of 10.5 and Test FF15 having an aspect ratio of 5.3. All other factors were constant. The firebrand pile in Test FF16 (high diameter, lower aspect ratio) produced a band of high heat fluxes on the upstream side of the pile where the wind was introduced. However, this band of high heat fluxes did not cover as much of the firebrand pile as that measured in Test FF14 (lower diameter, higher aspect ratio). This was attributed to the differences in aspect ratio (pile porosity) in the two tests. Test FF16 with the higher diameter did have a longer burning duration (600 s) compared with Test FF14 with the lower diameter (465 s), which was attributed to the larger firebrand diameter taking longer to be consumed within the pile. These results support the statistical analysis in that firebrand diameter does not seem to have a significant impact on the heat flux; however, the burning duration time was affected as indicated by the times above.
The impact of the pile mass on the heat flux distribution is seen by comparing Test FF10 in Figure 12 where the piles mass was 1.5 g with Test FF14 in Figure 14 where the pile mass was 3.0 g. All other factors were kept constant. The heat flux distributions between these two tests with time are similar. In both tests, there was a high heat flux band on the upstream side of the pile with the heat flux band somewhat larger in Test FF14 with the larger mass compared with the Test FF10 that had the lower mass. With time, this high heat flux band migrated downstream along the pile. The burnout time of Test FF10 (350 s) with the lower mass was shorter than Test FF14 (465 s) with twice the mass; however, the difference in these burning durations is less compared to the effects of other factors on the burning duration. In review of the data, pile mass did not appear to have an impact on the heat flux level unless the number of firebrands in the pile was made small. For example, Test FF12 and Test FF16 had the same factors but different pile mass (see Table 6). In addition, Test FF12 had four firebrands while Test FF16 had eight firebrands. Based on the data in Figure 6, Test FF16 had a higher heat fluxes compared with Test FF12. In cases with more firebrands in the pile (over 15), increasing the pile mass did not have a significant impact on the heat flux as seen in Figure 6 for Test FF9 vs. Test FF13, Test FF10 vs. Test FF14, and Test FF11 vs. Test FF15. This indicates that number of firebrands in the pile is likely a more important factor compared with pile mass and that above a critical number of firebrands the effects of the number of firebrands on the heat flux is not significant. Based on available data, this critical value is between 4 – 8 firebrands that are 50 mm in length over the 50 mm diameter pile area. The magnitude of the heat flux will still be dependent on the firebrand size (aspect ratio and length) as well as wind speed.
Many of the results found in these tests agree well with the developing knowledge of heat transfer from individual firebrands and firebrand piles. The moisture content study showed that the moisture content of the unburned firebrands had no effect on the heat transfer from firebrand piles. The important caveat is that the firebrands in this study were heated until they reached a state of flaming combustion, likely driving off any internal moisture in the process. In a real fire scenario, branches with more moisture may be less likely to form a firebrand in the first place. Firebrands with 25% MC had to be heated 2.5 times longer than those at 0% MC to reach the same state of self-sustaining flaming. This suggests that moisture content may play an important role in the actual formation of firebrands during a wildfire scenario, but not on the burning and heat transfer from an existing firebrand.
The wood type study found that there was no significant difference in heat transfer between Yellow Poplar and E. White Pine, a hardwood and a softwood with similar densities. These results were generalized to say that the wood type does not affect the heat transfer from firebrand piles despite there being fundamental biological differences between hardwoods and softwoods. The closely related density study showed that there were also no differences in pile heat transfer based on the starting dry density of the wood used to make the firebrands.
The wood state study showed that the heat transfer was not statistically different between piles made with firebrands collected from live or dead tree branches. There was however a statistically significant difference between natural firebrands (from live or dead wood) and artificial firebrands made from dowel rods. For the limited data collected in this study, the artificial firebrands generated higher mean heat fluxes compared with the natural firebrands. A difference between artificial and natural firebrands was also reported by Tao et al. (2020), although the trend was opposite of that observed in these tests. This may be in part due to the firebrand diameters and aspect ratios not being the same in these comparison tests as well as the ability of the measurement technique being able to capture the spatial resolution. Based on the results in this study, using artificial firebrands may produce higher heat flux levels compared with natural firebrands. For cases involving safety testing of building materials, a modest overestimation of the heat flux may be desirable and artificial firebrands have the distinct advantage of consistent sizing and ample availability.
CONCLUSION
A series of tests were conducted to evaluate the impact of different firebrand pile factors on the heat flux from the pile to a flat surface. This included wood moisture content, wood type (hardwood or softwood), wood density, wood state (live, dead, or artificial), wind speed, pile mass, firebrand diameter, and firebrand length. Design of experiments was used to develop test matrices to evaluate the different factors so that statistical analysis could be performed on the results and the statistical significance of the different factors could be determined. An inverse heat transfer method was used to produce high spatial resolution heat flux data under the firebrand piles. The 75th percentile of the 120 s average flux was used to represent the heat flux from the firebrand pile and used to performed the statistical analysis.
It was found that wood moisture content, wood type, and density did not affect the heat flux. Statistically different heat fluxes were measured between natural and artificial (dowels) firebrands with higher heat fluxes from the artificial firebrands. The result suggests that artificial firebrands may be a conservative surrogate for natural firebrands. Based on a full-factorial test series, wind speed and firebrand length were found to have a statistically significant impact on heat flux while firebrand diameter and pile mass did not statistically impact the heat flux. In addition, the interaction between firebrand length and firebrand diameter (length times diameter) was also found to be statistically significant. In tests with constant diameter, the length times diameter is directly related to the firebrand aspect ratio. The aspect ratio controls the pile porosity (ratio of volume of air in the pile to pile volume). Increasing the aspect ratio (which increases the pile porosity) results in higher heat fluxes across the pile and shorter burning times (i.e., a shorter but more intense heat flux to the surface). Pile mass and firebrand diameter were observed to have an impact on burning duration, but not as significant as other effects such as decreasing the pile porosity. Lastly, reducing the number of firebrands in the pile was observed to impact the heat flux when it was decreased below a critical value. This value was not explicitly determined in these experiments but based on the available data is somewhere between 4 – 8 firebrands for firebrands 50 mm long over a 50 mm diameter region. The magnitude of the heat flux will still be dependent on the firebrand size (aspect ratio and length) as well as wind speed.
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Wildfires are global issues that cause severe damages to the society and environment. Wood particles and firebrands are the most common fuels in wildfires, but the size effect on the flaming and smoldering ignitions as well as the subsequent burning behavior is still poorly understood. In this work, a well-controlled experiment was performed to investigate smoldering and flaming ignitions of stationary disc-shaped wood particles with different diameters (25–60 mm) and thicknesses (15–25 mm) under varying radiant heat flux. The ignition difficulty, in terms of the minimum heat flux, increases from smoldering ignition to piloted flaming ignition and then to flaming autoignition. As the sample thickness increases, the minimum heat flux, ignition temperature, and burning duration for flaming autoignition all increase, while the peak burning flux decreases, but they are insensitive to the sample diameter. During ignition and burning processes, the disc particle is deformed due to the interaction between chemical reactions and thermomechanical stresses, especially for smoldering. The characteristic thickness of the smoldering front on wood is also found to be 10–15 mm. This study sheds light on the size effect on the ignition of wood particles by wildfire radiation and helps understand the interaction between flaming and smoldering wildfires.
Keywords: ignition limit, minimum radiation, disc particles, smoldering fire, firebrands
INTRODUCTION
Driven by the climate change, the Earth ecosystems tend to suffer more frequent wildfires and longer wildfire durations, posing severe threats to the economy, society, and environment, especially in the densely populated wildland–urban interface (WUI) (Liu et al., 2010; Moritz et al., 2014; Toledo et al., 2018; Lin et al., 2019a). Mega-scale wildfires are difficult to predict and control, and they may cause huge casualties and property loss, such as those in California, Australia, and South Europe. Because the spread of a wildfire is a result of a consecutive ignition process (Williams, 1982), it is critical to understand the ignition of wildland fuel particles to predict wildfire development and optimize the emergency response.
The ignition of wildland fuel involves complex physicochemical processes in both the solid and gas phases, and it depends on fuel properties, for example, density, type, moisture, and thermal conductivity (Simms and Law 1967; Wesson et al., 1971; Bilbao et al., 2001), and configurations, for example, size and shape (Saastamoinen et al., 2000; Momeni et al., 2013; Lin et al., 2019a). Small fuel particles, such as shrubs, twigs, bark, and litter layer, constitute a vast majority of wildland fuel loads, so the ignition of small particles is closely related to the wildfire risks and hazards (Moghtaderi et al., 1997; McAllister 2013; Finney et al., 2015; Lin et al., 2019a). The recent debate on the ignition mechanism (Finney et al., 2013, 2015) suggested that direct flame contact played a dominant role in the flaming ignition of fine and small fuel particles, which compensated Rothermel’s radiation ignition theory (Rothermel, 1972).
Almost all wildland fuels can sustain both forms of flaming and smoldering wildfires (Figure 1A), such as pine needle beds (Wang et al., 2017a), barks and twigs (Sullivan et al., 2018), ground litter layers (Wang et al., 2017b), and underground organic soils (Lin et al., 2019b). Flaming fire is sustained by the oxidation of pyrolysis gases in the gas phase (Quintiere, 2006). Smoldering is dominated by the char oxidation in the solid phase, so it is slow, low-temperature, flameless, and the most persistent (Rein, 2014). The ignition of smoldering does not need a pilot source, so it is also a kind of autoignition or spontaneous ignition. Both flaming and smoldering fire can transition to each other under specific conditions (Santoso et al., 2019; Huang and Gao 2020; Lin et al., 2021). As illustrated in Figure 1B, the flame can be piloted by direct contact with a nearby flame (Finney et al., 2015) or autoignited within the hot plume (McAllister et al., 2012; Mcallister and Finney 2017). Also, the flame can be transitioned from the smoldering fire, that is, the smoldering-to-flaming (StF) transition. Compared to piloted flaming ignition, smoldering ignition needs no pilot source. Moreover, the intensified convective cooling, which prevents the flaming ignition under radiation (Finney et al., 2013), can also facilitate and intensify smoldering by increasing the oxygen supply (Wang et al., 2016). In other words, smoldering provides an alternative shortcut for flaming ignition in the absence of direct flame contact, but it needs further verification under specific fuels and environmental conditions.
[image: Figure 1]FIGURE 1 | (A) Flaming and smoldering fire of wood particles in wildfires (U.S. Forest Surveys) and (B) possible ignition mode of wood particles.
The shape of wildland fuels may be cubic, cylindrical, spherical, disc-shaped, or irregular (Paulrud and Nilsson 2004; Kuo and Hsi 2005; Lin et al., 2019a). The fuel size also has a wide range, from mm-scale fine leaves and needles (McAllister et al., 2012) to cm-scale small twigs, shrubs, and firebrands (Manzello et al., 2008; Manzello et al., 2020) to dm-scale tree trunks and to m-scale soil layers (Huang and Rein, 2017). Most research literature focused on the flaming and smoldering ignition limits of flat wood samples under external irradiation (Boonmee and Quintiere 2002; Yang et al., 2011). Nevertheless, the effects of fuel shape and size are also important. Harada (2002) pointed out that the sample thickness did not influence the flaming ignition delay time but affected the mass-loss rate. Finney et al. (2015) revealed that for the fine-sized fuel particles, the convective cooling dominated over the radiant heating, whereas the convective heating via contact with flames and hot gases controlled the flaming ignition. Lin et al. (2019a) showed the combined effects of fuel size and arrangement on the convective cooling and the piloted flaming ignition under external radiation. Atreya et al. (2017) also pointed out that the nominal dimensions (i.e., size and shape) have a significant effect on the pyrolysis duration and the remaining char mass. To the best of the authors’ knowledge, very limited research was available on the smoldering and flaming autoignition and burning behaviors of small wildland fuel particles and the effect of particle size; thus, there is a big knowledge gap.
In this work, the smoldering ignition of disc-shaped hardwood particles is investigated with different sizes (5–60 mm) under an external radiation up to 60 kW/m2. For comparison, the flaming autoignition experiments are also conducted. The ignition delay time, temperature, minimum heat flux, and burning rate are quantified and analyzed to provide a full picture of wildland fuel ignitability.
EXPERIMENTAL METHOD
Apparatus and Fuel Sample
The schematic diagram of the experimental setup is illustrated in Figure 2, and it mainly consists of a radiant panel, a sample holder, and an electric balance. The panel radiator with the dimension of 0.2 m × 0.2 m is made of several resistance heating rods that can generate a uniform radiant heat flux from 0 to 60 kW/m2 on the top fuel surface 50 mm below. The air temperature above the wood surface is lower, so the air is responsible for cooling the wood surface. The fuel particles tested in the experiment were German beech wood. Referring to the survey of wood particle shapes and sizes in common wildlands (Manzello et al., 2008), nine disc-shaped samples with three diameters ([image: image]) of 25, 40, and 60 mm and three thicknesses ([image: image]) of 5, 10, and 15 mm were tested. These wood samples were first oven-dried at 80°C for 8 h and then kept in a dry chamber to control the same initial condition. The initial mass of particle samples ranges from 1.6 to 25.8 g with an uncertainty of 5%, so their dry bulk density was calculated to be 621 ± 21 kg/m3.
[image: Figure 2]FIGURE 2 | (A) Schematic diagram of the test setup for igniting the disc-shaped wood particle under external radiation, and (B) photos of disc-shaped wood particles with different thicknesses and diameters.
The wood particle was stuck to a 2-mm-thick aluminum rod using high-temperature-resistant adhesive, and then it was spaced for 5 h to form a stable connection. During the experiment, the mass evolution of the particle was measured using the electric balance (Mettler-Toledo XE10002S, resolution: 0.01 g). The upper and lower surface temperatures of the particle were measured using two thin K-type thermocouples (TCs) with a 0.5-mm bead. Because thermocouples might affect the mass measurement, the mass and temperature measurements were conducted separately in repeating tests.
Ignition Protocols
Before testing, the radiant panel was first preheated for 25 min to the prescribed heat flux which was measured and calibrated using a radiometer. Afterward, the irradiation was shielded using an insulation board that allowed the sample to be placed in the right position. Once the insulation shield was removed, the irradiation started to apply to the sample. It should be noted that no pilot source was used for flaming ignition, different from the study by Lin et al. (2019b). The whole heating and burning process was recorded using a front-view video camera (Sony FDR-AX60 at 50 fps). For any given experimental condition, the experiment was repeated 3–6 times to quantify the random uncertainty.
For the flaming autoignition, the ignition delay time ([image: image] could be easily quantified visually when the flame appeared. The minimum radiation for autoignition ([image: image] can be obtained by decreasing the incident heat flux until no flame occurs after heating for 10 min. For the smoldering ignition, it was difficult to visually determine the onset of smoldering. Approximately, based on the threshold temperature of char oxidation (Terrei et al., 2019), the characteristic temperature of 350 ± 30°C can be defined as the threshold of smoldering. By reducing the radiation, the minimum value for smoldering ignition ([image: image] was determined when the sample had no mass loss after being fully charred.
RESULTS AND DISCUSSION
Smoldering Ignition and Burning Behaviors
Figure 3A shows an example of the smoldering ignition process and the associated burning behaviors of wood particles with the same diameter of 60 mm and two different thicknesses of 10 and 15 mm, respectively. The original videos can be found in Supplementary Video S1, 2. Once exposed to the irradiation, the sample was heated to release some visible smoke. The visible smoke may be the condensed water droplets (like fog) and tar droplets (the condensed pyrolysis gases with a high molecular weight) as they mix with cool air. The intensity of the smoke flow first increased, which may even form the gas jet above the sample surface, and then it gradually decreased near burnout. The flow of air streams was faster near the edge of the surface with a large curvature that can enhance convective heat transfer (Incropera and DeWitt, 1996). Moreover, due to the better oxygen supply, noticeable glowing was always first initiated at the edge, which is a widely observed phenomenon on the solid surface (Huang and Gao, 2020).
[image: Figure 3]FIGURE 3 | (A) Smoldering ignition of the wood particle with a diameter of 60 mm and different thicknesses of 10 and 15 mm (Wang et al., 2021) and (B) flaming autoignition of the wood particle with a diameter of 60 mm and a thickness of 10 mm.
During the smoldering ignition and the burning process, complex structural behaviors of wood particles could be observed, and the deformation was more obvious for the disc sample with a larger diameter-to-thickness ratio. As shown in Figure 3A, there are mainly two different deformation stages:
i) Bending upward to form a bowl shape. Once exposed to the irradiation, the wood sample started to deform upward and form a bowl shape. This may be caused by the shrinkage on the top surface, where there is a strong mass loss because of the drying and pyrolysis.
ii) Bending downward to form an umbrella shape. As the smoldering front approached the bottom, the sample bent back to become flat and then continued to bend downward and deformed to form an umbrella shape because of the interaction between thermal expansion and char oxidation (Wang et al., 2021).
Furthermore, a longer heating duration is required for a thicker sample to form a gas jet, as shown in Figure 3A. It was roughly attributed to the larger temperature gradients inside the thicker wood sample, and only the top thin layer can reach its pyrolysis temperature to release gases (Lin et al., 2019a). For the samples with thicknesses of 5 and 10 mm, the regression due to burnout on the top surface occurred after the smoldering front reached the bottom surface, whereas for the thickness of 15 mm, the regression occurred earlier. Therefore, we can presume that the characteristic thickness of the smoldering front is about 10–15 mm for this wood particle.
Flaming Autoignition and Burning Behaviors
The flaming autoignition of the wood particle was also observed as the external heat flux is larger than the critical value ([image: image]. Figure 3B shows an example of the flaming autoignition and burning processes of the large disc-shaped wood sample with a diameter of 60 mm and a thickness of 10 mm. The original video can be found in Supplemental Video S3. After heating for about 50 s, a blue flash could be achieved above the wood top surface. Subsequently, the flame propagated downward and covered the entire sample surface. At 253 s, the flame self-extinguished, and the wood residue was in an umbrella-shaped structure. However, the extinction of the flame is not the end of the fire; instead, it was followed by a stable smoldering in the solid phase until burnout (Lin et al., 2021). Compared with the smoldering burning of the 10-mm-thick sample in Figure 3A, the structure deformation and edge effect were not obvious during the flaming burning.
On the other hand, during the burning process, the macro-cracking occurred on the sample surfaces, which was widely observed in wood pyrolysis processes under the nitrogen condition (Li et al., 2017). Such cracking was due to the accumulation of internal pressure and structure failure. Moreover, the splashing phenomenon was also observed, which was a strong bright spark, like that occurs upon water dripping into boiling oil. Such a splash phenomenon might be the result of the competition of gas production and sample structural strength (see Appendix for more details).
The Ignition Limits of Flaming and Smoldering
By plotting the ignition time under different radiant heat fluxes, the propensity for flaming and smoldering ignition of the wood particle can be quantified. Figure 4A shows an example of a wood particle with a diameter of 60 mm and a thickness of 10 mm. The error bars show the standard deviations of the values measured from all repeating tests. As expected, the ignition delay time also decreases as radiant heat flux increases, the same as other combustibles (Rodriguez et al., 2017). More importantly, by decreasing the radiant heat flux and ignition time, the observed phenomena in the current non-piloted ignition study can be categorized into three regions: (I) flaming autoignition, (II) smoldering ignition, and (III) no ignition. A much larger heat flux is required to initiate the flaming ignition of wood particles in the absence of a pilot source than the smoldering ignition of wood particles (10 kW/m2 vs. 28 kW/m2), which is different from the ignition propensity of peat soil (6.5 kW/m2 vs. 7.5 kW/m2) (Lin et al., 2019b) with pilot source and the glowing autoignition of wood cubic samples (10 kW/m2 vs. 18 kW/m2) (Boonmee and Quintiere, 2002).
[image: Figure 4]FIGURE 4 | (A) Smoldering ignition and flaming autoignition delay time of wood particles ([image: image] under different heat fluxes. (B) Effect of fuel size on the ignition boundary of the wood particle. The symbols of the square, triangle, and circle represent the thicknesses of 15, 10, and 5 mm, and the red and black symbols represent flaming and smoldering ignition, respectively. The striped regions represented the lowest heat fluxes or ignition boundary of smoldering ignition, piloted ignition, and autoignition, respectively.
For comparison, the critical heat flux for the piloted ignition of wood from the study by Quintiere (2006) is also plotted in Figure 4A. Here, the striped regions represented the lowest heat fluxes or ignition boundaries of smoldering ignition, piloted ignition, and autoignition, respectively. The difficulty of ignition increases from smoldering to piloted flaming ignition and then to flaming autoignition in terms of the minimum heat flux. Therefore, the piloted ignition effectively lowers the flaming ignition limit and provides a shortcut to trigger a flaming fire. In real fire scenarios, the flame of burning trees can act as the heating and pilot sources, which may cause piloted flaming ignition and increase the wildfire risk.
Figure 4B further summarizes the ignition boundaries of smoldering ignition and flaming autoignition for different wood particles, where the symbols of the square, triangle, and circle represent the sample thicknesses of 15, 10, and 5 mm and the red and black symbols represent flaming and smoldering ignition, respectively. The ignition limit of flaming fire is very sensitive to the sample thickness, while the effect on smoldering ignition is negligible. For example, with the same diameter of 25 mm, as the same thickness increases from 5 to 15 mm, the critical heat flux for flaming ignition increases from 30 kW/m2 to 37 kW/m2. One possible reason is that for a thinner sample, both the received external radiation and the in-depth conduction are more uniform, leading to a smaller internal temperature gradient (Lin, Huang, et al., 2019). Therefore, a thicker layer below the top surface can reach pyrolysis temperature so that sufficient pyrolysis gases could be released to trigger flaming ignition. In contrast, for the sample with larger thickness, there is a large temperature gradient, and the in-depth temperature is much lower than the surface temperature. As a result, only the thin surface layer is pyrolyzing, so a larger external heat flux is required to reach the minimum fuel mass flux (Quintiere 2006) (discussed more in Surface Temperature and Mass Loss Rate in Size Effect on the Flaming Burning Behaviors). On the other hand, the minimum heat fluxes of both smoldering ignition and flaming autoignition are insensitive to the diameters, except the auto-flaming ignition of the 5-mm-thick sample, which has lower thermal resistance and is easily affected by the environmental factors.
Characteristics of Smoldering and Flaming Autoignition
Figure 5 shows an example of the measured surface temperature and mass-loss rates’ time evolution for smoldering and flaming ignition of the wood particle with a thickness of 10 mm and a diameter of 60 mm. The red curves represent the flaming autoignition (28 kW/m2), and the black curves represent the smoldering ignition (18 kW/m2). Once exposed to the heating panel, both the surface temperature and mass loss increase remarkably with a decreasing rate. For flaming ignition, a sudden increase can be observed at the ignition moment in both surface temperature and mass flux, consistent with other research efforts (Moghtaderi et al., 1997; McAllister, 2013). For smoldering ignition, a sudden increase could also be observed in the mass flux, but it is not clear in the temperature evolution. However, the corresponding surface temperature at the smoldering ignition moment is found to be ∼350°C, consistent with the findings of Terrei et al. (2019). Although the surface temperature during a flaming fire is much higher than that for a smoldering fire, their temperature difference between the top and bottom surfaces is smaller. Therefore, the thermal expansion for flaming fire is smaller than that for smoldering, as shown in Figure 3.
[image: Figure 5]FIGURE 5 | Surface temperature (A) and mass loss time evolution (B) of the wood sample with a diameter of 60 mm and a thickness of 10 mm, where the circular symbols indicate the moment of flaming autoignition.
On the other hand, the mass flux for flaming is much higher than that for smoldering. For flaming burning, once the whole sample is charred, both the surface temperature and mass flux go through a sharp drop, following the self-extinction of flaming fire (Lin et al., 2021). However, the fire continues as smoldering combustion at very low mass flux, and the temperature difference keeps increasing and gradually becomes close to that of the direct smoldering ignition sample. For the flaming ignition criterion, ignition temperature ([image: image]) is widely used, and it is very helpful in predicting the fire spread (Quintiere, 2006). If the external radiant heat flux is below the minimum value, an equilibrium between radiant heating and environmental cooling can be reached at a surface temperature below [image: image] (Lin et al., 2019b).
Size Effect on the Flaming Burning Behaviors
Figure 6A plots the flaming ignition temperatures of wood samples with different diameters and thicknesses. It can be found that the flaming ignition temperature increases with the thickness, while it is less sensitive to the diameter. For example, for the wood particle with a diameter of 25 mm, the ignition temperature increases from 345 to 390°C as the sample thickness increases from 5 to 15 mm. Similarly, the temperature difference between the top and bottom surfaces at the ignition moment also increases with the sample thicknesses, as shown in Figure 6B.
[image: Figure 6]FIGURE 6 | Comparison of (A) autoignition fuel temperature, (B) temperature difference between the top and bottom surfaces at the ignition moment, (C) peak burning flux, and (D) burning duration time of flaming fire with different diameters and thicknesses.
A smaller temperature diffidence indicates a smaller internal temperature gradient in the direction perpendicular to the heating source, and both received external radiant heat flux and the in-depth conduction is more uniform (Lin et al., 2019a). Therefore, a thicker layer below the surface can reach the pyrolysis temperature and release combustible gases to trigger a flame. Comparatively, for the wood sample with a larger thickness, the in-depth temperature is much lower than the surface temperature, and only a very thin layer can reach the pyrolysis temperature, so a higher ignition temperature and the critical heat flux are required to reach the minimum fuel mass flux, as shown in Figures 4B, 6A.
Figures 6C,D further compare the peak burning flux and flame duration of wood particles with different diameters and thicknesses. Clearly, as the thickness increases, the peak burning flux decreases while the flame duration increases. A thinner sample can burn more extensively due to a more uniform in-depth conduction so that it is easier for the whole sample to reach its pyrolysis temperature and start to burn.
Size Effect on Smoldering Burning Behaviors
Figure 7 and Figure 8 present the thickness effect on the surface temperature and mass loss for smoldering combustion of samples with the same diameter of 60 mm. At about 35 s, the thermal energy had propagated to the lower face, and the pyrolysis gas was released. So, the small peak mass occurred at the initial heating only for the 5-mm-thick sample. Based on the characteristic temperature in TGA, the onset of “pyrolysis” and the onset of the “oxidation reaction” were determined. For sample thicknesses of 5, 10, and 15 mm, the onset of pyrolysis was at 54 ± 2, 69.5 ± 1.5, and 86 ± 4 s and the onset of the oxidation reaction was at 112 ± 5, 130.5 ± 2.5, and 143.5 ± 6.5 s, respectively. The thicker particle has greater in-depth heat conduction, which delayed the appearance of pyrolysis and oxidation and decreased the peak reaction intensity, as indicated by the peak mass loss rate.
[image: Figure 7]FIGURE 7 | Upper (A) and lower (B) face temperature during the smoldering ignition and burning for disc-shaped wood particles with a diameter of 60 mm, showing the thickness effect.
[image: Figure 8]FIGURE 8 | Mass loss rate during the smoldering ignition and burning of disc-shaped wood particles with a diameter of 60 mm, showing the thickness effect.
Due to the volume of the reaction fuel, the thickness had no obvious effect on the magnitude of upper face temperature. Conversely, the increment of thickness delayed and reduced the heating of the lower face. Also, there was one mass loss peak for δ < 10 mm and two mass loss peaks for δ > 10 mm. It was because the heating of the upper sample to pyrolysis of the unreacted materials is consistent with the oxidation phenomena in Figure 2A.
Figure 9 presents the diameter effect on the surface temperature and mass loss for smoldering combustion of 10-mm-thick samples. For the sample with the diameters of 25 and 60 mm, the onset of pyrolysis was at 62.5 ± 1.5 and 69.5 ± 1.5 s, and the onset of the oxidation reaction was at 102 ± 1 and 130.5 ± 2.5 s, respectively. Despite the same upper face temperature before 15 s, the accumulation of heat on the side surface accelerated the temperature increase of the lower face and also moved up the appearance of the smoldering onset for the sample with a diameter of 25 mm compared to that for the sample with a diameter of 60 mm. Until the onset of the oxidation of the sample with a diameter of 60 mm, its lower face temperature was higher than that of the sample with a diameter of 25 mm. Because of the difference of latent heat release, the lower face temperature of the sample with a diameter of 25 mm was lower than that of the sample with a diameter of 60 mm. The diameter had no effect on the peak temperature of the upper face temperature. There was the shoulder peak for the mass loss rate for the sample with a diameter of 25 mm, which was different from the single peak for the sample with a diameter of 60 mm. The shoulder might be attributed to the sequential oxidation reaction of both sides and the heating of the oxidation reaction for the entire sample.
[image: Figure 9]FIGURE 9 | Surface [upper (U) and lower (L)] temperature (A) and mass flux (B) vs. time: diameter effect on smoldering combustion for 10-mm-thick samples.
Figure 10 presents the thickness and diameter effect on smoldering characteristic values for samples with a diameter of 60 mm. The increment of the size (both thickness and diameter) held the lower peak burning rate and the larger burning duration time. Thus, smoldering ignition should be significantly more sensitive to sample thickness than to sample diameter in the size range studied.
[image: Figure 10]FIGURE 10 | Summarized size (thickness and diameter) effect on smoldering characteristics: (A) peak mass flux and (B) burning duration or burnout time.
CONCLUSION
In this experimental work, we found that the ignition difficulty of the stationary disc-shaped wood particle increases from smoldering ignition to piloted flaming ignition and then to flaming autoignition, as the required minimum heat flux approximately increases from 10 kW/m2 to 30 kW/m2. Compared to the smoldering ignition, the flaming autoignition is very sensitive to the fuel thickness (5–15 mm), while the effect of diameter (25–60 mm) is negligible. The ignition temperature, minimum heat flux, and burning duration of flaming all increase, while the peak burning flux decreases, as the wood thickness increases.
During the ignition and the following burning processes, the disc-shaped particle was first deformed to a bowl shape and then to an umbrella shape due to the interaction between chemical reactions and thermomechanical stresses. The characteristic thickness of the smoldering front on wood is also found to be 10–15 mm. This study helps understand the interaction between flaming and smoldering wildfires and the deformation behaviors of the wood particles in wildfires. In our future work, numerical simulations will be conducted to reproduce the deformation behaviors of wood particles and improve the up-to-date pyrolysis modeling technology.
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APPENDIX
A high-speed camera was used to trace the splash phenomenon for the sample with a diameter of 60 mm and a thickness of 10 mm, and the result is shown in Figure A1. The original video can be found in Supplementary Video S4. Here, the starting point (i.e., 0 ms) was set at the moment that the record was started. The crack occurred at 72 ms on the sample surface, and splashing occurred with the tiny particles quickly flying out from the fracture at 102 ms. The splashing phenomena would be sustained for hundreds of milliseconds. During this time, there was also the dropping of the ember from the sample at 144 ms and generating many small embers nearby.
[image: Figure A1]FIGURE A1 | Example of (A) overall flaming ignition and burning process and (B) splashing process is traced using a high-speed camera at 500 fps of the disc diameter of 60 mm and the disc thickness of 10 mm (Supplementary Video S4).
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The increasing occurrence of severe wildfires, coupled with the expansion of the wildland urban interface has increased the number of structures in danger of being destroyed by wildfires. Ignition by firebrands is a significant avenue for fire spread and structure loss; thus, understanding processes and parameters that control the ignition of fuel beds by firebrands is important for reducing these losses. In this study the effect of fuel bed characteristics (i.e., particle size and porous or solid fuel bed) on ignition behavior was considered. Modelling and analysis was conducted to better understand parameters that are dominant in controlling ignition. The fuel beds, made from Douglas-fir shavings, Douglas-fir plates, or cardboard plates, were heated with a cartridge heater (i.e., surrogate firebrand) to observe ignition. Smaller particles were observed to ignite more readily in porous beds than larger particles when heat transfer from the heater is primarily through conduction. This occurs in large part due to differences in contact area between the fuel bed and the heater coupled with thermal properties of the fuel bed. As particle sizes increased, ignition was more likely to occur at extended times (>100 s) due to the increased importance of radiation heat transfer. Douglas-fir plates were primarily observed to ignite at times where conduction was the dominant mode of heat transfer (<10 s). Heat flux delivered to the fuel bed was observed to be a more accurate predictor of ignition likelihood and ignition time than heater temperatures. The characteristic ratio of transport and chemical timescales can be used, in conjunction with the measured heat flux and thermal diffusivity of the fuel beds, as a first approximation to predict ignition for the porous fuel beds. This suggests that future work focusing on these parameters may produce a general characterization of fuel bed ignition probability across fuel beds materials and morphologies.
Keywords: ignition, firebrands, wildland urban interface, wildfire, combustion
1 INTRODUCTION
Increasing urban expansion into the wilderness has increased the area of the wildland urban interface (WUI). The increase of the WUI, coupled with global climate change has resulted in fires of increasing severity, size, and impact to humans. For example, consider the state of California in the United States, where four of the five largest fires and three of the five most destructive fires have occurred in the past decade (Cal Fire, 2019; 2018). These fires highlight a trend in the increasing severity of wildfires. Of particular concern with the increasing severity of wildfires is the severity of fires in the WUI. The 2018 Camp fire, where residential property losses amounted to more than twice the reported costs for nationwide federal suppression efforts during the same year (U.S. Department of Interior/U.S. Department of Agriculture, F. S, 2020; California Department of Insurance, 2019), is a stark example of how severe a fire that occurs in the WUI can be. A significant mechanism for the spread of fires into the WUI, or even within the WUI, is the ignition of fuel beds by firebrands (Mell et al., 2010; Maranghides et al., 2013). Ignition by firebrands in wildfires occurs when a hot combusting particle is generated within the fire and transported, typically by wind, to a recipient fuel bed (Koo et al., 2010). Structures in the WUI often have geometry conducive to the collection of firebrands, further increasing the risk of ignition (Suzuki and Manzello, 2020). Hence, efforts to mitigate the destruction that can be caused by fires in the WUI must consider the role of ignition by firebrands.
Three primary processes control the ignition of fuel beds by firebrands. Specifically, heat transfer between the fuel bed and the firebrand, pyrolyzate generation in the fuel bed, and the mixing of the pyrolyzates above the bed at sufficient temperatures for ignition to occur (Babrauskas, 2003). A recent review of the role of firebrands in the spread of fires by Manzello et al. (2020) identified that research into the ignition behavior of fuel beds by firebrands is critical to improving preventative measures. Work conducted by Manzello et al. (2006a, 2006b), Manzello et al. (2008) studying ignition of various fuel bed materials (e.g., cut grass and pine needle beds) concluded that the most influential factors for ignition were the number flux of firebrands to the fuel bed, the size of the firebrands, and the airflow over the fuel bed. Similar conclusions were found by Urban et al. (2019), who found that larger firebrands were more likely to ignite fuel beds (i.e., fine sawdust) across a range of fuel moisture contents. These observations illustrate the critical role of heat transfer to the fuel bed in causing ignition. What is not clear from studies such as these is how ignition behavior would change for fuel beds other than those tested, even if identical firebrands were used. Even how the size of fuel particles alter ignition is not clear. Such knowledge is needed to help transition knowledge to a variety of fuel beds that can be present near the WUI (e.g., wood shavings, needles, leaves, etc.).
Essential to understanding the ignitablility of fuel beds is understanding how the role of heat transfer and energy of a firebrand influences ignition. Hadden et al. (2011) found that as the energy content of hot metal particles increased the ignition probability increased. It was also observed that the particle energy alone is not a sufficient condition for ignition to occur and that a minimum particle temperature is required. Similarly, Zak et al. (2014) observed that the energy of a metal particle was not a sufficient parameter for ignition and minimum values for particle energy and temperature are required; the values of which are dictated by the ability of hot particles to generate sufficient amounts of hot pyrolyzates in fuel beds. Further studies by Fernandez-Pello et al. (2015) added to the understanding of these factors concluding that heat losses from the hot particle, which reduce the heat flux to the fuel bed, can have a significant impact on the ignition of fuel beds. Additional studies conducted by Urban et al. (2017), Urban et al. (2018) found that the timescale of flaming ignition can be relatively short (≤100 ms). Furthermore, smaller fuel bed particles tended to ignite at lower metal particle temperatures. A sensitivity of ignition to the chemical composition of the fuel bed was also observed. While sensitivities to fuel bed particle size, ember particle size, and ember energy have been observed, the relative effect of each parameter on ignition limits and a general application of these sensitivities across various fuel beds and embers remains elusive.
Studies evaluating the heat flux of firebrands and the critical heat flux for ignition have yielded further insights into the ignition process. Hakes et al. (2019) found that, for a single cylindrical firebrand and piles of firebrands, peak heat flux values ranged between 20 and 60 kW m−2 with average heat fluxes between 12 and 25 kW m−2. The mass of the firebrands or piles of firebrands had little effect on the peak heat flux but directly influenced the total energy released. Tao et al. (Tao et al., 2020) observed similar heat fluxes for various of natural and manufactured firebrands. Both Hakes et al. (2019) and Tao et al. (2020) observed that an increase in wind speed significantly increased the measured heat flux. Hernández et al. (2018) found that Monterey Pine (Pinus radiata) needles ignited under heat flux as low as 10 kW m−2 with ignition time decreasing proportionally to the inverse square of increasing heat flux. In similar tests but with different fuels, Rivera et al. (2020) observed that critical heat fluxes for ignition were highly dependent on fuel bed properties with the critical radiative heat flux increasing as the porosity decreased. Reported critical values ranged from 6.64 to 20.85 kW m−2 for Monterey Pine needles with porosities of 0.09 and 0.01, respectively. It has been observed that a variety of firebrands are capable of producing heat fluxes well above the critical heat flux values long enough for ignition in some fuels. However, upon comparing these values to other studies, ignition is not guaranteed if the critical heat flux rate and duration are met. For example, experiments conducted by Manzello et al. (2008) used firebrands similar to Hakes et al. (2019) and Tao et al. (2020) with fuels similar to Hernández et al. (2018) and Rivera et al. (2020) (e.g., wooden disks on pine needles) but did not observe ignition under conditions that would be anticipated to produce ignition. It should be noted that the studies conducted by Hernandez et al. and Rivera et al. were conducted under quiescent conditions and those by Manzello et al. between 0.5 and 1.0 m s−1. Nevertheless, the reported values of firebrand heat flux at 0.5 and 1.2 m s−1 conditions by Tao et al. suggest ignition is likely to occur for instances where no ignition was observed. Not observing ignition under conditions at the apparent intersection of these findings suggests that other factors may be as important as heat flux and duration of heating.
Given this background and motivation the objective of this work is to identify how the size of fuel particles influences ignition and to ascertain changes in ignition of porous and solid fuels. Time to ignition tests with a cartridge heater were conducted to elucidate this sensitivity. It is anticipated that the observations from this study will enhance the understanding of fuel bed ignition and enable more focused studies regarding additional effects of fuel bed properties on ignition.
2 METHODOLOGY
The time to ignition was measured for five different fuel bed conditions with varying surface temperatures of a resistance heater. The time to ignition was the metric used to evaluate the ignition propensity. The experimental apparatus, as illustrated in Figure 1, was designed to replicate both conduction and radiation that may occur when a firebrand lands on the fuel bed. The heater was held in place by a lever arm that, when lowered, positioned the heater at a fixed location for the duration of the test. The firebrand was represented by a 6.35 mm diameter 51 mm long cartridge heater capable of a 250 W output. The heater was inserted 3 mm into the bed (approximately half the diameter) in the porous media tests and on top of the plates for the other experiments. The temperature of the heater was continually recorded via a type-K thermocouple attached to the top of the heater. An important distinction between using the lever arm holder and a naturally occurring firebrand is that the location of the heater remained fixed and, for times greater than roughly 10 s, could lose contact with the fuel bed as material was lost because of pyrolysis. Thus, for the longer ignition experiments the arrangement mimicked a firebrand with a gap between it and the fuel bed, instead of a firebrand that maintained consistent contact. The rationale in using the lever arm was to ensure that the heater was placed a consistent depth within the fuel bed since sensitivities of ignition to heat source penetration depth have been observed by Wang et al. (2015). The temperature of the heater was held to within ±6% of the set point using PID control implemented in LabVIEW. Power delivery to the heater was measured at a rate of 1 kHz for all tests. Admittedly, the temperature and heat transfer from an actual firebrand to a fuel bed may vary more than that of a controlled heater, nor does the heater have a piloted ignition source. Nonetheless, trends of ignition propensity are expected to be similar between the heater and firebrands since the heat transfer rates calculated in these experiments are in the range of 1–21 kW m−2 which are comparable to heat flux values reported by Hakes et al. (2019) and Tao et al. (2020) for combustion of glowing firebrands on an instrumented surface. The advantage of using a heater was that it allowed sensitivities of ignition to the fuel beds and controlling processes to more readily be identified because the boundary conditions were measured, controlled, and consistent.
[image: Figure 1]FIGURE 1 | Experimental apparatus for the ignition propensity tests. The lever arm used to lower the apparatus into the fuel bed, the fuel bed size relative to the heater, and the location of the photodiode are illustrated.
Wood particles and flat plates were used as the fuel bed materials. The fuel particles were Douglas-fir (Pseudotsuga menziesii) shavings sorted into three size classes: Lc < 1mm, 4 mm < Lc < 6 mm, and 6 mm < Lc < 12 mm to allow sensitivities of ignition to be identified. Fuel particles were generated by processing Douglas-fir lumber through a planer and then sorted by screening and/or granulating to achieve the desired size distribution. The fuels were placed in a glass container with a diameter 140 mm and a depth of 70 mm. The container was filled to the rim for the porous media tests, but the fuels were not packed. The materials used for the tests with flat plates were Douglas-fir and corrugated cardboard processed into 75 mm-by-75 mm squares. The thickness of the Douglas-fir and cardboard plates were 5 and 6 mm respectively. For plate ignition tests, the plates were stacked in the container to be level with the rim, replicating the porous media tests as close as possible.
The time to ignition was determined from the signal emitted from a BPX65 photodiode positioned to capture the lowering of the cartridge heater and the flames resulting from ignition. This measurement approach only considered flaming ignition. The time to ignition was defined as the time between the maximum light intensity gradients, which corresponds to lowering the heater onto the fuel bed and the ignition event. The photodiode was sampled at 1 kHz. Consistency in airflow, and thus oxygen availability, was achieved by maintaining the apparatus in the same orientation in a fume hood with the same airflow settings for every test. The average air velocity over the fuel bed was measured using a hot wire anemometer (TSI IFA300). Measurements were taken with the sample bowl filled with fuel particles and the heater in the lowered testing position at room temperature with the probe positioned approximately 16 mm above the fuel bed. The average air velocity over the fuel bed was 0.1 m s−1.
The heat transfer to the fuel bed was estimated by applying an energy balance around the heater using the supplied (measured) power to the heater and subtracting the calculated infrared radiation losses to the surroundings. The heat flux was determined by normalizing the heat transfer to the heater by one-half of the surface area of the heater. This surface area was justified as the heater was inserted to a depth of half the diameter for each test. Heat loss to the surroundings was estimated by measuring temperatures along the length of the heater but with no fuel bed material in the apparatus. These temperature profiles were then used to estimate the heat losses to the ambient. The emissivity of the heater was taken to be 0.60 (Watlow, 2020). Heat flux values were calculated as an average for the duration of the test, and for a 200 ms window when the heater made contact with the fuel bed. These two time scales allowed differences in sensitivities between average and initial heat flux to be observed. The heat flux values provide insights into variations in the characteristic rate of heat transfer from the heater to the fuel bed for each of the materials tested. Combining the heat flux for each material with the estimated thermal conductivity of the fuel bed enabled representative temperature distributions within the fuel bed to be determined. It is acknowledged that the processes addressed in this work are transient, thus the thermal diffusivity of the materials is applicable. However, thermal conductivity is considered here because the calculation of the thermal conductivity relies on fewer correlations and is potentially more accurate. Additionally, the thermal properties of the materials are derived from literature such that both properties are directly proportional to the experimentally obtained bulk density. Thermal conductivity of the fuel bed materials were estimated using the mean of minimum and maximum effective thermal conductivity correlations in porous media (Incropera et al., 2011). The correlation for effective thermal conductivity is shown in Equation 1 where ϵ is defined as the proportion of volume occupied by air, as is shown in Eq. 2.
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The thermal conductivity of Douglas-fir plates and corrugated cardboard plates were obtained from literature (Forest Products Laboratory, 2010; Asdrubali et al., 2015). The bulk density of the porous material (ρporous) and the solid (ρsolid) were obtained from experimental samples. Table 1 shows the mean bulk density for each material and the corresponding estimated thermal conductivity values for the porous materials and the solid plates. The values shown in Table 1 were used as inputs to the computational models, as discussed later.
TABLE 1 | Measured [image: image] and estimated (k) fuel bed properties.
[image: Table 1]Three simplified models were implemented to obtain further insights into the physical and chemical processes causing trends observed in the experimental ignition efforts. First, the temperature evolution of the fuel bed was modeled. Second, the time-averaged mass flux and species concentrations of the pyrolysis species leaving the fuel bed and entering the air were estimated using the calculated temperatures of the fuel bed. Third, the ignition delay times of the gaseous pyrolysis species estimated to depart the fuel bed were calculated. Time-averaged and spatially constant values were used for mass flux and mass fraction of pyrolysis products leaving the fuel bed. Figure 2 shows the computational domain representing the fuel bed. Figure 3 shows the data flow between the models where the rectangles indicate the implementation of a model or calculation, ellipses indicate an output of interest, and the rounded rectangles indicate an input from measurements or literature values. The dotted and dashed boxes outline which calculations pertain to each chemical mechanism used and the overlap shows the information that is transferred between the models. The fuel bed temperature was modeled using OpenFOAM (The OpenFOAM Foundation, 2020). Modeling of the pyrolysis was conducted using Cantera (Goodwin et al., 2020) with the BioPOx mechanism (Dhahak et al., 2019). The Bio1412 mechanism (Ranzi et al., 2001, 2008) was used for gas phase species exiting the fuel bed. The Bio1412 mechanism contains 137 species and 4,533 reactions. The BioPox mechanism contains 710 species, 5,035 reactions and includes both primary pyrolysis and secondary pyrolysis. The inclusion of secondary pyrolysis is important for the combustion of products in the fuel beds studied since the particle fuel beds contain air that may affect the composition of gases as they leave the fuel bed.
[image: Figure 2]FIGURE 2 | Diagram of the computational domain where black lines indicate domain boundaries, and red lines are boundaries defined by the heater. The arrows denote flow of pyrolysis products from the fuel bed into the air above the fuel bed.
[image: Figure 3]FIGURE 3 | Illustration of the model used for the estimated heater flux (q″ heater), thermal conductivity of the fuel bed (kbed), and chemical composition of the fuel bed (Ybed), (e.g., cellulose) to calculate temperature (T) and pyrolyzate distribution above the fuel bed, and determine the resulting ignition delay times(τ). Here the subscript bed represents the properties of the fuel bed materials and pyrolysis represents the pyrolysis products leaving the fuel bed and entering the air above the fuel bed. For example, Vpyrolysis represents the velocity of pyrolysis gases leaving the fuel bed and entering the quiescent air domain.
Modeling of the temperature evolution of the fuel bed was implemented to represent what occurs during the experiments. The domain size for the fuel bed was 40 mm wide and 40 mm in depth and ensured that wall effects did not influence the heat transfer over the 10 s of simulations. The 10 s time limit was chosen since the majority of experimental ignitions occurred before 10 s, as explained shortly. Additionally, it was observed in experiments that the fuel bed began to lose contact with the heater beginning near 10 s, potentially reducing the applicability of the model beyond this time. All sides of the fuel bed domain were treated as insulated, aside from the heater interface. The insulated sides and bottom of the domain are representative of experimental conditions, but the insulated top surface does not account for losses due to convection or radiation from the fuel bed materials. Nonetheless the calculated temperature distribution within the fuel beds are expected to be valid because heat transfer is dominated by conduction. Reactions and mass loss are not considered in determining the temperature distributions of the fuel beds. Despite these limitations, the calculated temperature distributions provide insights into the mass of each fuel bed material that undergoes pyryolysis which in turn is used for understanding the experimental results.
Combustion of the fuel bed materials was considered in two steps. Reactions occurring within the domain of the fuel bed were characterized with the BioPOx mechanism to include both pyrolysis and gas phase reactions. Reactions occurring at the exit of the fuel bed were considered solely gas phase, thus the Bio1412 mechanism was used. Chemistry calculations for both domains were performed in Cantera. A detailed chemistry model was considered to best capture the physics of the ignition process. However, a detailed discussion of differences in chemistry leading up to ignition are beyond the scope of this work. Instead, this work focuses on qualitative insights into ignition behavior. The mass of the fuel bed undergoing pyrolysis was defined as the mass of the fuel bed material above 220°C. 220°C was selected as it corresponds to the onset of hemicellulose pyrolysis (Yang et al., 2007) and is the lowest temperature estimated for reactions to occur encapsulating the potential breakdown of all constituents. The temperature at which pyrolysis occurred was taken as the average temperature of the fuel bed material above the temperature threshold. This step was necessary since the Cantera calculations performed were 0D. This approach provided an estimate of the average mass per unit time undergoing pyrolysis reactions. The exit area of the pyrolysis products was assumed to be constant for the duration of the test and was defined by the surface area of the fuel bed adjacent to the heater above the pyrolysis temperature at 10 s. Species were anticipated to depart the fuel bed and participate in gas phase reactions if they were included in both mechanisms. The mass flux of species departing the fuel bed was defined as the mass fraction of the gas phase species in the fuel bed relative to the mass of the fuel bed undergoing pyrolysis (T > 220°C) divided by the surface area of the fuel bed above the pyrolysis temperature as shown by the dashed lines in Figure 2. While in a physical experiment the mass flux and exit area would vary with time, all materials were treated equally in this study for simplicity and consistency in generating and understanding trends.
3 RESULTS
The time required for flaming ignition to occur for the various fuel beds is shown in Figure 4 as a function of heater set point temperature. Four observations are noted. First, the ignition times generally occurred within the first 10 s. If ignition did not occur after 10 s then it would typically take between 100 and 1000 s to ignite, if at all. Conditions where ignition did not occur are not included in Figure 4. A histogram of ignition times and the probability density for each material are shown in Figure 5 to further quantify the distribution of ignition times. The probability density of the Lc < 1 mm fuel particles, Douglas-fir plates, and cardboard plates are normally distributed with centers at 2.3, 2.8, and 3.9 s. The Lc < 1 mm fuel particles have an outlier peak centered at 1,000 s. The 4 mm < Lc < 6 and 6 mm < Lc < 12 mm fuel particles are bimodal with highest density peaks at 1.7 and 113 s respectively. The secondary peaks occur at 113 s for the 4 mm < Lc < 6 mm fuel particles and 2.1 s for the 6 mm < Lc < 12 mm fuel particles. Second, the probability of ignition at extended times increased as the particle sizes increased. Specifically, the proportion of ignition events where tign < 10 s group were 90, 77, and 47% for the Lc < 1mm, 4 mm < Lc < 6 mm, and 6 mm < Lc < 12 mm particle sizes, respectively. The third observation is that ignition was not observed beyond 100 s for either of the solid plate fuel bed materials. Trends in ignition times for the plates were most similar to those for beds with the smallest particles. Fourth, for the ignition events that occurred within the first 10 s there is no apparent relationship between time to ignition, temperature, particle size, and fuel bed type. Additionally, the long timescales of some ignition events suggest that smoldering initiates and then transitions to flaming combustion. Since the incidence of ignition at extended times increases as the particle size increases the potential for smoldering to flaming transition is attributed to thermal and physical properties of the fuel bed. The different sensitivities of ignition just described are attributed to differences in the bulk thermal properties, the interface between the heater and fuel bed, and the global equivalence ratio of the fuel bed, as explained later.
[image: Figure 4]FIGURE 4 | Time to ignition and heater temperature at ignition for all fuel bed materials. The dashed and dotted boxes emphasize the two general times-scales associated with ignition.
[image: Figure 5]FIGURE 5 | Ignition count (A) and probability density (B) of time to ignition for the fuel bed materials tested. The dashed and dotted boxes corresponding to the two zones of ignition from Figure 4.
The clustering of ignition times in either the tign < 10 or 100 s < tign < 1000 s time-scales is attributed to shifting of dominant heat transfer modes from conduction to radiation. This shift occurs because of the heater fixture apparatus and the physical properties of the fuel beds. Initially, the heater and the fuel bed are in contact. The beds with larger particles have lower bulk densities; larger fractions of the fuel bed consist of air and have less contact area between particles. As a result, the effective thermal conductivity of the fuel beds decreases as the particle size increases as is shown in Table 1. For a fixed heater temperature the higher effective thermal conductivity for the smaller particles would result in a higher mass of particles above the pyrolysis temperature (as supported by calculations) producing conditions more conducive to ignition. As particle sizes decrease the pyrolysis products are also in closer proximity to the heater increasing the chances of either heating or piloted ignition as the gas flows over the heater. As a result, a larger percentage of smaller particle fuel beds ignite within 10s, than the larger particle fuel beds (i.e., the second trend noted for Figure 4). As heating progresses, a separation between the fuel bed and heater occurred because the heater was held in a fixed location while the fuel bed height decreased because of pyrolysis. Anecdotally this separation was observed to occur after ≈10 s for the various fuel beds. This separation causes the dominant mode of heat transfer to shift from conduction to infrared radiation. This change is significant because it corresponds to ignition times to shifting from being less than 10 s to being generally greater than 100 s, as shown in Figure 5. In addition, the larger particles tended to be longer thin particles which, on average, have a larger view factor per volume than the smaller particles. Hence, higher energy deposition per volume occurs for the larger particles when radiation is the dominant mode of heat transfer. As a result, the larger particle fuel beds more readily receive radiation and more readily ignite for tign > 100 s, consistent with the trends discussed previously. The shift in dominant modes of heat transfer also causes solid plate fuel beds to not ignite after 100 s. As separation between the heater and fuel occurs and heat transfer shifts to being dominated by radiation, the higher thermal conductivity of the solid materials (i.e., ksolid = 0.12 Wm−1 K−1 vs. k< 1mm ≈ 0.042 W m−1 K−1) reduces the temperature gradients, peak temperatures, and the release of pyrolyzates.
Further analysis of the time to ignition results reaffirm the influence of the fuel bed properties and heat transfer between the heater and fuel bed. A random forest regression model was implemented using the scikit-learn python package (Pedregosa et al., 2011) to identify which parameters were most correlated to the incidence of ignition occurring at either less than or greater than 10 s. The random forest regression model builds a series of independent decision trees based on experimental variables (e.g., average heat flux, particle size, etc.) and determines from those trees which variables have the largest influence on predicting the correct outcome (i.e., flaming ignition). A model is then assembled based on the specific values of each variable that best predict the desired outcome. Of the parameters recorded or calculated from experimental results, the incidence of ignition within each of the time scales was predicted with at least a 90% certainty (out of bag and R2 validation) when considering the estimated heat flux to the fuel bed, the fuel bed density, the power delivered to the heater at the time of heater contact, and the heater temperature. The power delivered to the heater at the time of heater contact is included as it serves as a comparison for a an initial reference of heat flux by which a comparison between ignitions that occurred in the radiation dominated mode at extended times which may bias the average heat flux values. The importance of these factors highlight the dependencies previously discussed in that the fuel bed properties and heat transfer to the fuel bed significantly influence the time-scales associated with ignition. Moreover, the random forest analysis highlights a potential way that ignition may be predicted with a subset of information about the fuel bed.
The results and analysis just described focus on the characteristics of igniting cases; Figure 6 shows the probability of ignition for each of the fuel bed materials as a function of the heater temperature. The probability reported for each condition is based on the experiments being repeated at least five times. In general, the ignition probability increased as the heater temperature increased, as expected because of the higher energy deposition. It is noted that as the heater temperature increases the potential for piloted ignition of pyrolysis gases increases. However, ignition occurs both above and below the piloted ignition temperature region and there is not a significant shift in trends at higher heater temperatures. This suggests that the influence of piloted ignition on the results is less significant than the increase of heat transfer rates to the fuel beds at higher temperatures.
[image: Figure 6]FIGURE 6 | Probability of ignition for each material as a function of heater set point temperature.
When considering differences in ignition between fuel bed types the fuel beds with smaller particles typically had higher ignition probabilities at a temperature than beds with larger particles. At the lower temperatures, the plates tended to have lower ignition probabilities than the porous beds, but the plates transitioned from no ignition to unity ignition probability across a narrower range of temperatures than the porous fuel beds. It is noted that significant deviations from the overall trends (i.e., decreases in ignition probability) are apparent for the Lc < 1 mm particles at 675°C and 750°C and for the 6 mm < Lc < 12 mm particles at 700°C. The cause of these deviations are unclear, but it is plausible the changes are caused by differences in ablation of the fuels and shifts in the dominant mode of heat transfer depending on the temperature.
The sensitivities in ignition probability to the fuel bed characteristics, as shown in Figure 6, are attributed to changes in area of the fuel bed in contact with the heater. Recall that the samples typically ignite within the first 10 s; hence conduction and the area of the fuel in contact with the heater are important in causing pyrolysis. As the particle size of the fuel bed increases fewer particles come into contact with the heater, reducing the overall contact area. Additionally, the average distance between the heater and particles not in contact with the heater increases as particle size increases due to the reduced packing density of the particles. This may result in heat transfer from infrared radiation occurring over a more distributed volume within the fuel bed. As particle sizes increase the reduction in contact area and more distributed heat flux from radiation likely decrease the temperature gradient in the fuel bed as well as the local heat flux rates immediately adjacent to the heater, ultimately resulting in lower ignition probabilities for a fixed temperature as the particle size increases.
With regards to ignition of the Douglas-fir plates, it is expected that the solid materials behave similarly to the fuel beds with large particles (i.e., lower ignition probabilities at the lower temperatures) because the contact area between Douglas-fir plates and the cylindrical heater are more likely to be similar to the 6 mm < Lc < 12 mm particles than the Lc < 1 mm particles. The Douglas-fir plates also have a much higher thermal conductivity and thermal mass than the particle fuel beds which is anticipated to result in similar temperature gradients between the largest particles and the plates. For the large particles infrared radiation to particles at greater distances from the heater, which would be occluded in the smaller particles, may act similarly to an increase in thermal conductivity and thus the similarity in ignition between the largest particles and Douglas-fir plates. The sharper transition from zero to unity ignition probability for the Douglas-fir plates is attributed to more consistent contact area between the heater and the plates from test to test. This uniformity is indicated in the narrower distribution of ignition times with only a ≈44 s difference between the shortest and longest ignition times for the Douglas-fir plates compared to ≈1550 s for the Lc < 1 mm particles. The narrower transition from non-ignition to ignition and the more consistent times to ignition of the Douglas-fir plates when compared to the particle fuel beds suggest that consistency in material properties and contact area between the heater and the fuel have a significant influence on ignition.
Similar to the time to ignition results, a random forest model was generated to gain insights into which parameters that are measured or derived are the most predictive of the occurrence of ignition of a fuel bed. The estimated heat flux to the fuel bed was the most influential parameter. With the addition of the fuel bed density, heater temperature, and heat flux at contact with the fuel bed the prediction accuracy for ignition was 80%. These values were achieved based a 50% test-train split of the entire dataset with out-of-bag and R2 validation tests to measure predictive capabilities. The most noteworthy insight from this model is that the estimated average heat flux to the bed over the test duration has a much higher importance than the heater temperature for both porous and solid fuel beds. This is significant since the heat flux values, both upon contact and the overall average, encapsulate the effects of the heat transfer mode to the fuel bed unlike the surface temperature of the heater (or firebrand). A similar sensitivity of heat transferred to the fuel bed influencing ignition was observed by Fernandez-Pello et al. (2015).
Figure 7 shows the derived average heat fluxes to the fuel bed for each of the materials and heater temperatures tested. Results for igniting cases are represented by solid lines and non-igniting cases are represented with dashed lines. All the materials show two common trends except for cardboard plates, where not enough temperatures were evaluated to determine a trend. First, for tests where ignition occurred, and the heater setpoint was less than or equal to 750°C the heat flux to the fuel bed was higher than tests where ignition did not occur. Recall that the heater temperature is held constant, therefore variations in heat flux represent variations of heat transfer to the fuel. The implications of this are discussed in more detail later. Second, the heat flux values for tests where ignition occurred showed notable decreases in value for temperatures above 750°C, dropping lower than the values for the tests where ignition was not observed, in some cases.
[image: Figure 7]FIGURE 7 | Comparison of estimated heat flux to the fuel bed for each material: dashed lines represents the mean of non-ignition tests and solid lines represent the mean of ignition tests for each heater temperature.
Higher heat fluxes for the igniting cases compared to the non-igniting cases for the porous fuel beds are attributed to stochastic differences in contact area between the heater and the fuel bed particles. Seemingly, the tests with particles oriented in a manner that facilitates greater contact area have a higher heat flux due to increased conduction and are more likely to ignite. However, this assumption breaks down for high heater temperatures. At high heater temperatures (e.g., >750°C) the amount of heat transferred through infrared radiation appears be sufficient to counter differences in contact area and resulting conduction. Hence, this causes the reduction in the differences between igniting and non-igniting heat fluxes at the higher temperatures. A sensitivity to the difference between igniting and non-igniting heat fluxes is noted depending on the particle sizes. Specifically, in Figure 7, the 4 mm < Lc < 6 mm particles have greater differences in heat flux between the ignition and non-ignition cases when compared to the 6 mm < Lc < 12 mm and Lc < 1 mm particles. The difference between igniting and non-igniting heat fluxes is correlated to the relative size of the particles compared to the diameter of the heater. For particles much smaller than the heater (<1 mm) the random orientation of the particles would matter less than particles of similar size (4 mm < Lc < 6 mm) as the heater. A similar phenomena is anticipated for particles larger than the heater (6 mm < Lc < 12 mm), however, for the larger particles infrared radiation is anticipated to be more influential than conduction. Changes in contact between the heater and the fuel bed would then have a smaller effect on the rate of heat transfer as is shown by the spread in heat flux between ignition and non-ignition cases for the 6 mm < Lc < 12 mm particles in Figure 7. The 4 mm < Lc < 6 mm particles appear to represent a near critical case where the conduction is still the driving heat transfer mode but variation in contact area is high producing a larger spread in heat flux. For the wooden plates a smaller number of heater temperatures with both ignition and non ignition heat flux values is observed suggesting test to test variation in contact area is not significant enough to prevent ignition.
Results from OpenFOAM simulations of temperature profiles provide further insights into the effects of varying heat flux on ignition. Figure 8 shows regions of the fuel bed above the pyrolysis temperature for (row I) a fixed 750°C boundary condition, (row II) a heat flux boundary condition based on the average values from ignition tests at the 750°C, and (row III) a heat flux boundary conditions based on average heat fluxes for non-ignition tests at the 750°C. Column A shows the results for the fuel bed with Lc < 1 mm, column B with a bed of 4 mm < Lc < 6 mm, and column C with a bed of 6 mm < Lc < 12 mm particles. For the constant temperature boundary shown in row I, the region of the fuel bed above the pyrolysis temperature increases as particle sizes increase from left to right. Note, however, that the mass of the fuel bed material above the pyrolysis temperature decreases from left to right due to the decreasing density and thermal conductivity of the fuel bed as particle sizes increases. Specifically, the estimated mass of the fuel bed above the temperature for the onset of pyrolysis is 2.79, 1.59, and 1.55 µg for columns (A), (B), and (C), respectively. As a result, it is expected that the fuel bed with the smallest particles would release the most pyrolzates.
[image: Figure 8]FIGURE 8 | Calculated region of fuel bed above the pyrolysis temperature 10 s after heater contact for a fixed 750°C boundary (I), ignition event heat flux (II), and non-ignition test event flux (III) for Lc < 1 mm (A), 4 mm < Lc < 6 mm (B), and 6 mm < Lc < 12 mm particles (C).
Perhaps surprising, is the difference in area at elevated temperatures between columns A and B in row II. Recall from Figure 6 that at this heater temperature (750°C) the particles with Lc < 1 mm (i.e., column A), and the 4 mm < Lc < 6 mm (i.e., column B) have nearly identical ignition probabilities; however, the calculated average temperatures and region undergoing pyrolysis are notably different (e.g., 175°C). More importantly, a 30% mass increase in pyrolyzates occurs from Lc < 1–4 mm < Lc < 6 mm conditions. The corresponding ignition delay time, calculated using mass of pyrolyzates released and the average temperature of the pyrolysis region, was 0.5 s for the Lc < 1 mm gaseous products compared to 0.06 s for the 4 mm < Lc < 6 mm products. The differences in ignition delay time results from differences in the average fuel bed temperature and in the global equivalence ratio as pyrolyzates are released. Physically, these ignition delay times correspond to the characteristics of the pyrolyzates exiting the fuel bed. The differences in ignition delay time would suggest that the particles with 4 mm < Lc < 6 mm would ignite more readily, counter to the measured similar ignition probability. Note, however, that the calculated velocity of the gaseous products also varies, specifically 4.3 ⋅ 10−3 m s−1 for the Lc < 1 mm fuel compared to 2.6 ⋅ 10−2 m s−1 for the 4 mm < Lc < 6 mm fuel bed. In short, consideration of both the ignition delay time and exit velocity of the gases maybe needed to more completely capture ignition probabilities.
The Damkohler number (Da), which represents the ratio of the transport to chemical times-scales, has been used previously to consider ignition behavior (Dai et al., 2013), and is now considered to help evaluate ignition behavior. In this work, the ratio of the heater diameter D normalized by the product of the exit velocity (Vexit) and ignition delay time (τ) were considered, to create a Damkohler number of ignition for porous beds. This analysis results in the non-dimensional values of 2.42, 4.04, and 7.66 for the smallest to largest particles (respectively) for the results just described in the previous paragraph. Note that the smaller the (Da) the smaller the transport time (relative to chemical time-scale) and the less time that a parcel of reactants is near the high temperatures of the heater. In its limit, rectants may diffuse/advect away from the fuel prior to ignition.
To further explore the potential role of using a (Da) to characterize ignition propensity or porous, Figure 9 shows the (Da) number for the gaseous products at the exit of the fuel bed for each particle size and heater set point. Data from the plates is excluded, as the supporting calculations were beyond the scope of the work. The abscissa is plotted relative to the average heat flux to the fuel bed multiplied by the thermal diffusivity of the fuel bed. These values were selected to include the influence of heat flux and thermal properties of the fuel beds in the characterization of ignition. Effectively, the chemical properties of the fuel bed and transport behavior are captured in the Da analysis and thermal properties are included in the heat flux and thermal diffusivity. The lower right area of the plot, labelled No Ignition, represents values estimated to be less conducive to ignition (i.e., longer ignition delay times) than those observed to produce ignition in experiments. The region where ignition is expected contains the remainder of the plot and represents values estimated to equally or more conducive to ignition (i.e., higher heat fluxes and shorter ignition delay times) than those observed in experiments. The relative similarity trends in ignition behavior when considering the (Da) indicate that considering the local transport conditions may be important to predicting ignition, in addition to considering the local heat flux and release of pyrolyzates.
[image: Figure 9]FIGURE 9 | Comparison of non-dimensional chemical and flow timescale (for the igniting cases) as a function of heat flux time and thermal diffusivity. Conditions where ignition and non-ignition are anticipated are highlighted.
4 SUMMARY AND CONCLUSION
Flaming ignition tests have been conducted for porous Douglas-fir beds, Douglas-fir plates, and cardboard plates. A cylindrical cartridge heater was used as a firebrand surrogate. Heater temperature and electrical power to the heater were collected throughout each test. The derived heat flux to the fuel bed was within the range reported in literature of heat fluxes delivered by firebrands. The time to ignition and probablity of ignition were used to evaluate the ignition propensity for the various fuel beds and heater temperatures. A simplified heat transfer, pyrolysis, and ignition delay model was developed and used to provide further insights into the physical processes associated with ignition. The specific conclusions from this work are as follows.
1. Smaller particles ignite more readily in porous beds than larger particles when heat transfer from the heater is primarily through conduction. This was evident by higher ignition probabilities, in general, of the smaller particles for a fixed heater temperature. As particle sizes increase radiant heat transfer becomes more important and fuel beds with larger particles were more likely than smaller particles to ignite at extended times (>100 s) due to the increased importance of radiant ignition.
2. Douglas-fir plates ignite at times where conduction is the dominant mode of heat transfer (<10 s) due to the higher thermal conductivity of the solid plates. The ignition probability of plates was the most similar to the larger particle, in particular at lower heater temperatures, due to dispersed heating of the porous fuel bed through radiation and the increased thermal conductivity of the plates creating similar temperature profiles. The rise in ignition probability over a smaller heater temperature range time with temperature results from more consistent contact between the heater and plate surface.
3. Heat flux delivered to the fuel bed, when compared to heater temperature, is more indicative of ignition likelihood and ignition time for porous fuel beds. Heat flux is a more significant predictor of ignition because it captures differences in heat transfer modes and particle contact that heater temperature values do not. While this finding is not new, what is novel is that the mixed mode of heating (conduction and radiation) has a significant impact on the flaming ignition of fuel beds.
4. Consideration of the transport characteristics of pyrolyzate gases near the high temperature source can be important for more fully predicting ignition propensity. A Da of ignition, in relation to the measured heat flux and thermal diffusivity of the fuel beds, is a promising relationship for predicting ignition for the porous fuel beds.
Further work is needed to verify that the Da may be used to predict ignition for solid surfaces and for porous fuel beds with varying chemical compositions. If proven valid, the (Da), measured/predicted heat fluxes, and fuel bed properties may be used to help predict ignition of fuel beds both in and out of the WUI, ultimately helping to increase the effectiveness of fire prevention and suppression efforts.
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The hazards associated with firebrands have been well documented. However, there exist few studies that allow for the hazard from a given fire to be quantified. To develop predictive tools to evaluate this hazard, it is necessary to understand the conditions that govern firebrand generation and those that affect firebrand deposition. A method is presented that allows for time-resolved measurements of fire behavior to be related to the dynamics of firebrand deposition. Firebrand dynamics were recorded in three fires undertaken in two different ecosystems. Fire intensity is shown to drive firebrand generation and firebrand deposition—higher global fire intensities resulting in the deposition of more, larger firebrands at a given distance from the fire front. Local firebrand dynamics are also shown to dominate the temporal firebrand deposition with periods of high fire intensity within a fire resulting in firebrand shower at deposition sites at times commensurate with firebrand transport. For the range of conditions studied, firebrand deposition can be expected up to 200 m ahead of the fire line based on extrapolation from the measurements.
Keywords: wildland–urban interface (WUI), prescribed fire, firebrand flux, firebrand deposition, firebrand generation, fire behavior, firebrands
1 INTRODUCTION
The hazards associated with firebrands as the leading cause of structure ignitions in fires at the wildland–urban interface and as a fire spread vector are well documented (Caton et al., 2017; Hakes et al., 2017; Manzello et al., 2020)). In addition to predicting the hazard associated with the ignition of structures, better understanding of firebrand dynamics will aid the planning and execution of prescribed fires by allowing improved estimates of firebrand travel distances and ignition potential, allowing the firebrand hazard to be managed more effectively. Despite a large number of studies in recent years aimed at reproducing firebrand exposures for material testing (Manzello et al., 2008; Manzello and Suzuki, 2013; Thomas et al., 2018), identifying the ignition hazard posed by firebrands and firebrand accumulations (Manzello et al., 2017; Fernandez-Pello, 2017; Matvienko et al., 2018; Hakes et al., 2019), and the development of numerical models (Wadhwani et al., 2017), there exists very little information on firebrand exposures from wildland fires which captures the link between the dynamic quantities of firebrand deposition and fire behavior.
The primary sources of firebrand deposition data are generally associated with investigations carried out after large fires of special interest (Maranghides and Mell, 2011), or measurements of firebrand deposition after prescribed fires (El Houssami et al., 2016a; Filkov et al., 2017; Thomas et al., 2017). Such approaches have been limited in allowing the firebrand hazard to be quantified in terms of an integrated firebrand deposition and particle size distributions only.
To provide robust assessments of the hazard associated with firebrands, it is necessary to expand this approach to allow for the time-resolved firebrand exposure to be related to the fire behavior and the firebrand sources. This requires simultaneous measurements of the temporal dynamics of firebrand deposition and fire behavior and detailed quantification of the firebrand source.
1.1 Defining the Firebrand Hazard
The firebrand hazard is defined by the number, mass, geometry, and energy content of the firebrands landing in an area. In addition, the reaction condition (or temperature) of the firebrands is significant in determining whether the firebrands can result in the ignition of a substrate directly or by the formation of a smoldering accumulation. Such accumulations have been shown to be a leading cause of the ignition of structures (Manzello et al., 2020). Of particular significance in this context are the mass and time-resolved firebrand deposition. The hazard is defined explicitly to be independent of the conditions when the firebrand lands, e.g., fuel bed and environmental properties which may lead to ignition.
Quantification of the firebrands alone is therefore insufficient. It is essential to link them to the extrinsic factors such as the fuels (vegetative or structural) that are present; the ambient meteorological conditions, particularly the local wind field, to assess travel distances of the firebrands; and finally the fire behavior as this will influence the generation, injection height, and buoyant flow available. High temporal and spatial resolution measurements of these quantities are therefore needed to contextualize the firebrand hazard arising from a fire.
1.1.1 Generation of Firebrands
In the natural environment, firebrands primarily originate from bark fragments, branches, twigs, and foliage. The mechanisms of firebrand generation are not well understood; however, this logically requires the separation of the material from a parent body (plant, litter layer) due to combined thermal and mechanical forces (Barr and Ezekoye, 2013). The magnitude of these forces will be strongly dependent on the fire behavior (e.g., thermal environment and fire-induced flows) and the fuel present (e.g., structure and propensity to fragment). The fire dynamics will also determine the plume characteristics, which in turn will influence the transport of the firebrands.
1.1.2 Transport of Firebrands
The transport of firebrands depends on multiple factors including the plume injection into the atmosphere as determined by the heat release rate of the fire, atmospheric turbulence, the generation height of the firebrand as determined by the fuel structures, the shape of the particles, and the thermal and reaction conditions of the particles. This problem has been extensively studied (Tarifa et al., 1965; Woycheese et al., 1999; Koo et al., 2010); however, to be of use, their proposed methods require detailed fire behavior and firebrand characteristics.
1.1.3 Deposition of Firebrands
The deposition of firebrands is governed by the aerodynamic properties (shape, size, and mass) of the firebrands; the temperature evolution of the firebrands, including the combustion processes; and the local flow conditions downwind of the fire front. Very short-range firebrands are deposited close to the fire front, locally enhancing the fire spread rate. Longer range firebrand deposition, which may occur hundreds of meters or kilometers distant from the fire front, is influenced by the fire-induced flows which can act over these distances (Mueller et al., 2017), flow obstructions, and the wind profile (Heilman et al., 2019; Clark et al., 2020).
1.1.4 Condition of Firebrands
The condition of firebrands upon deposition (hot, cold, reacting) will depend on the fire behavior, the firebrand material, and the flow conditions. The vegetation characteristics, transport time, and velocity will also determine whether the firebrand is capable of sustaining combustion throughout its trajectory (Tarifa et al., 1965; Woycheese et al., 1999). The fire intensity and residence time will impact the heating and degradation of vegetation (Tarifa et al., 1965) during the generation and initial lofting processes. Few quantitative assessments of the thermal condition of firebrands have been made (Maranghides and Mell, 2011; Filkov et al., 2017); however, these have lacked contextualization with detailed fire behavior data.
1.2 Measuring the Firebrand Hazard
There have been a limited number of studies in which the firebrand generation and deposition have been related to fire behavior (El Houssami et al., 2016b; Thomas et al., 2017); however, these have not resolved the temporal dynamics of firebrand deposition and have presented only integral measurements of firebrand deposition and firebrand mass.
To provide data necessary to evaluate the hazard posed by firebrand deposition, an experimental methodology must allow determination of the following:
• the total and time-resolved firebrand deposition and firebrand characteristics (e.g., size and temperature) as a function of fire intensity and fuel type;
• the time-resolved firebrand deposition and relationship to fire behavior; and
• the firebrand deposition as a function of distance from the fire line.
Measurement of the time-resolved firebrand deposition from well-described real fires is essential in order to generate the data required to understand the risks posed by firebrands, for example, spot fires or structure ignitions, to develop appropriate test methods to evaluate risk, assess mitigation strategies, and develop predictive tools.
2 METHODS
Three large-scale fire experiments were conducted to allow the measurement of time-resolved firebrand deposition dynamics while varying fire intensity, environmental conditions, and fuel types. Detailed measurements to quantify the fuels, time-dependent fire behavior, and firebrand dynamics were made as described in the following sections.
2.1 Site Descriptions
Two experiments were conducted at sites in the New Jersey Conservation Foundation Franklin Parker Preserve, within the New Jersey Pinelands National Reserve. The first unit was burned on the evening of March 6, 2017 (PPS), while the second unit was burned on the morning of March 23, 2017 (PPN). Both units were dominated by pitch pine (Pinus rigida Mill.), and neither unit had burned or been managed since a major wildfire in the spring of 1954. A square area within each unit measuring 250 m × 250 m was instrumented within each approximately 7-ha plot. PPN and PPS were both approximately flat with no significant topographical features within the area of interest. The pitch pine-dominated vegetation and previous prescribed fires in the surrounding landscape are described in the literature (El Houssami et al., 2016a; Filkov et al., 2017; Simeoni et al., 2017; Thomas et al., 2017; Mueller et al., 2018).
The third experiment was undertaken at the Tall Timbers Research Station & Land Conservancy in southern Georgia (TT). This site covered an area of approximately 3 ha and was burned on April 21, 2017. Prior management of this stand included a prescribed fire approximately one year prior to the current study. The forest overstory in this stand was composed of a monoculture of longleaf pine (Pinus taeda), while the understory was composed primarily of sweet gum (Liquidambar styraciflua), wiregrass (Aristida stricta), various southern shrub form oaks (Quercus spp.), and other forbs typical of the longleaf–wiregrass ecosystem. There were no significant topological features in the plot with the instrumented region of interest being approximately flat.
The ignition of each burn unit was undertaken to direct firebrands toward the collection sites. Ignition lines are shown in Figure 1. PPS was initially ignited along the northwest edge, turning through 90° and continuing along the southwest edge using a drip torch; later, a line was ignited moving approximately east to west; a final ignition line was made moving southeast toward the end of the fire. In the PPN fire, two drip torches were used to ignite a line perpendicular to the prevailing wind one moving northeast and the other southwest. Ignition of the TT fire was by vehicular mounted torch. Two lines were ignited initially: one moving southeast and the other southwest; later, a line was ignited moving approximately east to west through the unit. It is recognized that ignition may have an impact on firebrand generation, and this was controlled in PPS. Unfortunately, conditions at PPS and TT resulted in more complex behaviors which could not be assessed in the current work.
[image: Figure 1]FIGURE 1 | Site layout for 2017 experimental burns. (A) PPS, (B) PPN, and (C) TT. Circles: FireTrackers, Stars: Understory towers. Triangles: Firebrand Collection Sites. Sonic anemometers were located at R1S, R4S, R1N, L2N, R2TT, and L2TT. Ignition lines are marked with red arrows. The arrows show the direction of the ignitions, but it should be noted that these did not occur simultaneously in PPS and TT.
2.2 Fire Behavior Measurements
Fire behavior was characterized by measurement of the rate of spread, the fire line intensity, and the sub-canopy fire–induced flows.
2.2.1 Spread Rate and Fire Front Position
The progression of the fire front was tracked using a regular array of FireTrackers at ground level. These sensors consisted of individual Arduino Feather®–based data loggers with thermocouple amplifiers and GPS antennas in order to establish a consistent time stamp and location for all sensors. Temperature was measured using 1.5-mm-diameter K-type thermocouples, and data were logged at a frequency of 2 Hz. FireTrackers were buried such that the tip of the thermocouple protruded through the surface fuels. Sensors were placed at a nominal spacing of 25 m for the PPS (n = 92 successfully recorded) and PPN burns (n = 88), and 20 m for the TT burn (n = 91).
Fire arrival at a FireTracker was determined by a temperature rise of greater than 2°C⋅s−1. Arrival times were linearly interpolated onto a 5m × 5m grid, and the inverse of the gradient was used to calculate spread rate vectors. These were smoothed with a box filter, owing to regions of complex fire line interactions resulting in spuriously large values of spread. For each point, the filter takes the average of the nearest surrounding grid points (i.e., over a 10 m × 10 m area).
Nine 6.5-m tall understory towers, placed in a regular grid, were used to measure the vertical profile of gas temperature at the locations identified in Figure 1. Temperatures were measured at twelve vertical positions, with spacing of 0.5 m starting at 1.0 m from the ground. Probes were glass-insulated K-type thermocouples, with bead size of 1.2 ± 0.1 mm diameter. Data were recorded at 2 Hz on Arduino Feather® data logger units with thermocouple amplifiers. The flame height was estimated as the highest position at which a temperature of 300°C was recorded.
2.2.2 Fire Line Intensity
The fire line intensity was determined by using two methods: 1) based on fuel consumption and spread rate as described in Eq. 1, where χ is the combustion efficiency (assumed to be unity), Δhc is the heat of combustion (18.7 MJ⋅kg−1), Δm is the fuel consumed, and R is the spread rate (Byram, 1959); 2) based on local flame length as described in Eq. 2, where L is the flame length (assumed to be equal to flame height) (Alexander, 1982):
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2.2.3 Wind Speed and Direction
Wind speed and direction were measured 10 m above ground level using a sonic anemometer (RM 80001V, R. M. Young, Inc.) and wind vane (05013-5, R.M. Young Co., Traverse City, MI, United States). This “control tower” measurement was located on the western edge of PPN and 0.89 km from PPS. Wind speed was measured with a precision of ±0.3 m⋅s−1 and a directional precision of ±3°. Ambient wind and temperature for the TT fire were recorded at 10 Hz with a sonic anemometer (RM 80001V, R. M. Young, Inc.) 350 m upwind of the burn unit in an area of open vegetation and canopy conditions. Additionally, wind speed and direction were measured at a height of 3 m with two sonic anemometers (RM 80001V, R. M. Young, Inc., 1 Hz) placed at selected firebrand collection sites, in order to monitor the conditions at the point of deposition (Figure 1).
2.3 Firebrand Measurement Techniques
2.3.1 Firebrand Generation
Previously, studies (El Houssami et al., 2016a; Thomas et al., 2017) demonstrated that firebrand generation in this ecosystem is dominated by bark flakes originating from tree boles. Consequently, in this work, it is assumed that all firebrands are generated by bark flakes. The total number of firebrands produced per tree, F, can be calculated from the following ratio:
[image: image]
where Δr is the radius reduction calculated from the circumference reduction, Cf is the post-fire perimeter, hs is the scorch height, τ is the characteristic thickness of a bark firebrand slice, and Af is the area of a firebrand. The following assumptions are made in the application of this method:
• Trees are cylindrical with no taper.
• Firebrand generation is constant around the trunk and extends from ground level to the scorch height.
• An average virgin bark flake is cuboidal with area, Af, and thickness, τ.
• The trunk only loses volume due to detachment of bark flakes as a first-order approximation.
The total number of firebrands produced is calculated using the following equation:
[image: image]
where FT is the total number of firebrands produced in the burn unit, SDI is the stand density index (trees⋅ha−1), and Ab is the area of the burn unit (m2).
Two or three trees were measured in the vicinity of each understory tower before and after the fires (depending on their proximity to the tower). A total of 25 measurements were made at PPN and 18 at PPS. Measurements of tree circumference were made a breast height before and after the fire. For improved measurement accuracy, the tree circumference was divided into eight segments which were measured individually (El Houssami et al., 2016a). When calculating the mass and total number of firebrands, the mass of a firebrand mf = 0.016 g and a value of 2,750 trees ha−1 are used (McCormick and Jones, 1973).
2.3.2 Firebrand Collection
Firebrands were collected following the established methods (Thomas et al., 2017), with the aim of assessing the temporal and spatial distribution dynamics of deposition. Firebrands were collected at eight firebrand collection sites (FCSs) in each fire. These were arranged in two transects (left and right) outside the burn unit with a nominal separation of 50 m between transects and 25 m between FCSs along a transect. The position of the FCSs is shown in Figure 1. Each FCS comprised fifteen, 0.22-m-diameter water-filled cans randomly distributed within a 3-m2-area, resulting in a total collection area at each FCS of 0.57 m2. Following an experiment, the number of firebrands and the distribution of their projected areas were measured for each can using image analysis, with a minimum detection threshold of 7.5 × 10–6 (Thomas et al., 2017).
Measurement of the time-dependent firebrand deposition was taken by correlating the arrival time as measured by a video camera facing one can at each FCS. These time-stamped data allowed firebrand deposition to be correlation to fire behavior measurements.
Analysis of the total firebrand deposition employed the following assumptions:
• Firebrands are deposited downwind of the fire and can be deposited inside and outside the burn area.
• Firebrands deposition inside the burn unit is constant.
• Firebrands travel in the direction of the ambient wind.
• The wind was ideally aligned with the burn unit and FCSs for the duration of the experiment.
• Outside deposition occurs in an area that has the same width as the burn unit (i.e., no lateral deposition occurs).
The validity of these assumptions is not known; however, in the absence of more detailed information, they are required to interpret the firebrand deposition. It is hoped that further work will allow improvements of these assumptions.
Furthermore, firebrand deposition is represented by a piecewise function:
[image: image]
where x is the distance from the primary ignition line which is located at − d, that is, d is the distance from the ignition line to the downwind edge of the burn unit (250 m in PPN and PPS). The firebrand deposition inside the burn unit is assumed to be constant, c, and g is the function representing the deposition of the firebrands outside the burn unit. The value of c is not measured in this work. Firebrand deposition data from all FCSs are evaluated against separation distance (x > 0) from the burn unit (measured in line with ambient wind direction). Finally, the function f″ can be integrated over the area of deposition to give f, and the total number of firebrands deposited inside and outside the burn unit.
3 RESULTS AND DISCUSSION
Results pertaining to the fire behavior measurements are presented first before introducing the results from the firebrand generation, deposition, and characterization studies. Finally, the time-dependent firebrand deposition results are presented before a brief discussion contextualizing the total firebrand generation and deposition measurements.
3.1 Fire Behavior Measurements
The fire behaviors observed in the three experiments are discussed later. Details of the surface and canopy fuel loads, and fuel moisture content are given in the Supplementary Material.
3.1.1 Spread Rate
Maps of fire spread for all three fires are shown in Figure 2, and average spread rates are given in Table 1. Animated flame spread maps for PPN and PPS are given in the Supplementary Material (PPN_spread.mp4 and PPS_spread.mp4, respectively).
[image: Figure 2]FIGURE 2 | Maps of fire spread rate for the three experiments: (A) PPS, (B) PPN, and (C) TT. Grayscale shading corresponds to the spread rate. White contours are isochrones of fire position, shown in minutes from ignition for every (A) 2 min (bold line: 30 min; dotted line: 40 min; dashed line: 50 min), (B) 1 min (bold line: 6 min; dotted line: 16 min), and (C) 6 min (solid line: 12 min; dotted line: 30 min). Firebrand collection sites are shown as triangles, with black triangles indicating the sites which included sonic anemometers.
TABLE 1 | Plot average (±1 SD) spread rate and fire line intensity (as calculated using Eq. 1 (Fuel consumed) and Eq. 2 (Flame length)). The measurements made using the flame length technique are presented as an average and with the range of calculated values in [ ].
[image: Table 1]PPN had the highest spread rate, with the highest local values of spread rate occurring between 7–9 min and 14–16 min after ignition. This was followed by PPS, which, although having a lower overall spread rate, had moments of locally high spread rates between 40 and 46 min after ignition. TT had a significantly lower spread rate than the pitch pine ecosystem, with a mean value which is nearly an order of magnitude less than that of PPN and PPS (Table 1). This is potentially due to a combination of lower fuel load; the prevalence of live, rather than dormant, shrubs; and a higher relative humidity. The measurements of fire front position indicate that ignition patterns (PPS and TT) and features such as local spotting and fuel discontinuity (PPN) have a significant effect on the fire development.
3.1.2 Fire Line Intensity
The average fire line intensities for each site, using both the fuel consumption and flame height methods, are listed in Table 1. Both estimation techniques show the same trends between the fires, although the flame length correlation consistently produces a lower value of intensity than the fuel consumption technique. The nature of this discrepancy is likely due to the assumption that flame length is equal to flame height, which is only approximated, as well as due to local variations in fuel consumption.
Comparing the tabulated values to previous work in similar fuels (Mueller et al., 2017; Thomas et al., 2017), PPN falls in the range of a high intensity surface fire with local crown involvement, PPS in a moderate to high intensity surface fire, and TT in a low intensity surface fire. In addition, temperature measurements 1 m above ground level did not exceed 300°C during the TT experiment. Low intensity is attributed to low ambient wind, and the presence is live foliage.
3.1.3 Wind Speed and Direction
Time histories of both the ambient wind (control tower) and winds at the firebrand collection sites are shown in Figure 3. For the PPS burn, winds averaged 0.8 ± 0.4 m⋅s−1 at the control tower for the 60-min period following ignition. The dominant direction was south/south to southeast at ignition, but this shifted to southwest around 24 min after ignition, aiding the coalescing of the secondary and tertiary ignition lines into a head fire. The local winds at the collection sites agreed with the ambient winds during the early stages of the fire, with site L1S having higher values due to its location on a road, as opposed to L4S which was placed within the stand opposite to the burn unit (Figure 1). Around 24 min after ignition, these sites experienced an increasing east wind, which may be attributed to the onset of a fire-induced indraft; however, the strongest influence is seen closer to the 45-min mark. Around this time, values exceed those of the ambient wind, reaching a maximum of 5.2 m⋅s−1 at L1S and 3.6 m⋅s−1 at L4S.
[image: Figure 3]FIGURE 3 | Wind characterization for three burns: (A) PPS, (B) PPN, and (C) TT. Each one showing a control location (10 m AGL) and two local measurements at the specified FCS (3 m AGL). Shaded areas correspond to the time of fire spread within the instrumented blocks (Figure 2). The vectors represent a 2-min average of the horizontal wind, and time is in minutes from ignition. Note that vector scales are not the same for each figure (reference scales are given in the lower left).
Ambient winds were nearly four times stronger for the PPN burn, averaging 3.1 ± 1.5 m⋅s−1 for the 33-min period containing fire spread in the instrumented block. The direction was relatively steady from the north, resulting in a slight swinging of the fireline from the southwest–northeast ignition line to a more east–west front. In this case, local winds at the collection sites were initially light but grew stronger and diverted from their ambient direction 8 min after ignition as the fire approached the sites and began to experience some local periods of high intensity (Figure 2).
For the TT fire, ambient winds were moderate, falling between PPS and PPN at an average of 1.4 ± 0.8 m⋅s−1 for the 50-min following ignition. However, the direction fluctuated more over the course of the burn, covering at least a 90° range between an east and west wind in the first 30 min of the burn. Local winds at the collection sites also fluctuated significantly, masking a clear influence of the fire. However, a slight increase in the wind at L2 around the 36–40 min mark to an average of 2.1 m⋅s−1 (exceeding concurrent ambient wind by a factor of ∼1.7) does coincide with the arrival of the fire in this region (Figure 2).
The aforementioned features reveal the complexity of flow patterns which can impact firebrand deposition. While the ambient winds above the canopy certainly impact the tilt of the plume and the initial trajectory of firebrands. Close to the surface, in the lee of the plume, entrainment tends to draw air back into the plume, which can explain the fact that many firebrands are observed to land moving in a direction toward the fire. Using Figure 3, measuring in the direction of the prevailing ambient wind, a clear influence of the fire can be seen as much as 100 m away from the front in PPS and 200 m in PPN (note that the location of the fire in PPS is more ambiguous due to the multiple ignitions, but the strong acceleration in surface winds is assumed to correspond to the period of high fire intensity in the southeast region of the plot). Therefore, understanding the role of fire intensity in the firebrand problem is important not only for generation but also for quantifying the strength of the indraft and its impact on firebrand trajectories.
3.2 Firebrand Generation
Firebrand generation was measured in the PPN and PPS fires only. Pre- and post-fire measurements of tree circumference revealed an average change in radius of Δr = 6.37 × 10–3 ± 4.21 ×10–3 m for PPN (n = 25) and Δr = 2.74 × 10–3 ± 2.39 ×10–3 m for PPS (n = 18). The uncertainty in the measurements is expressed as the standard deviation.
To apply Eq. 3, data from previous measurements of bark firebrands in the same ecosystem (Thomas et al., 2017) give values of τ = 1.14 mm and Af = 6.72 × 10–5 m2. Scorch heights in PPN and PPS were measured as part of a burn severity assessment with an average scorch height of hs = 5.19 and hs = 5.23 m, respectively.
Using these values, the number and mass of firebrands generated per tree and the total number and mass of firebrands can be calculated. These data are shown in Table 2. The larger reduction in the diameter of tree boles and the larger number of firebrands in PPN compared to PPS indicate that fire intensity is a driver of firebrand generation.
TABLE 2 | Measurements required for the calculation of the firebrand generation for PPN and PPS.
[image: Table 2]3.3 Firebrand Deposition
The firebrand deposition density, calculated from the total number of firebrands collected divided by the total collection area, is shown in Figure 4 for each transect in the three fires. Separation distances between FCSs to the burn unit were measured along the direction of the prevailing ambient wind. In all cases, a general decreasing trend in firebrand deposition is observed with increasing distance from the edge of the burn unit. These data suggest a positive relationship between firebrand deposition and fire intensity; however, the different fuels at TT preclude a definitive conclusion. The non-monotonic relationship observed for PPS, where the FCSs are not parallel to the prevailing wind, indicates that there is a relationship between ambient wind and firebrand deposition.
[image: Figure 4]FIGURE 4 | Total firebrand deposition as a function of distance from the edge of the burn unit. L and R indicate the left and right FCS transects of each burn unit.
3.4 Firebrand Characteristics
The cumulative distribution functions (CDFs) of the projected area for the firebrands collected in each fire are shown in Figure 5. Approximately 80% of particles in PPN and PPS and 90% of particles in TT have an area less than 1 × 10–4 m2. The size distribution from TT is skewed to significantly smaller projected areas than PPN and PPS. PPN has the largest number of larger particles suggesting that there is a relationship between fire behavior and size distribution of firebrands deposited. However, it is not possible to say whether this is due to the generation of larger firebrands or the enhanced ability of the plume to transport larger particles. These data are in line with previous studies (El Houssami et al., 2016a; Filkov et al., 2017; Thomas et al., 2017; Zen et al., 2021) which are similarly skewed with a large number of small particles.
[image: Figure 5]FIGURE 5 | Cumulative distribution of firebrand area for PPN (n = 767), PPS (n = 404), and TT (n = 128) (n is the number of firebrands collected). To allow comparison between sites, only particles with projected areas greater than 75 mm2 are included in this analysis.
The distribution of particles in the individual collection sites for PPN is presented in Figure 6. Only data for PPN are presented because this fire had a simple linear ignition which resulted in a relatively steady head fire across the unit. The ignition patterns for PPS and TT were more complex, and the collection sites were less well aligned to the prevailing wind, which means that this analysis cannot be reliably used in these cases.
[image: Figure 6]FIGURE 6 | Cumulative distribution of projected area for the left (left) and right (right) transects of FCS in PPN. Particles with a projected area greater than 1 mm2 are included in this analysis. n is the number of firebrands collected.
The analysis of PPN indicates that while the number of particles may show an inverse relationship with distance, there is no such trend with particle projected area. This highlights the complexity of the deposition process and indicates the local flow conditions to be dominant over particle characteristics. Analysis following the approaches developed by Tachikawa (Holmes et al., 2006) has been proposed; however, previous studies did not show expected trends Manzello and Suzuki (2013).
3.5 Time-Dependent Firebrand Deposition
Given the previously established dependence of the firebrand deposition on global fire behavior, the variation in firebrand deposition throughout the duration of the fire was explored. This allows for changes in fire intensity and firebrand deposition dynamics to be explored. Using the data for PPN in which the ignition pattern and wind are best aligned with the FCS (and thereby allowing the most straightforward comparison), the cumulative, time-dependent deposition in one collection can at each FCS is shown in Figure 7 and in the Supplementary Material PPN_spread.mp4. Periods of high rates of fire spread are shown between 7 and 9 min and 14 and 16 min after ignition, as discussed previously.
[image: Figure 7]FIGURE 7 | Firebrand collection in one can at each FCS in the left (left) and right (right) transects at PPN and the spread rate. Note that firebrand deposition continued for a period of 5 min after the fire had reached the end of the burn unit.
The first particles arrived approximately 7 min after ignition at FCS L3, a linear distance of approximately 225 m from the fire front. This highlights the complexity of deposition patterns and suggests that the particle trajectories are affected by the fire-induced wind and local flow obstructions. After approximately 11.5 min, the firebrand deposition becomes more rapid at all collection sites. At this time, the fire was approximately 100 m distant from the FCS. This period of rapid firebrand deposition occurs until approximately 16.5 min and was followed by a period of approximately 2.5–3 min of no firebrand deposition. Between 20 and 21.5 min, there was another period of rapid firebrand deposition.
Linking the rate of spread and deposition data indicates that the typical travel time for a firebrand is between 4.5 and 7.5 min for the first period of high spread rate and 6.5–7 min for the second period corresponding to travel distances of approximately 100 m and 50 m, respectively. The resulting average firebrand velocities are less than the upper limit of the above canopy wind speed, lending credibility to this assessment. However, before drawing firm conclusions on this issue, further information on the firebrand generation and trajectories is required.
3.6 Total Firebrand Deposition
Three regression models were considered to represent the relationship, g(x), that defines the firebrand deposition outside the burn area: linear, power, and exponential. The results of fitting these functions to the data are presented in Table 3; Figure 8. For the power law and exponential models, the maximum deposition distance was estimated when the deposition reaches 1 firebrand m−2. Integrating the functions allows the total quantity of firebrands deposited to be estimated. The linear and exponential models suggest that 74 and 106 million firebrands are deposited, respectively. This compares to the estimated 500 million firebrands being generated (Table 2). Assuming constant firebrand deposition within the fire, between 6 and 7% of firebrands land outside the burn unit. The higher generation of firebrands compared to the deposition outside the burn unit suggests that either a large proportion of firebrands are not lofted from the fire front or are consumed in the plume.
TABLE 3 | Assessment of regression models for the total firebrand deposition. Results provide peak deposition, maximum deposition distance, and the total amount of particles deposited. Comparison to total production is included.
[image: Table 3][image: Figure 8]FIGURE 8 | Total firebrand deposition as a function of distance from the edge of the burn unit, m, and the regression analysis for linear, power law, and exponential equations fit to the data.
Clearly, there are significant uncertainties embedded in these approaches and their physical interpretation. Although statistically there are insufficient data to reject any of the proposed deposition models, it is unlikely that a power law can explain the deposition relationship—it is undefined at the fire front (x = 0), and the asymptotic behavior approaching a nonzero deposition rate at distances greater than 150 m seems unlikely to be true. However, the order of magnitude agreement between the independent calculations of firebrands generated and firebrands deposited gives confidence in the method and suggests that refinement in the measurements and increased data collection will yield improved predictive relationships.
4 CONCLUSIONS
The hazard associated with firebrand exposure is a complex coupling of fire behavior, fuels, and environmental factors. The results in this study demonstrate that firebrand generation and deposition are strongly coupled to fire behavior, and therefore, to adequately assess the hazard, it is necessary to provide context with fire behavior measurements. A method to provide such coupled measurements has been designed, and it is demonstrated to provide the required measurements.
By measuring detailed fire behavior (spread rate and intensity), with both spatial and temporal resolution, it has been possible to obtain insights into the relationship between firebrand generation, transport, and deposition in a system dominated by bark firebrands.
The following general observations can be made:
• A regular array of temperature measurements overlaid with an array of flame height measurements allows time-resolved fire behavior to be calculated.
• The firebrand generation can be evaluated using measurements of tree characteristics and fire severity assessments.
• Firebrand generation is a function of the fuel characteristics and the fire intensity.
• Higher fire intensities resulted in higher firebrand generation and, on average, higher firebrand deposition rates and larger firebrand projected areas, as observed between different fires and within the same fire;
• It is possible to link the temporal dynamics of firebrand deposition to fire behavior;
• Firebrand deposition is not adequately predicted by the mean wind vector and analysis of the local flow dynamics, and fire-induced flow reversal is required.
• Total firebrand deposition decreases as a function of distance from the fire line possibly following an exponential decay.
The data also point toward an influence of fire return interval in determining the firebrand hazard. Two fires that were undertaken in areas that had not been burned for more than 50 years (PPS and PPN) resulted in a larger firebrand generation than the areas which had been burned more recently (TT). This suggests that fire return interval may also be important in determining the firebrand hazard.
Factors which require further consideration to improve the assessments made here include time-resolved measurements of firebrand generation to evaluate the rate, temporal, and spatial distribution of firebrand generation relative to the fire front; firebrand trajectory to evaluate the travel distance and velocities including within and above canopy turbulence measurements, the reaction dynamics of firebrands during transport, and the temperature evolution of firebrands during transport and upon deposition.
Nevertheless, the results of this study demonstrate that it is possible to assess the relationship between fire behavior and the firebrand hazard and present an experimental design for doing so. However, clearly, this methodology must be adopted widely to gather sufficient data across a wider range of fire behaviors and fuel types to generate datasets appropriate for the development of predictive tools.
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CORK02 CORK03 EUCO1 EUC02 OAKO1 OAK02 PINO1 PINO2

Delay time (s) 50 70 100 150 30 40 30 60
Distance (m) 20 23 15 15 15 24 2 15
Vo (s~ 32 28 25 27 28 26 36 27
Uplit time () 06 08 06 06 05 08 06 06
Reaction time (s) 4.4 6.2 9.4 14.4 25 32 24 5.4

*Firebrands’ velocity V, from Table 4.
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Terminal velocity of the firsbrands V;
Exponential relative mass decay coefficient
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m*1072 (mm~2): mass loss dependency
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Exponential coefficient k*10-% (mm~2)
Reaction time (s)—time for the particles to
take-off from the tree
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The values of each pair of experiments are separated by a vertical bar "
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Eucalyptus
globulus (EUC)

5953

17]9
12145
1,005 1,192

5,930 3,269

24,592 | 7,887
94144

Quercus robur
(0AK)

141]82"

26|21
10]-
1,687 | 814

680 4,908

9,718,071
25|32

Pinus pinaster
(PIN)

89| 124

3736
09109
1,698 1,847

1314481

7,678 6,358
24|54





OPS/images/fmech-07-651135/inline_1.gif





OPS/images/fmech-07-651135/fmech-07-651135-t003.jpg
Cork leaves Eucalyptus leaves Oak leaves Pine needles
Sample size 16 15 12 13
Average V; value (m.s~") 194 236 1.69 331
Standard deviation (m.s™") 0.17 0.45 0.25 037
Vi Clements, 1977 (m.s™") 1.3-1.9° - 13-1.9* 29-4.4%

“values found for Q. marilandica, Q. falcate, Q. nigra, and Q. phallus.
“+values found for P, taeda, P, elliottii, and P, echinatta.
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The up-flow velocity Vs and the velocilty of the firebrands V are average values determined for the 10 s-peak period with greater release of fiebrands.
described in Table 3.
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Regression model

gix) ax+b ax’ ae”™

A -4.8313 7,909 6516
B 4445 -1.022 -0028
R 0.668 0.6745 0.7104
Peak deposition (firebrands:m™?) 445 7,909 652
Max. firebrand deposition distance (m) 92 6,520 231
Firebrands deposited outside (x10°) 5 8 6
Firebrands deposited inside (x10°) 69 1,200 100
Total firebrand deposition (x10°) 74 1,208 106

Firebrand deposition outside (%) 7 1 6
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Bumn Rate of spread (m s™) Fire line intensity (kW .m~")

Fuel consumed  Flame length

PPS 0.142 + 0.093 4,200 + 3200 1,420 [260—5,291)+1786
PPN 0.257 + 0.155 10800 + 7,000 7,572 [260-15 204]
(5 0.035 + 0.017 700 + 600 < 230
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Test Wood type Moisture content Heating time Initial firebrand Initial wood Deposited pile

level (%) s) count Mass (g) Mass (g)
MC1 N. Red Oak 0 30 33 22.0 31
MC2 N. Red Oak 0 30 36 21.8 31
MC3 N. Red Oak 25 75 27 2.2 3.0

MC4 N. Red Oak 25 75 28 224 29
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Completely randomized block
Completely randomized block
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0,25%
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Wind speed
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0.00r20

Firebrand wood
material

N. Red Oak

Yellow poplar, E. White pine
Yellow poplar, N. Red Oak
N. Red Oak

N. Red Oak

Firebrand sizes
(Lx
D) (mm)

(125 x 950)
(125 x 950)
(125 x 950)
(12,5 x 9.50)
(125 x 4.75)
(12.5 x 9.50)
(50.0 x 4.75)
(50.0 x 9.50)
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Test

FF6
FF10
FF13
FF14
FF16

Firebrand diameter,
D (mm)

475
475
475
475
95

Firebrand length,
L (mm)

50.0
50.0
12.5
50.0
50.0

Firebrand aspect
ratio, AR = L/D

-

105
10.5
26
10.5
63

Pile porosity
&)

0.61
0.61
0.43
0.61
0.49

Pile Mass,
m (g)

30
15
30
3.0
3.0

Wind speed,
U (m/s)

0.0
20
20
20
20





OPS/images/fmech-07-702181/fmech-07-702181-t011.jpg
Difference of treatment
levels
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Live-dead

Difference
of means (kW/m?)

-12.63
-13.20
-0.58

Adjusted p-value

0.038
0.034
0.881

Conclusion

Artificial and dead firebrands result in significantly different heat transfer
Artificial and live firebrands result in significantly different heat transfer
No significant difference in heat transfer between live and dead firebrands
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489
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2.96
3.98
3.63

N

Ordered
letter
report

Hypotheses

Ho = by =4, = H, = Atleast one mean significantly different

Conclusions

Reject Hp. Heat transfer from piles made with artificial
firebrands is significantly different from piles made
fromlive or dead firebrands. No significant difference
exists in heat transfer between piles made with live
and dead firebrands
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0.286

Conclusions

Failtoreject Ho. Wood density does not affect heat transfer from firebrand piles
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Wood type Mean (kW/m?) o(kW/m?) N Hypotheses p-value Conclusions

Hardwood 393 293 2 Ho:py=Hp Ha:py#p, 0346  Fail to reject Hy. Wood type does not affect heat transfer from firebrand piles
Softwood 45.4 6.39 2
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Test Unburmed Unburned Pile Wind Heating Initial Initial Actual

firebrand firebrand Mass speed time firebrand wood deposite

length diameter @ (m/s) (s) count Mass pile

(mm) (mm) (9 Mass

(@

FF1 12.50 475 1.50 00 12 65 1.0 16
FF2 50.00 475 1.0 0.0 15 14 1.3 16
FF3 12.50 950 1.50 00 15 7 1.0 16
FF4 50.00 950 1.50 00 30 4 1.0 16
FF5 12.50 475 3.00 00 30 126 221 30
FF6 50.00 475 3.00 00 30 29 220 29
FF7 12.50 950 3.00 00 30 35 222 31
FF8 50.00 950 3.00 00 30 8 222 31
FF9 12.50 475 1.50 20 15 60 111 14
FF10 50.00 475 1.50 20 15 15 1.1 16
FF11 12.50 950 1.50 20 15 17 1.0 16
FF12 50.00 950 1.50 20 30 4 1.0 16
FF13 12.50 475 3.00 20 30 127 220 30
FF14 50.00 475 3.00 20 30 28 219 29
FF15 1250 950 3.00 20 30 33 223 31
FF16 50.00 950 3.00 20 30 8 226 32

FF17 31.25 7.13 225 1.0

N
N
o

16 16.4 23
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The wind direction is the angle from x-axis in counter clockwise direction. Moisture content is calculated using oven drying method and Equation (1). Details of each individual test can
be found in Table A.3.
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The wind direction is the angle from x-axis in counter clockwise direction. Moisture content is calculated using oven drying method and Equation (1). Details of each individual test can
be found in Table A.2.
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The wind direction is the angle from x-axis in counter clockwise direction. Moisture content is calculated using oven drying method and Equation (1). Details of each individual test can
be found in Table A.1.
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