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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.
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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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