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Factors Affecting Heat Transfer from Firebrands and Firebrand 

Piles and the Ignition of Building Materials 
 

Elias Bearinger 

ABSTRACT 
 

Firebrands, small pieces of burning vegetation or debris generated by fires, are one of the 

primary ways wildfires ignite structures. Due to their small size, firebrands can be carried several 

kilometers by high winds before landing on combustible surfaces such as decks or roofs and 

potentially igniting homes. Until recently, little has been known about the heat transfer 

capabilities of firebrands to the surfaces on which they land. Understanding the heat transfer 

from firebrands is an essential step in engineering for greater fire resilience.  

 

In the first phase of this research, heat transfer from individual firebrands to horizontal surfaces 

was investigated using oak firebrands made from commercially available lumber. The firebrand 

shape, wind speed, and wind direction were varied to see how these variables affect the heat 

transfer. A method of inverse heat transfer analysis based on infrared thermographs was used to 

measure distributed heat fluxes from firebrands to the surfaces through time. This measurement 

technique provided spatial resolutions of < 0.5 mm, approximately 10 times higher than previous 

experiments in this field. Results showed that localized heat transfer was significantly higher 

than had previously been reported, reaching as high as 80 kW/m2 in some cases. It was also 

found that wind speed, wind direction, and firebrand shape all affected the heat transfer from 

individual firebrands. 

 

Firebrands have also been shown to accumulate in piles on decks or roofs creating complex 

systems that have different ignition capabilities than individual firebrands. Potentially many 

factors could influence the heat transfer from firebrand piles 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. The second phase of this research 

used the same method of high-resolution heat transfer measurement to assess which of these 

factors significantly impacted the heat transfer from firebrand piles. Design of experiments was 

used to develop the test matrices and a rigorous statistical framework was employed to evaluate 

results at the 𝛼 = 0.05 level. It was found that wind speed, firebrand length, and an interaction 

between firebrand length and diameter were important. Additionally, it was found that there was 

a difference between the heat transfer from piles made with artificial and real firebrands. Pile 

mass did not appear to significantly impact the heat flux from firebrand piles. 

 

The last phase of this research developed a simple engineering model to predict the ignition of 

common building materials by firebrand piles. The model used time-varying heat transfer data 

from firebrand pile tests and material properties developed by testing on select building materials 

in a cone calorimeter. The model predicted the surface temperature rise of the material due to an 

exposure heat flux with ignition being predicted when the surface temperature exceeded the 

ignition temperature of the material. The model was used to predict ignition for a number of 

pile/fuel combinations and experiments were run to validate the predictions. It was found that the 

model did an excellent job in predicting ignition for materials which did not melt.  

 



 

 

Factors Affecting Heat Transfer from Firebrands and Firebrand 

Piles and the Ignition of Building Materials 
 

Elias Bearinger 

GENERAL AUDIENCE ABSTRACT 
 

Uncontrolled wildfires burning close to human civilizations result in hundreds of deaths, the 

destruction of thousands of structures, and billions of dollars in economic damages each year. 

One of the primary ways wildfires ignite structures is through firebrands: small pieces of burning 

vegetation or debris generated by the fire. These firebrands can be carried great distance by 

strong winds, eventually landing on decks or roofs and potentially igniting homes. Until recently, 

little has been known about the heat transfer from firebrands to the surfaces on which they land. 

Understanding firebrand heat transfer will allow building materials to be selected that are 

resistant to ignition by firebrands and reduce the number of structures destroyed by wildfires. 

 

In the first phase of this research, heat transfer from individual firebrands was investigated. The 

firebrand shape, wind speed, and wind direction were varied to see how these variables affect the 

heat transfer. A high-resolution measurement technique was used, allowing heat transfer to be 

measured with approximately 10 times higher resolution than previous experiments. Results 

showed that localized heat transfer was significantly higher than had previously been reported 

and indicated that wind speed, wind direction, and firebrand shape all affected the heat transfer 

from individual firebrands. 

 

Firebrands have also been shown to accumulate in piles on decks or roofs creating complex 

systems that have different ignition capabilities than individual firebrands. Potentially many 

factors could influence the heat transfer from firebrand piles 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. It was found that wind speed, 

firebrand length, and an interaction between firebrand length and diameter were important. 

Additionally, it was found that there was a difference between the heat transfer from piles made 

with artificial and real firebrands.  

 

The last phase of this research developed a simple engineering model to predict the ignition of 

common building materials by firebrand piles. The model used time-varying heat transfer data, 

and material properties developed by experimental testing. The model was used to predict 

ignition of select building materials with different firebrand piles, and experiments were run to 

validate the predictions. It was found that the model did an excellent job in predicting ignition 

for materials which did not melt. 
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1. INTRODUCTION 
 

Every year wildfires are responsible for hundreds of deaths and the destruction of thousands of 

structures around the world. Driven by changing climates, forest management practices, and the 

continued expansion of human civilizations into wildland environments, the toll from wildfires is 

expected to keep growing. One of the primary ways in which wildfires ignite structures is 

through firebrands, which are small pieces of burning vegetation and debris lofted by the fire 

winds. Firebrands are particularly dangerous due to their ability to travel several kilometers from 

the fire location before landing on combustible materials and causing ignition. Both individual 

firebrands and firebrand piles have been shown to ignite building assemblies, but until recently 

little has been known about the heat transfer capabilities of firebrands to the surfaces on which 

they land. Understanding the heat transfer capabilities of firebrands allows building materials to 

be selected which will resist firebrand ignition, an essential step in engineering for greater fire 

resilience. 

 

1.2 Research Objectives  

 

The objective of this work was to use high-resolution heat flux measurement techniques to 

understand heat transfer from both individual and piles of firebrands and use this data to develop 

an engineering model for predicting ignition of building materials. The overall research 

objectives of this work were as follows: 

 

1. Determine the impact of individual firebrand shape and contact on the heat transfer to a 

horizontal surface with different wind speeds and wind directions, 

2. Identify the most important parameters that have a statistically significant effect on the 

heat transfer from firebrand piles, and 

3. Develop and validate a model to predict ignition of building materials exposed to a 

firebrand pile 

The first objective of this research investigated how wind speed, wind direction, and firebrand 

shape influenced the heat transfer from individual firebrands to horizontal surfaces. Smoldering 

oak firebrands of different shapes were tested in wind speeds ranging from 0 to 2.1 m/s with 

wind applied both parallel and perpendicular to the length of the firebrand. Distributed heat 

transfer measurements were taken through time using infrared thermographs and inverse heat 

transfer analysis. This technique afforded spatial resolutions of < 0.5 mm, allowing highly 

localized heat transfer to be resolved.  

 

The second objective of the research was to use the same measurement technique and focused on 

which factors affect the heat transfer from firebrand piles. The nascent field of firebrand pile 

research has investigated a variety of different firebrand pile configurations without consensus 

regarding which factors are important in influencing the heat transfer. Phase two of this work 

employed design of experiments to statistically determine which factors had a significant impact 

on the heat transfer. The factors investigated all related to the characteristics of the firebrand pile 

itself and 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.  
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The third and final objective of this research developed an engineering model to predict ignition 

of solid combustible materials by firebrand piles. The model calculates the surface temperature 

rise of the material due to an exposure heat flux with ignition being predicted when the surface 

temperature exceeded the ignition temperature of the material. Material properties for nylon, 

pressure treated southern yellow pine deck board, and composite deck board made from plastic 

and wood fibers were experimentally determined. This data along with heat fluxes measured 

from firebrand piles was used to predict ignition for several pile/fuel combinations. Experiments 

were run to validate these predictions. 

 

1.3 Organization 

 

This work is comprised of three main chapters, each corresponding to a separate paper written 

during the course of this research project. The papers provide the findings for the three research 

objectives described in the previous section.      

 

Chapter 2 contains the paper “Localized Heat Transfer from Firebrands to Surfaces” which was 

authored by Elias Bearinger, Jonathan Hodges, Fengchang Yang, Christian Rippe, and Brian 

Lattimer. This paper was published in Fire Safety Journal through the 13th International 

Association for Fire Safety Science (IAFSS) Conference where it was selected for the Sheldon 

Tieszen Award. Elias Bearinger completed all experimental work for this paper as well as 

writing portions of the text and presenting the paper as the IAFSS conference. Dr. Hodges, Dr. 

Yang, and Dr. Rippe completed the bulk of the data analysis, while Dr. Lattimer wrote portions 

of the text. 

 

Chapter 3 contains the paper “Statistical Assessment of Parameters Affecting Firebrand Pile Heat 

Transfer to Surfaces”, authored by Elias Bearinger, Brian Lattimer, Jonathan Hodges, Christian 

Rippe, and Anil Kapahi. This paper has been submitted to Frontiers of Mechanical Engineering 

journal which is hosting a special issue on fire engineering. The experimental and writing 

portions of this paper were completed entirely by Elias Bearinger, while data analysis was 

conducted by Elias Bearinger, Dr. Lattimer, and Dr. Hodges. Dr. Lattimer, Dr. Hodges, Dr. 

Rippe, and Dr. Kapahi all provided contributions to the development of the experimental 

framework as well as guidance and edits to the paper. 

 

Chapter 4 contains the last paper: “Predicting Ignition from Exposure to Firebrand Piles”, 

authored by Elias Bearinger, Brian Lattimer, and Jonathan Hodges, which will be submitted to a 

relevant journal in the coming months. Elias Bearinger conducted all experimental work 

supporting this publication as well as writing the paper. Elias Bearinger and Dr. Lattimer both 

contributed to the model development and data analysis. Dr. Hodges provided input on 

experimental and data analysis design as well as reviewing data.    
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2. LOCALIZED HEAT TRANSFER FROM FIREBRANDS TO 

SURFACES 
 

Elias D. Bearingera, Jonathan L. Hodgesb, Fengchang Yangb, Christian M. Rippeb and Brian Y. 

Lattimera* 
aVirginia Tech, Mechanical Engineering, 635 Prices Fork Rd, Blacksburg, VA, USA, 

lattimer@vt.edu 
bJensen Hughes, 2020 Kraft Dr, Suite 3020, Blacksburg, VA, USA 

 

ABSTRACT 

Firebrands are known to cause spot fires and structure ignition far from the fire front, but there is 

a limited understanding of the heat transfer from firebrands to surfaces.  In this work, high 

resolution heat flux distributions were measured for single firebrands with different geometries 

using IR thermography and inverse heat transfer analysis.  Localized heat fluxes from a single 

firebrand were measured to be 25 – 80 kW/m2, which is 2-3.5 times higher than previous work 

with heat flux gauges and energy balance methods that spatially average the heat transfer from 

the firebrand. Firebrand geometry, wind speed, and wind speed orientation relative to the 

firebrand affect the heat flux magnitude and duration of the exposure. 

 

2.1. INTRODUCTION 

Wildland fires continue to threaten urban communities due to overgrown vegetation and the 

increasing number of structures built in the wildland area.  In these wildland fires, firebrands are 

lofted far from the fire front where they ignite vegetation and structures starting spot fires.  As a 

result, significant research has focused on understanding the generation, transport, and ignition 

processes due to firebrands as described in several reviews [1]–[4].  One area cited in these 

reviews as needing more attention is a better fundamental understanding of how firebrands ignite 

combustible materials and vegetation.  This requires quantifying conditions for firebrands to 

ignite fuels, firebrand temperature, and heat transfer from the firebrand to the surface.  

    

Early work to understand the ignition of combustible materials and vegetation by firebrands 

focused on determining the conditions for firebrands to cause different fuels to ignite.  Several 

researchers have investigated the mass of firebrands required to ignition building construction 

materials [5], [6], [7], [8] and insulations [9], including the effects of wind. Piles of 2.0-7.0 g of 

firebrands were required for ignition with wind required to cause flaming ignition.  This is 

similar to what is required to cause smoldering wood to transition to flaming [10].  Other 

researchers have conducted experiments on the ignition of vegetation beds from cylindrical 

firebrands [11], [12] and disk shaped firebrands [13], with a lower mass of cylindrical shaped 

firebrands causing ignition due to more surface contact by the firebrands falling down into the 

fuel bed.  Simulations on the effect of contact resistance between firebrands and a wood surface 

has also shown that decreasing contact resistance increases the temperature rise of wood [14].  

These studies indicate that the likelihood of ignition increases with an increase in the firebrand 

pile size, fuel type, and geometry of the fuel surface.  Also, they highlight the complexity of the 

heat transfer between the firebrands and the fuel surfaces including surface contact effects.  

 

In order to generate realistic firebrands in the laboratory environment, the shape and size of the 

firebrands must be considered. Filkov et al. [15] collected firebrands during prescribed burns in 

the New Jersey Pine Barrens. It was found that the majority of firebrands were bark fragments, 
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with less than 30% of the collected samples being pieces of twigs or branches. To measure the 

cross-sectional area, the bark firebrands were modeled as rectangles, while firebrands made of 

twig or branch segments were modeled as cylinders. 80% of the measured firebrands had cross-

sectional areas between 50 and 200 mm2. Manzello et al. [16] burned Korean pine trees in a 

laboratory environment, using water pans to collect the firebrands. All of the firebrands collected 

were cylindrical in shape, with an average diameter and length of 5.0 and 34 mm, respectively. 

These results were similar to burning experiments using Douglas fir trees. These results show 

that firebrands with both rectangular and cylindrical shapes are important. 

 

Limited measurements have been conducted on the heat transfer from firebrands to a surface.   

Manzello et al. [6] used an energy balance and the firebrand temperature to estimate the average 

heat transfer across the firebrand to the surface. For a single glowing cylindrical firebrand, the 

average heat flux over the firebrand was predicted to be 23 kW/m2 with 1.3 m/s of wind and 34 

kW/m2 with 2.4 m/s of wind. Water cooled heat flux gauges and thin skin calorimeters with 12 

mm diameter sensing surfaces were used to measure heat flux levels from single and piles of 

firebrands [7]. For single cylindrical firebrands (6.35 – 12.7 mm diameter, 25.4 mm long, 0.1 – 

0.6 g mass), the heat fluxes were measured to be 7 – 25 kW/m2 with no wind.  A technique to 

measure spatial heat transfer from firebrands is being developed using a Nd:YAG laser, a quartz 

platform, and CMOS camera, but no firebrand measurements have been made [17]. 

 

The focus of this paper is to provide high resolution measurements of the heat transfer from a 

firebrand to a horizontal surface to capture the spatial variation below and around the firebrand.  

Ignition is a local phenomenon that will depend on the highest heat transfer levels from the 

firebrand.  Since the contact between the firebrand and surface may be variable and the air flow 

around the firebrand may change its temperature non-uniformly, spatial distributions in the heat 

transfer from the firebrand to the surface are needed to quantify the highest heat transfer levels to 

assess ignition potential. In this work, the inverse heat transfer method using IR thermography of 

a stainless steel plate [18], [19] was used to quantify high resolution heat flux distributions from 

a single firebrand placed on a horizontal surface.  The effects of firebrand geometry, firebrand 

contact with the surface, wind speed, and firebrand orientation with the wind on the heat flux to 

the surface were quantified.  Localized heat flux measurements were spatially averaged to 

compare with other measurements in the literature. 

 

2.2. EXPERIMENTAL METHODS 

A series of experiments were performed to quantify the spatial and temporal variation in heat 

flux from a single firebrand to a surface.  An inverse heat transfer method using IR thermographs 

was used to quantify the heat flux from the firebrand to the surface at a resolution of 0.4 mm.  A 

description of the apparatus, firebrands, and inverse heat transfer method is provided below 

along with the test matrix performed in this study.     

 

2.2.1 Test Apparatus 

The experimental setup to quantify the heat transfer from a single firebrand to a surface is shown 

in Figure 1.  The setup consisted of a thin 304SS stainless steel plate painted black, an IR camera 

to measure temperature of the underside of the plate (Camera 1), an IR camera to measure the 

firebrand temperature (Camera 2), and a blower to provide wind. Firebrands were placed on a 0.8 

mm thick 304SS plate painted black on both sides with four coats of Rust-OleumTM high-heat 

black paint with a measured emissivity of ε = 0.97 [20]. The stainless steel plate was square with 
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each side being 0.61 m long and was supported in each corner by a wooden stand. The wooden 

stand was 0.92 m tall and sufficiently stable that the plate did not move during the testing.   

 

 
Figure 1. Test stand to characterize localized heat transfer from firebrands.  

 

Two FLIR A655sc infrared cameras operating in the 7-14 m wavelength range were used to 

measure surface temperatures.  The cameras had a 640 × 480 pixel resolution and used a 24.6 

mm (25°) lens.  Camera 1 was used to measure the underside of the steel plate and was operated 

in the 100 – 650oC calibration range.  Camera 1 was 0.58 m below the underside of the steel 

plate resulting in a field of view of the plate of 0.259 m by 0.195 m, which corresponds to a 

spatial resolution of 0.4 mm.  The emissivity for Camera 1 was set to 0.97 to correspond to the 

black paint emissivity.  Camera 2 measured the firebrand surface temperature and was operated 

using the 300-2000oC calibration range. The distance between Camera 2 and the firebrand 

ranged from 0.40 – 0.50 m resulting in a spatial resolution of 0.28 – 0.35 mm of temperature on 

the firebrand. Camera 2 emissivity was set to a value of ε = 0.7 which is the average of the range 

of emissivity levels (0.6 – 0.8) reported in the literature for firebrands [6], [9], [21].  ResearchIR 

software was used to control the cameras, collect data, and produce thermal images. 

 

Wind was provided by a Dayton Model No. 1TDR3 Blower (273 cfm @ free air and 60 Hz), 

connected to a Staco Energy Products Model 3PN151OB Variable Autotransformer to control 

the wind speed between 0.5 and 2.0 m/s at the firebrand location. Above wind speeds of 2.0 m/s 

it was found that the firebrands tended to move on the plate. The blower was set up such that 

bottom of the blower outlet was flush with the top of the plate and the flow traveled parallel to 

the surface. The bottom of the plate was shielded from the airflow so that there was only natural 

convection below the plate.  The blower was found to be a good laboratory approximation for 

wind, providing a uniform flow with less than 0.1 m/s variation across the length of the 

firebrand. Wind speed was verified prior to each test using an Extech Hot Wire Thermo-

Anemometer with a 0.2 – 20 m/s range and 0.1 m/s resolution. 
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2.2.2 Heat Transfer Measurement 

The thermal exposure from firebrands to adjacent surfaces was measured using the inverse heat 

transfer technique developed by Rippe and Lattimer [19]. The advantage of the inverse heat 

transfer method is that it measures a heat transfer boundary condition from the firebrand that can 

then be used to simulate firebrand exposure on a wide variety of surfaces. The technique 

involves painting a stainless steel plate with a known emissivity paint and exposing one side of 

the plate to the thermal environment. A series of high-resolution IR thermography images of the 

unexposed side of the stainless steel plate are recorded during testing. An energy balance on each 

pixel in the IR thermograph is used to calculate the exposure heat flux at every point on the 

surface using 

 

𝑞𝑒𝑥𝑝
′′ + 𝑞𝑐𝑜𝑛𝑑

′′ − 𝑞𝑟𝑎𝑑,𝑏
′′ − 𝑞𝑐𝑜𝑛𝑣,𝑏

′′ =
𝜌𝑉𝑐𝑝

𝐴

𝑑𝑇𝑠

𝑑𝑡
   (1) 

 

where 𝑞𝑒𝑥𝑝
′′  is the exposure heat flux, 𝑞𝑐𝑜𝑛𝑑

′′  is the net lateral heat flux entering a pixel from its 

neighbors, 𝑞𝑟𝑎𝑑,𝑏
′′  is the net radiation flux into the unexposed surface, 𝑞𝑐𝑜𝑛𝑣,𝑏

′′  is the net 

convection flux into the unexposed surface, 𝜌 is the density of the stainless-steel plate, 𝑉 is the 

volume of the pixel, 𝐴 is the surface area of the pixel, 𝑐𝑝 is the specific heat of the stainless steel 

plate, and 𝑑𝑇𝑠/𝑑𝑡 is the time rate of change of the surface temperature of the pixel. The exposure 

flux can be expressed as a heat flux at standard conditions (surface temperature at 293K as would 

be measured with a Schmidt-Boelter gauge) using the equation 

 

𝑞𝑒𝑥𝑝
′′ = 𝑞𝑜

′′ − 𝜀𝑓𝜎(𝑇𝑠
4 − 𝑇0

4) − ℎ𝑓(𝑇𝑠 − 𝑇0)    (2) 

 

where 𝑞0
′′ is the heat flux at standard conditions (surface temperature of 293 K), 𝜀𝑓 is the 

emissivity of the exposed surface, ℎ𝑓 is the convective heat transfer coefficient on the exposed 

surface, 𝑇𝑠 is the measured surface temperature of the stainless steel plate, and 𝑇0 is the standard 

temperature taken to be 293 K. All heat fluxes presented in this paper are heat fluxes at the 

standard condition (surface temperature at 293 K). The key distinction between 𝑞𝑒𝑥𝑝
′′  and 𝑞𝑜

′′ is 

that 𝑞𝑒𝑥𝑝
′′  is the true net heat transfer between the firebrand and the plate accounting for a 

decreasing temperature difference between firebrand and plate as the plate heats up. 𝑞𝑜
′′ on the 

other hand, is the heat transfer that would be seen by a plate maintained at a cooler temperature 

of 293K for the duration of the test. Effects of plate temperature on the burning behavior of the 

firebrand are ignored. 

 

Rippe and Lattimer showed the uncertainty in the thermal exposure measurements decreased 

with a larger Δt used in the calculation of the energy storage term in Eq. 1. In this work, Δt of 

three seconds was used in Eq. 1. 

 

The Nusselt number for natural convection of the heated plate was calculated using the 

relationships presented by [22] and [23]. For the upper surface of the heated plate, 

 

𝑁𝑢̅̅ ̅̅
𝐿 = 0.54𝑅𝑎𝐿

1/4
 for (104 ≤ 𝑅𝑎𝐿 ≤ 107)    (3) 

𝑁𝑢̅̅ ̅̅
𝐿 = 0.15𝑅𝑎𝐿

1/4
 for (107 ≤ 𝑅𝑎𝐿 ≤ 1011)    (4) 

 

where 𝑁𝑢̅̅ ̅̅
𝐿 is the average Nusslet number, and Ra is the Rayleigh number, 
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𝑅𝑎𝐿 =
𝑔𝛽(𝑇𝑠−𝑇∞)𝐿3

𝜈𝛼
          (5) 

 

where g is the acceleration due to gravity, β is the thermal expansion coefficient, T∞ is the 

ambient air temperature, ν is the kinematic viscosity, α is the thermal diffusivity, and L is the 

hydraulic radius of the heated section 

 

𝐿 =
𝐴𝑒𝑥𝑝

𝑃𝑒𝑥𝑝
      (6) 

 

where 𝐴𝑒𝑥𝑝 is the total area exposed by the firebrand, and 𝑃𝑒𝑥𝑝 is the total perimeter exposed by 

the firebrand. Similarly, 𝑁𝑢̅̅ ̅̅
𝐿 for the lower surface of the heated plate, 

 

𝑁𝑢̅̅ ̅̅
𝐿 = 0.27𝑅𝑎𝐿

1/4
 for (105 ≤ 𝑅𝑎𝐿 ≤ 1010)    (7) 

 

The Nusselt number for forced convection of the heated plate was calculated using the 

relationships presented by [24] for fully turbulent and laminar boundary layer conditions over a 

heated flat plate, 

 

𝑁𝑢̅̅ ̅̅
𝐿 = 0.037 𝑅𝑒𝑊

4/5
𝑃𝑟1/3 for (𝑅𝑒𝑊 ≥ 5 × 105, 0.6 ≤ 𝑃𝑟 ≤ 60)  (8) 

𝑁𝑢̅̅ ̅̅
𝐿 = 0.664 𝑅𝑒𝑊

1/2
𝑃𝑟1/3 for (𝑅𝑒𝑊 ≤ 5 × 105, 0.6 ≤ 𝑃𝑟 ≤ 60)  (9) 

 

where Rew is the Reynolds number defined by the plate width, W, and Pr is the Prandtl number. 

 

Rippe and Lattimer [19] conducted an uncertainty analysis of this measurement technique using 

similar parameters. It was found that the uncertainties in the convection coefficient and local 

temperature measurements were the two largest contributors to the overall measurement 

uncertainty. Using the propagation of errors technique it was found that the total measurement 

uncertainty was 2.63 kW/m2. 

 

During preliminary testing, it was observed that the Wiener filter recommended by Rippe and 

Lattimer to reduce the noise in the thermographs prior to the inverse heat transfer calculation 

resulted in an increase in noise in this application. In this work, the filter was replaced with a 2-D 

Gaussian filter with a 7 x 7 pixel window. The updated filtering approach reduced the peak 

measured temperature by approximately 1 °C, and reduced the peak observed heat flux by 10%. 

 

This series of tests were the first to use the inverse heat transfer (IHT) method in a situation 

where the thermal response of the stainless steel plate was highly dependent on the spatially 

resolved conductive flux. Verification of the inverse heat transfer (IHT) method is provided in 

Figure 2 for a local exposure on a steel plate similar to what would occur in the firebrand testing. 
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(a) 10 kW/m2 (b) 100 kW/m2 

Figure 2. Verification for quantifying localized heat transfer using the IHT measurement. 

 

The IHT method was tested by generating artificial thermographs using known exposure profiles 

in a Finite Element (FE) model in Abaqus. The model included a 0.20 m by 0.18 m plate with 

continuum heat transfer elements (DC3D8) at a mesh of density of 0.4 mm/element, which was 

similar to the spatial resolution of the experimental measurements. As seen in Figure 2, two 

verification scenarios were considered with a local heat flux applied to the center of the plate. 

Verification Case 1 applied a Gaussian distributed heat flux with a peak value of 10 and 100 

kW/m2 applied at the center with 𝜎 = 0.0127 m in shorter dimension and 𝜎 = 0.0254 m in the 

longer dimension. Verification Case 2 used the uniform 10 and 100 kW/m2 heat flux over a 

0.025 m x 0.051 m wide rectangle with a Gaussian drop at each edge of the uniform region using 

the same parameters as Verification Case 1. The error was less than 3%.   

 

2.3 Firebrands 

Firebrands were fabricated using oak wood.  Six distinct firebrand geometries were 

manufactured as shown in Figure 3. All firebrands had the same aspect ratio and projected area 

with the exception of Type 6.  
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Figure 3. Oak firebrand geometries. 

 

Types 1-4 were all cuboids of the same major dimensions (6.35 mm x 6.35 mm, 38.1 mm long) 

but with different notches on the face that would be in contact with steel plate surface. The 

cuboid shape was chosen because it resembles the surface contact of firebrands from bark 

fragments [15]. The notch depth was 1.59 mm in all cases and spanned the entire width of the 

firebrand. Type 5 was a cylindrical firebrand (6.35 mm diameter, 38.1 mm long) while Type 6 

was a cuboid with no notch and a shorter length (6.35 mm x 6.35 mm, 25.4 mm long). 

Cylindrical firebrands were selected because they have different surface contact compared with 

cuboids and they resemble sections of twigs or branches [15], [16]. The cuboid firebrands were 

manufactured by using a band saw to cut a 38.1 mm x 6.35 mm board into 6.35 mm strips. 

Notches were installed by hand, using a Dremel rotary cutter. Type 5 firebrands were 

manufactured by cutting a 6.35 mm round oak dowel into 38.1 mm sections. The moisture 

content of the firebrands was on average 4.9% by weight with a standard deviation of 0.16%. 

 

Prior to ignition, each firebrand was weighed using an AND HR-202i precision balance with 0.1 

mg resolution. The firebrands used for evaluating wind effects were measured using a Sartorius 

FB6CCE-S scale with a 6200 g range and 0.1 g resolution. To ignite the firebrands, a small 

propane burner was used. The firebrands were placed in a wire mesh basket over the flames and 

rotated frequently to ensure even heating on all sides. Heating over the propane flame lasted for 

30s for all firebrands. After the 30s heating period, the flame was turned off and the firebrand 

was allowed to progress in a state of flaming ignition for an additional 10 s before the flame was 

blown out.  The glowing firebrand was then placed in the center of the stainless steel plate using 

tongs for testing.  

 

2.2.4 Test Procedure and Matrix 

A matrix of experiments was designed to characterize the effect of wind and wind orientation on 

the heat transfer from the different types of firebrands. Each firebrand geometry (Types 1-6) was 

tested under three conditions as outlined in Table 1.  This included a no wind condition, wind 

direction that was parallel to the long-axis of the firebrand, and wind direction perpendicular to 
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the long-axis of the firebrand. Experiments with Type 1 firebrands were run twice to quantify the 

repeatability. 

The majority of testing was performed with a wind speed was 1.0 m/s, with the exception of the 

Type 2 firebrands (cuboid with one centered notch) oriented perpendicular to the wind where the 

wind speed was varied from 0 – 2.0 m/s.  For all tests, the firebrands were left on the plate for 

300 seconds. The initial mass of the wood before creating the firebrand is provided in Table 1 

along with the firebrand mass after heating and the mass after the 300 s test.  The initial firebrand 

mass before it was put on the plate was approximately 40-50% of the wood initial mass.  Results 

presented in this paper are based on a single firebrand test for each test condition in the matrix 

provided in Table 1.   

 

2.3.  RESULTS 

Heat transfer measurements from the different types of firebrands are presented in this section 

for different wind conditions and firebrand orientations relative to the wind direction.  In 

addition, temperature measurements on the long side of the firebrand and repeatability results are 

provided.  

  

2.3.1 No Wind 

The peak heat flux to the plate with time is provided in Figure 4 for the different types of 

firebrands tested with no wind. The highest peak heat flux for all firebrands occurred in the 

initial 25 seconds and then the heat flux decayed with time. Peaks were measured to range from 

17-38 kW/m2 with shorter cuboid (L=25 mm) producing the highest heat flux and the cylindrical 

cuboid producing the lowest. The cuboidal firebrands were all seen to have similar heat fluxes 

around 50 s, with variation developing as the test continued.  The cylindrical firebrand was 

measured to have a significantly lower heat flux and decay more rapidly than the cuboids. It was 

noted during the test that the cuboids progressed in a state of glowing combustion for some time, 

while the cylinder burned out immediately.   The spatial distribution in the heat flux at the time 

of the highest peak heat flux for the test duration is provided in Figure 5.  Except for the 

cylinder, the heat flux is highest at the distal ends of the firebrands. 

 

 

 

Table 1.  Firebrand test matrix and mass data.  

Type Description Wind 

(m/s) 

Wind 

Orientation 

Wood 

Initial 

Mass (g) 

Mass After 

Heating (g) 

Mass 

After 

300s (g) 

1 

Cuboid –  

6.4 mm x 6.4 mm, 38 

mm long 

None N/A 1.221 0.572 0.484 

1.0 Parallel 1.231 0.624 0.386 

1.0 Perpendicular 1.131 0.473 0.238 

2 

Cuboid –  

6.4 mm x 6.4 mm, 38 

mm long 

One centered notch  

None N/A 1.125 0.467 0.357 

None* N/A 1.1 - 0.3 

0.5* Perpendicular 1.1 - 0.3 

1.0 Parallel 1.112 0.484 0.331 

1.0 Perpendicular 1.122 0.41 0.208 
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1.0* Perpendicular 1.1 - 0.0 

1.5* Perpendicular 1.2 - 0.0 

2.1* Perpendicular 1.1 - 0.0 

3 

Cuboid –  

6.4 mm x 6.4 mm, 38 

mm long 

Two centered notches 

None N/A 1.162 0.55 0.437 

1.0 Parallel 1.128 0.527 0.29 

1.0 Perpendicular 1.092 0.382 0.067 

4 

Cuboid –  

6.4 mm x 6.4 mm, 38 

mm long 

End notches 

None N/A 1.084 0.485 0.405 

1.0 Parallel 1.081 0.512 0.37 

1.0 Perpendicular 1.119 0.495 0.273 

5 

Cylinder -  

6.4 mm diameter, 38 

mm long 

None N/A 1.088 0.548 0.524 

1.0 Parallel 1.115 0.554 0.525 

1.0 Perpendicular 1.121 0.551 0.534 

6 

Cuboid –  

6.4 mm x 6.4 mm, 25 

mm long 

None N/A 0.81 0.424 0.375 

1.0 Parallel 0.796 0.404 0.326 

1.0 Perpendicular 0.74 0.293 0.158 

* Denotes firebrands used to evaluate wind effects. 

 

 
Figure 4. Peak heat flux with time for different types of firebrands with no wind.  
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Figure 5.  Heat flux distributions at time of highest peak heat flux for different types of 

firebrands with no wind. 

 

2.3.2 Parallel Wind 

The peak heat flux to the plate with time is provided in Figure 6 for the different types of 

firebrands tested with the long side parallel to 1.0 m/s of wind. Compared with the no wind case 

in Figure 4, these heat fluxes are generally higher and remain at an elevated level for a longer 

period of time.  The highest peak heat fluxes ranged from 50-65 kW/m2 except for the cylindrical 

firebrand which was significantly lower.  For this case, the cuboid firebrand exposure remains 

above 20 kW/m2 for 115-300 seconds, depending on the type of firebrand.  The cylindrical 

firebrand produced the lowest heat fluxes and had the shortest duration.  The highest heat fluxes 

were measured to be the cuboid with a single notch.  The cuboids, L=38 mm produced similar 

heat fluxes slightly higher heat fluxes for the case with two center notches.  The shorter cuboid, 

L=25 mm, had a similar heat flux level to the longer cuboids but burned out faster than the 

longer cuboids.      

 
Figure 6.  Peak heat flux with time for different firebrands, long side parallel to 1.0 m/s of wind. 
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Figure 7.  Heat flux distributions at time of highest peak flux for different types of firebrands 

with long side parallel to 1.0 m/s of wind. 

 

The spatial distribution in heat flux from the firebrands are provided in Figure 7 at the time of the 

highest peak heat flux.  For this case, the highest heat fluxes are generally at the leading edge of 

the firebrand where the wind initially encounters the firebrand, indicating enhanced char 

oxidation at the leading edge of the firebrand. The notches in the firebrands are not where the 

highest heat fluxes were measured, except in the case with the end notches where the leading 

edge is at the notch location. 

 

2.3.3 Perpendicular Wind 

The peak heat flux to the plate with time is provided in Figure 8 for the different types of 

firebrands tested with the long side perpendicular to 1.0 m/s of wind.  In this case, the highest 

peak fluxes ranged from 50-75 kW/m2, excluding the cylindrical firebrand which was again 

much lower.  Exposure of greater than 20 kW/m2 ranged from 200-300 seconds for all cuboids.  

The cylindrical firebrand produced the lowest heat flux while the large cuboid without notches 

generated the highest heat fluxes for most of the test. The peak for the cuboid with two notches 

corresponds to a sudden, rapid progression of glowing combustion across a substantial portion of 

the firebrand. In general, these firebrand exposures were similar in duration but slightly higher in 

magnitude compared with the parallel wind case (Figure 6).   
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Figure 8.  Peak heat flux with time for different types of firebrands with long side perpendicular 

to 1.0 m/s of wind. 

 

 
Figure 9.  Heat flux distributions at time of highest peak flux for different types of firebrands 

with long side perpendicular to 1.0 m/s of wind. 

 

Spatial distributions in the firebrand heat flux levels are provided in Figure 9 for the different 

types of firebrands at the time of the highest peak heat flux level.  For this case, the higher heat 

fluxes are located at the ends of the firebrand, which is attributed to more char oxidation on the 

ends where there is more surface area. 
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2.3.4 Firebrand Temperature 

The firebrand temperature distribution at the time of the peak temperature is provided in 

Figure 10.  The peak temperatures range from 200-775oC for cylindrical firebrands to 800-950oC 

for the cuboid firebrands.  Highest temperatures were measured at the ends where there is more 

surface area for char oxidation. The reason why the cylindrical firebrands are consistently lower 

in temperature compared with the cuboids is unknown. One possible explanation is that all the 

cuboidal firebrands were cut from a single board, while the cylindrical firebrands were made 

from a dowel rod. It is possible some variation exists between the two sources which affects the 

combustion properties of the firebrand.  

 

 
Figure 10. Firebrand temperature distribution at the time of peak temperature for no wind (top 

row) and firebrand perpendicular to wind at 1.0 m/s (bottom row).     

 

2.3.5 Wind Speed Effects 

The effects of wind speed on firebrand heat flux levels are provided in Figure 11 for a cuboid 

L=38 mm with a one notch in the center and wind perpendicular to the long side of the firebrand.  

As expected from previous work, increasing the wind speed causes an increase in heat flux level 

from 20-30 kW/m2 with low wind speeds (up to 0.5 m/s) to 50-80 kW/m2 for wind speeds of 1.0 

– 2.0 m/s.  In addition, the higher wind speeds caused the firebrands to be consumed faster 

resulting in intense but shorter duration exposures.   

 

25 mm

25 mm
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Figure 11. Effect of wind speed on the peak heat flux with time for the cuboid L=38mm, one 

notch firebrand with the long side perpendicular to the wind. 

 

2.3.6 Repeatability 

Experiments with Type 1 firebrands (6.35 mm x 6.35 mm, 38.1 mm long, with no notch) were 

run twice to gain an estimate of how consistent the heat transfer was from similar firebrands 

under the same conditions, shown in Figure 12. Sample A firebrands were used in the rest of the 

paper, Sample B firebrands were exclusively used for the repeatability analysis. Figure 12 shows 

peak heat fluxes are similar between tests. The average percent difference between Sample A 

and B across all three wind conditions was determined to be 5-30% during the primary 

smoldering period (before 190 s) with a more variation observed as the firebrand smoldering 

began to decay to burn out (after 190 s). 

 

 
Figure 12. Repeatability of peak heat flux with time (cuboid, L = 38 mm, no notch). 
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2.4. DISCUSSION 

A summary of the peak heat fluxes measured for the different firebrands in this study is provided 

in Table 2.  Summary of heat fluxes measured in this work at different resolutions..  In this table, 

the heat fluxes are provided at three different resolutions: the inverse heat transfer (IHT) method 

(0.4x0.4 mm resolution), average over firebrand projected area on the surface, and average over 

a 12.5 mm x 12.5 mm region.   

 

Table 2.  Summary of heat fluxes measured in this work at different resolutions.  

Description 
Wind 

(m/s) 

Wind 

Orientation 

Peak Heat Flux (kW/m2) 

IHT Method 

(0.4x0.4 mm) 

Avg. Over 

Firebrand  

12.5x12.5 mm 

Region Avg.  

Cuboid – 38 mm long 

No Notch 

None N/A 27.8 13.8 9.8 

1.0 Parallel 55.6 17.9 16.1 

1.0 Perpendicular 71.1 21.6 21.2 

Cuboid –  

38 mm long 

One centered notch  

None N/A 28.1 13.9 9.9 

None N/A 37.3 21.7 19.9 

0.5 Perpendicular 36.4 18.8 23.3 

1.0 Parallel 64.4 17.1 17.8 

1.0 Perpendicular 50.9 15.4 14.4 

1.0 Perpendicular 63.3 35.9 31.6 

1.5 Perpendicular 63.4 32.8 32.9 

2.1 Perpendicular 80.6 36.4 40.2 

Cuboid –  

38 mm long 

Two centered notches 

None N/A 29.2 12.3 9.5 

1.0 Parallel 61.7 15.8 18.7 

1.0 Perpendicular 74.6 27.3 31.9 

Cuboid –  

38 mm long 

End notches 

None N/A 26.8 15.1 9.9 

1.0 Parallel 58.3 17.2 18.8 

1.0 Perpendicular 57.8 19.4 21.2 

Cylinder -  

38 mm long 

None N/A 17.2 11.7 5.8 

1.0 Parallel 11.9 9.9 4.7 

1.0 Perpendicular 15.2 12.3 5.6 

Cuboid –  

25 mm long 

None N/A 38.3 27.0 12.6 

1.0 Parallel 54.2 25.8 16.0 

1.0 Perpendicular 51.7 21.2 14.5 

The firebrand average heat flux was calculated to allow for comparison with heat fluxes 

predicted using an energy balance on the firebrand [6].  The energy balance prediction of heat 

flux from a cylindrical firebrand (10 mm in diameter, 75 mm long) was 23 kW/m2 with a 1.3 m/s 

wind [6].  This is a 46% difference compared with firebrand average heat flux measured in this 
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study for a cylinder but within 6% of the cuboids. The deviations between the two studies are 

attributed to the differences in firebrand temperatures.  

The 12.5 mm x 12.5 mm average was calculated to compare with measurements using a 12.5 

mm diameter heat flux gauge by Hakes et al. [7].  They measured heat fluxes ranging from 7 – 

25 kW/m2 for single cylindrical brands 6.4 – 12.7 mm in diameter and 25 mm long with no wind.  

This is consistent with the range of 12.5 mm x 12.5 mm average heat flux levels measured in this 

study shown in Table 2. 

The higher resolution heat fluxes are a factor of 2 – 3.5 times higher than the spatially averaged 

heat fluxes.  Some of these heat fluxes are quite localized and the spatial resolution that drives 

ignition will need to be determined with future experiments of firebrands on combustible 

materials.  Despite this, the technique presented in this paper is able to capture these spatial 

variations allowing for appropriate averaging to assess the ignition potential of single firebrands 

and firebrand piles.  In addition, the spatial heat flux distributions produced using these 

measurements also captures the location of the peak heat fluxes which can be uncertain based on 

the firebrand geometry, contact, and orientation with wind direction.   

 

2.5. CONCLUSION 

An experimental study was performed to measure the localized heat fluxes produced by different 

types of single firebrands onto a horizontal surface under different wind conditions.  An inverse 

heat transfer method using a series of IR thermographs of a stainless steel plate provided spatial 

heat flux distributions with a 0.4 mm resolution.  With the higher resolution, peak heat fluxes 

were measured to be 25 – 80 kW/m2, which is 2-3.5 times higher than expected based on lower 

spatial resolutions and values reported in the literature.  Firebrand geometry, wind speed and 

wind orientation relative to the firebrand all affected the peak heat flux produced by the firebrand 

and the exposure duration. Firebrand experiments on combustible surfaces are needed to 

determine the appropriate heat flux resolution to correlate with the ignition of the combustible. In 

addition, work considering multiple firebrands and firebrand piles is necessary to understand 

how results from single-firebrand experiments scale for more complex systems.  
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3. STATISTICAL ASSESSMENT OF PARAMETERS 

AFFECTING FIREBRAND PILE HEAT TRANSFER TO 

SURFACES 
 

Elias Bearinger, Brian Lattimer, Jonathan Hodges, Christian Rippe, Anil Kapahi 

ABSTRACT 

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 parameters expected 

to have an impact on the heat transfer from firebrand piles.  This includes a range of variables 

that may affect the burning of firebrand piles including wood moisture content, wood type 

(hardwood or softwood), wood density, wood state (live, dead, or artificial), wind, pile mass, 

firebrand diameter, and firebrand length which may impact the heat transfer from firebrand piles.  

Using design of experiments, a test matrix was developed that permitted a statistical analysis to 

be performed to quantify which factors most significantly impact the heat transfer to the surface. 

Statistically significant impacts on heat transfer were observed with variations in wind, firebrand 

length, and the interaction between firebrand length and diameter interaction. These results 

support existing knowledge that wind, pile porosity, and pile height all affect the heat transfer 

from firebrand piles. In addition, significant impact on heat transfer were observed between 

artificial and natural firebrands, suggesting that laboratory experiments using surrogate 

firebrands such as wood dowels may overestimate the heat transfer observed from natural 

firebrands. 

3.1. INTRODUCTION 

For much of the world, uncontrolled wildfires 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 [25], with a cumulative 97,000 km2 of vegetation 

burned [26]. Tragically, Australia’s Black Summer resulted in the destruction of 3,000 homes 

and 33 direct fatalities [27]. This type of destruction from wildland fires has been increasingly 

seen around the world. The 2017 fires in Portugal killed 112 people [28]. In 2018, fires in Greece 

burned 3,000 houses [29]. In the United States, the 2018 Camp Fire alone killed 85 people and 

destroyed 19,000 structures [30].  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 [31], 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 [32]. 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 [3], 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 [8]. Understanding heat transfer from piles of firebrands is an important step 

in engineering fire-resistant structures. 
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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 fires 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 

absence of wind and it was found that burning damage to the structure increased with crib mass 

[33]. Dowling collected embers from burned wood cribs which were then used to test 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 [5]. 

Experiments were conducted by Manzello et al. [12] 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. Experiments 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 [12]. In another similar study, also by Manzello et. al., 

ponderosa pine disks were used for firebrands [13]. 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 [12]. 

Filkov et al. [34] 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 5mm thick with lengths and width dimensions of 10 x 10, 15 x 15, 20 x 20, 25 x 25, and 30 

x 30 mm depending on the experiment. 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 [34]. 

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. used slices of bark to 

assess ignition on flat and angled (120°) configurations and concluded that ignition depends on 

pile mass [35]. Manzello, Park, and Cleary  [6] 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 [6].  

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.  [7] 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 [12]. It was also found that 
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wind substantially increased the heat flux from the firebrand pile but shortened the burning 

duration [7]. Bearinger et al. conducted a similar study where heat fluxes were measured at a 

high resolution (0.4 mm x 0.4 mm) using inverse heat transfer with infrared thermography [36]. 

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.  [37] 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. some piles were more porous). The 

pile porosity 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 [37]. 

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 is 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 is to test the effect of as many independent factors as possible 

and statistically evaluate their importance. It must be noted that some factors, such as pile mass 

and number of firebrands for a given firebrand shape, are not independent and therefore cannot 

be separately investigated. Additionally, this work employs a rigorous statistical framework used 

to evaluate whether there is a significant difference between the different factors. This work 

explores the effect 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 transfer from firebrand piles. 

3.2. EXPERIMENTAL METHODS 

A series of experiments were conducted using a custom testing apparatus to investigate the 

effects of the 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 transfer 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. These results were then statistically analyzed to 

determine the significance of the various factors. Details of the experiments and analysis are 

described in the following sections. 

3.2.1. Experimental Setup 

3.2.1.1. Testing Apparatus 

A custom experimental apparatus was developed for this testing (shown in Figure 13) consisting 

of a wind tunnel, support structure, two infrared cameras, an RGB camera, a wire mesh cage, and 

a black 304 stainless steel plate. The wind tunnel is 2.4 m long by 0.31 m wide with a flow-

conditioning section in the middle. The wind tunnel exit is 0.31 m wide and 0.10 m high with a 
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uniform flow across 90% of the opening. The flow through the tunnel is 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 is 3.5 m/s corresponding to 

volumetric flow rate of 0.106 m3/s (225 cfm). 

 

Figure 13. Test apparatus used to evaluate heat transfer from firebrand piles under various 

conditions. Note image insert contains close view of measurement area. 

The firebrand piles were supported on a 304 stainless steel plate having dimensions 457 mm x 

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. to have an emissivity of ε = 0.97 [20]. 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 13) connected the inside 

of the wind tunnel exit to the top side of the plate, ensuring no wind reached the underside of the 

plate.  

Two FLIR A655sc infrared (IR) cameras were used in the testing and controlled by 

ResearchIR™ acquisition software. The A655sc cameras record in the longwave infrared 

spectrum (7.5-14.0 μm), have 640 x 480 pixel resolution, and both used 25° lenses. Both cameras 

recorded at 3.13 Hz, with the data being down-sampled to 0.28 Hz post-process. IR Camera 1 

was used to measure the temperature on the underside of the stainless steel plate. IR Camera 1 

was operated in the 100-650 °C mode with an emissivity equal to that of the plate (ε = 0.97) and 

was positioned 0.648 m below the bottom surface of the plate meaning each pixel corresponded 

to a 0.44 mm x 0.45 mm rectangular area on the plate’s surface. IR Camera 2 was placed at a 

distance of 0.37 m from the pile center and was used to measure firebrand temperature. IR 

Camera 2 was operated in the 300-2000 °C mode with an emissivity of ε = 0.9 assumed for the 

firebrands. Additionally, a Nikon D3200 SLR camera (RGB Camera in Figure 13) recorded 

video of the burning pile in the visible spectrum. IR Camera 2 and the RGB Camera provided 
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qualitative information about the burning of the pile. Plate temperature data from IR Camera 1 

was used for the inverse heat transfer calculations. 

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 [10].  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 14. 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.  

 

Figure 14. Galvanized steel wire cage used to constrain firebrand piles (shown in red) 

3.2.1.2. Inverse Heat Transfer 

Inverse heat transfer (IHT) analysis is the method through which the stainless steel plate 

temperature measurements recorded with IR Camera 1 are used to calculate 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 [19] 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 infrared 

camera is 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 can be conducted on every pixel to obtain a temporally-

resolved 2D heat flux map. 

The net heat flux to each pixel, 𝑞𝑒𝑥𝑝
′′ , is the combined flux from all modes of heat transfer on the 

exposed side of the plate and is determined by an energy balance on the pixel 
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𝑞𝑒𝑥𝑝

′′ = 𝑞𝑠𝑡𝑜𝑟
′′ − 𝑞𝑐𝑜𝑛𝑑

′′ + 𝑞𝑟𝑎𝑑,𝑏
′′ + 𝑞𝑐𝑜𝑛𝑣,𝑏

′′  

 
(1) 

where 𝑞𝑠𝑡𝑜𝑟
′′  is rate of energy storage, 𝑞𝑐𝑜𝑛𝑑

′′  is the conduction flux into the pixel of interest from 

its neighbors, and 𝑞𝑟𝑎𝑑,𝑏
′′  and 𝑞𝑐𝑜𝑛𝑣,𝑏

′′  are the radiation and convection fluxes from the plate’s 

unexposed surface.  

The storage term depends on the thermal properties of the plate material and the pixels time rate 

of temperature change 

 𝑞𝑠𝑡𝑜𝑟
′′ =

𝜌𝑉𝐶𝑝

𝐴

𝑑𝑇𝑠

𝑑𝑡
 (2) 

 

In Eqn. (2), 𝜌 = 7,900 𝑘𝑔/𝑚3 is the density of the plate, 𝑉 and 𝐴 are the volume and surface 

area of a discrete pixel element, respectively, and 𝐶𝑝 = 515 𝐽/𝑘𝑔 ∙ 𝐾 is the specific heat 

capacity of the plate material. The calculation of the storage term also depends on the time rate 

of surface temperature change for the given pixel, 𝑑𝑇𝑠/𝑑𝑡. Since the plate is assumed to be 

thermally thin, the entire pixel element is assumed to be at 𝑇𝑆. 

As the plate temperature increases, the true 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, 𝑞0
′′, is 

calculated using  

 
𝑞0

′′ = 𝑞𝑒𝑥𝑝
′′ + 𝜀𝜎(𝑇𝑠

4 − 2934) + ℎ𝑓(𝑇𝑠 − 293) 

 
(3) 

where ℎ𝑓 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, 𝑞0
′′, as described in Eqn. 

(3). 

The convective heat transfer coefficients, ℎ𝑓, used in the analysis was determined using the 

Nusselt number, 𝑁𝑢̅̅ ̅̅
𝐿, the thermal conductivity of air, 𝑘𝑓, and the hydraulic length of the heated 

section, 𝐿. 

 ℎ𝑓 =
𝑁𝑢̅̅ ̅̅

𝐿𝑘𝑓

𝐿
 (4) 

 

For calculations on the top of the plate, the hydraulic length, L, is simply the distance of the pile 

center from the leading edge of the plate (shown in Eqn. (5)). For calculations of the natural 

convection on the underside of the plate, 𝐿 is found using Eqn. (6) 

 𝐿 = 0.0256 𝑚 for top of plate (5) 

 𝐿 = 𝐴𝑠/𝑃 for bottom of plate  (6) 

 

where 𝐴𝑠 is the surface area of the plate (m2) and 𝑃 is the perimeter (m). 
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The calculation of the Nusselt number itself depends on whether wind is applied during the test, 

and differs for the top and bottom sides of the plate. For tests with wind applied to the firebrands, 

the Nusselt number on the top of the plate was calculated using forced convection relationships 

from Incropera et al. [24] which depend on the Reynolds number, 𝑅𝑒𝐿, at the pile location 

 𝑁𝑢̅̅ ̅̅
𝐿 = 0.037𝑅𝑒𝐿

4/5
𝑃𝑟1/3 for (𝑅𝑒𝐿 ≥ 5 × 105)  (7) 

 𝑁𝑢̅̅ ̅̅
𝐿 = 0.664𝑅𝑒𝐿

1/2
𝑃𝑟1/3 for (𝑅𝑒𝐿 ≤ 5 × 105) (8) 

 

where Pr = 0.72 was used for all tests. 

The Reynolds number, 𝑅𝑒𝐿, was calculated using 

 𝑅𝑒𝐿 =
𝑈𝐿

𝑣
 (9) 

 

where 𝑈 is the flow velocity, and 𝑣 = 15.06 × 10−6 𝑚2/𝑠 is the kinematic viscosity of air at 

293K. 

For natural convection on the top surface of the plate in cases with no external wind applied, the 

Nusselt number was found using Eqn. (10) or (11) from Lloyd and Moran [38] 

 𝑁𝑢̅̅ ̅̅
𝐿 = 0.54𝑅𝑎𝐿

1/4
 for (104 ≤ 𝑅𝑎𝐿 ≤ 107) (10) 

 𝑁𝑢̅̅ ̅̅
𝐿 = 0.15𝑅𝑎𝐿

1/3
 for (107 ≤ 𝑅𝑎𝐿 ≤ 1011) (11) 

 

where 𝑅𝑎𝐿  is the Rayleigh number calculated by 

 𝑅𝑎𝐿 =
𝑔𝛽(𝑇𝑠 − 𝑇∞)𝐿3

𝑣𝛼
 (12) 

 

where 𝑔 is the acceleration due to gravity, 𝛽 is the thermal expansion coefficient, 𝑇∞ is the 

ambient air temperature, 𝑣 is the kinematic viscosity, 𝛼 is the thermal diffusivity, and 𝐿 is the 

hydraulic length of the heated section. All properties were taken to be values at ambient 

temperature.  

The underside of the plate was never exposed to forced convection due to external wind, so the 

Nusselt number for the underside of the plate used in all tests was determined using the 

following natural convection correlation from [24] 

 𝑁𝑢̅̅ ̅̅
𝐿 = 0.27𝑅𝑎𝐿

1/4
 for (105 ≤ 𝑅𝑎𝐿 ≤ 1010) (13) 

 

The above approach was previously verified for measuring heat transfer at this scale over the 

range of heat fluxes expected for firebrand piles [36]. All properties were taken to be values at 

ambient temperature. 

3.2.1.3. Experimental Procedure 

The details pertaining to each separate experiment 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 
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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 3. Due to imperfections in the natural samples, some variability existed 

in the diameter of the firebrands. A diameter tolerance of +/- 1 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 a thermal chamber at 75°C, for several days. It was confirmed 

that this time and temperature was sufficient to bring the samples to <0.3% MC. 

Prior to each test, the metal cage shown in Figure 14 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 using the IR and RGB 

cameras 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 flame. Heating times and initial masses of unburned firebrands 

are recorded in the following sections. Once the firebrands reached a state of self-sustaining 

flaming combustion, the propane 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, 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. 

3.2.2. Design of Experiments 

A series of five separate experiments were designed to evaluate the effects of the eight chosen 

factors on the heat transfer from firebrand piles, see Table 3. For each factor, a high and a low 

level were chosen. These high and low values were chosen to represent the extremes that would 

likely be seen in a realistic wildfire scenario, but in some cases were subject to constraints of the 

experimental setup. Four completely randomized experimental designs (CRDs) were used to 

independently assess the main effects of wood moisture content, wood type, wood density, and 

wood state on the heat transfer from firebrand piles. A full factorial design was then used to 

evaluate the main effects and all interactions of pile mass, wind speed, firebrand diameter, and 

firebrand length. 
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Table 3. Experiments used to evaluate the effect of eight factors on heat transfer from firebrand 

piles 

Test 
Name 

Experiment 
Design Factor Levels 

Wind 
Speed 
(m/s) 

Firebrand 
Wood 

Material 

Firebrand 
Sizes (L x D) 

(mm) 

Moisture 
Content 

Study 

Completely 
Randomized 

Design 
0%, 25% 2.0 N. Red Oak (12.5 x 9.50) 

Wood 
Type 
Study 

Completely 
Randomized 

Design 
Hardwood, Softwood 2.0 

Yellow 
Poplar, 

E. White 
Pine 

(12.5 x 9.50) 

Density 
Study 

Completely 
Randomized 

Design 
548, 870 kg/m3 2.0 

Yellow 
Poplar, 

N. Red Oak 
(12.5 x 9.50) 

Wood 
Mode 
Study 

Completely 
Randomized 

Design 

Natural - Live, 
 Natural - Dead,  

Artificial 
2.0 N. Red Oak (12.5 x 9.50) 

Full 
Factorial 

Study 

Full Factorial 
Design 

Pile Mass: 1.5, 3.0 g 
Wind Speed: 0.0, 2.0 m/s 
Firebrand Diameter: 4.75, 

9.50 mm 
Firebrand Length: 12.5, 

50.0 mm 

0.0 
 or  
2.0 

N. Red Oak 

(12.5 x 4.75) 
(12.5 x 9.50) 
(50.0 x 4.75) 
(50.0 x 9.50) 

 

3.2.2.1.Moisture Content Study 

To assess the impact of starting moisture content on the heat transfer from firebrand piles, a CRD 

experiment was designed with two moisture content levels (0% and 25%) as shown in Table 4.  

One replication was conducted per treatment for a total of four experiments. 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 N. Red Oak (𝜌 = 870 𝑘𝑔/𝑚3) branches. A wind speed of 2.0 m/s was used for all 

tests. To reduce experimental bias, tests were run in a random order. The moisture content was 

calculated using  

𝑀𝐶 =
(𝑚 − 𝑚𝑑𝑟𝑦)

𝑚𝑑𝑟𝑦
× 100 (14) 

 

where 𝑚 is the mass and 𝑚𝑑𝑟𝑦  is the dry mass. The moisture content was assessed on the pile 

level. 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 hours. 

The test details are provided in Table 4.  The piles at 25% MC had to be heated substantially 

longer to reach self-sustaining combustion, which was attributed to the fact that more energy was 
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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.   

Table 4. Test matrix used to assess the effect of starting moisture content on the heat transfer 

from firebrand piles.  

Test 

Pile 
Moisture 

Content (%) 
Heating 
Time (s) 

Initial 
Firebrand 

Count 

Initial 
Wood Mass 

(g) 

Deposited 
Pile Mass 

(g) 

Test 1 0 30 33 22.0 3.1 

Test 2 0 30 36 21.8 3.1 

Test 3 25 75 27 22.2 3.0 

Test 4 25 75 28 22.4 2.9 
 

3.2.2.2. Wood Type Study 

Differences exist in the basic cellular structure of hardwoods and softwoods. These differences 

include the presence of wood fibers and vessels in hardwoods, making them porous, and an 

abundance of tracheid cells in softwoods [39]. To explore the effect of firebrand wood type on 

the heat transfer from firebrand piles, a CRD study was designed. To have similar densities 

between treatments, Yellow Poplar (𝜌 = 548 𝑘𝑔/𝑚3) was selected for the hardwood and E. 

White Pine (𝜌 = 586 𝑘𝑔/𝑚3) 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 5, 

each factor 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 5. Test matrix used to assess the effect of firebrand wood type on the heat transfer from 

firebrand piles.  

Test Wood Type 
Heating 
Time (s) 

Initial 
Firebrand 
Count 

Initial 
Wood Mass 
(g) 

Deposited 
Pile Mass 
(g) 

Test 1 Hardwood 30 49 21.9 3.0 

Test 2 Hardwood 30 50 22.1 3.0 

Test 3 Softwood 30 44 22.1 3.1 

Test 4 Softwood 30 45 22.1 3.1 
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3.2.2.3. Density Study 

The effect of firebrand wood density on pile heat transfer has received little attention in the 

literature. To evaluate the impact of this parameter, a CRD using Yellow Poplar (𝜌 =
548 𝑘𝑔/𝑚3) and N. Red Oak (𝜌 = 870 𝑘𝑔/𝑚3) was conducted. Both Yellow Poplar and N. 

Red Oak are hardwoods. As before, firebrands used in this study had length of 12.5 mm, 

diameter of 9.5 mm before heating, and were made from live branches dried to 0% MC. A wind 

speed of 2.0 m/s was used for all tests. Each factor was repeated in duplicate, yielding four total 

tests as shown in Table 6 performed in randomized order.  The initial wood mass and deposited 

pile mass were kept constant during the testing.   

Table 6. Test matrix used to assess the effect of firebrand wood density on the heat transfer from 

firebrand piles.  

Test 

Wood 
Density 
(kg/m3) 

Heating 
Time (s) 

Initial 
Firebrand 
Count 

Initial 
Wood Mass 
(g) 

Deposited 
Pile Mass 
(g) 

Test 1 548 30 49 21.9 3.0 

Test 2 548 30 50 22.1 3.0 

Test 3 870 30 32 22.3 3.1 

Test 4 870 30 32 22.1 3.0 

 

3.2.2.4. 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. [37] has reported some differences in 

heat transfer between 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 effect of firebrand wood state (live, dead, artificial), a CRD experiments was 

conducted with three levels of a single factor. Each factor was replicated for a total of six tests, 

shown in Table 7. The unburned live (𝜌 = 870 𝑘𝑔/𝑚3) and dead (𝜌 = 664 𝑘𝑔/𝑚3) firebrands 

were collected from different branches of the same N. Red Oak tree in early autumn when it was 

easy to distinguish between live and dead tree limbs. The unburned artificial firebrands (𝜌 =
627 𝑘𝑔/𝑚3) were cut from commercially available N. 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. 
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Table 7. Test matrix used to assess the effect of firebrand wood mode on the heat transfer from 

firebrand piles.  

Test Wood Mode 
Heating 
Time (s) 

Initial 
Firebrand 
Count 

Initial 
Wood  
Mass (g) 

Deposited 
Pile Mass 
(g) 

Test 1 Artificial 30 33 22.0 3.1 

Test 2 Artificial 30 33 22.0 3.1 

Test 3 Natural - Live 30 32 22.1 3.2 

Test 4 Natural - Live 30 33 21.9 3.1 

Test 5 Natural - 
Dead 

30 40 22.2 3.2 

Test 6 Natural - 
Dead 

30 40 21.9 3.1 

 

3.2.2.5. Full Factorial Study 

The previously described experiments have examined the effect of a single factor with different 

levels. While the main effects associated with each factor are important, the interaction between 

factors may be significant as well and cannot be evaluated using single-factor CRDs. Recent 

studies have pointed to a complex influence of pile mass, pile bulk density, and wind speed on 

the heat transfer from firebrand piles [7], [37]. 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 (𝐴𝑅 = 𝐿/𝐷) and thus the firebrand length and diameter 

[40], [41]. To capture the complexity of this interactions, the effects of pile mass, wind speed, 

firebrand diameter, and firebrand length were evaluated in a 2𝑘 full factorial experiment. A high 

and low level 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 8. All firebrands used 

in this study were cut from live N. Red Oak branches and dried to 0% MC. The run order of the 

experiments was randomized. Due to the time required to run the full factorial test matrix, 

replication was not feasible.  
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Table 8. 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.  

Test 

Unburned 
Firebrand 

Length 
(mm) 

Unburned 
Firebrand 
Diameter 

(mm) 

Pile 
Mass 

(g) 

Wind 
Speed 
(m/s) 

Heating 
Time (s) 

Initial 
Firebrand 

Count 

Initial 
Wood 
Mass 

(g) 

Actual 
Deposited 
Pile Mass 

(g) 

Test 1 12.50 4.75 1.50 0.0 12 65 11.0 1.6 

Test 2 50.00 4.75 1.50 0.0 15 14 11.3 1.6 

Test 3 12.50 9.50 1.50 0.0 15 17 11.0 1.6 

Test 4 50.00 9.50 1.50 0.0 30 4 11.0 1.6 

Test 5 12.50 4.75 3.00 0.0 30 126 22.1 3.0 

Test 6 50.00 4.75 3.00 0.0 30 29 22.0 2.9 

Test 7 12.50 9.50 3.00 0.0 30 35 22.2 3.1 

Test 8 50.00 9.50 3.00 0.0 30 8 22.2 3.1 

Test 9 12.50 4.75 1.50 2.0 15 60 11.1 1.4 

Test 
10 

50.00 4.75 1.50 2.0 15 15 11.1 1.6 

Test 
11 

12.50 9.50 1.50 2.0 15 17 11.0 1.6 

Test 
12 

50.00 9.50 1.50 2.0 30 4 11.0 1.6 

Test 
13 

12.50 4.75 3.00 2.0 30 127 22.0 3.0 

Test 
14 

50.00 4.75 3.00 2.0 30 28 21.9 2.9 

Test 
15 

12.50 9.50 3.00 2.0 30 33 22.3 3.1 

Test 
16 

50.00 9.50 3.00 2.0 30 8 22.6 3.2 

Test 
17 

31.25 7.13 2.25 1.0 22.5 16 16.4 2.3 

 

3.2.3. Analysis 

Additional analysis was conducted on the data to quantify the local heat flux values for each test 

and provide sufficient data to perform the DOE statistical analysis.   

3.2.3.1. Data Processing 

The infrared images from IR Camera 1 were used to generate high resolution maps of the heat 

flux through time. Each pixel corresponded to a 0.44 mm × 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 



35 

 

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 × 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 × 6.75 mm (15 × 15 pixel) grids that were totally within the pile boundaries, as shown in 

Figure 15. 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 value for each test and so the heat fluxes from these 

twenty-nine grid values had to be distilled into a single metric. For each grid location, the 

average heat flux over the initial 120 s of the firebrand exposure was used to represent grid heat 

flux.  This 120 s averaging time was based on a review of the temporal heat flux data, where the 

highest heat fluxes most often occurred in the initial 120 s.  In order to reduce the 29 average 

heat fluxes to a single value for the statistical analysis, the 75th percentile of all of the heat fluxes 

in the pile was used (i.e., which is the heat flux where 75% of the 29 measured heat fluxes in the 

pile were less than this value).  The end goal of this research is to relate these heat fluxes to the 

ignition of building materials. As a result, this higher heat flux value was selected to assess 

where the most severe exposures would for a given firebrand pile. 

 

Figure 15. 6.6 mm × 6.75 mm grids (shown in red) lying totally within the bounds of the 50 mm 

circular pile (shown in white) 
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3.2.3.2. Statistical Analysis 

Three different experimental designs were used in these studies: one-factor CRDs with two 

treatment levels, one-factor CRD’s with three treatment levels, and full factorial designs. For all 

cases, the objective of the statistical analysis was to determine whether the factor in question 

significantly affected the heat transfer from firebrand piles.  

3.2.3.2.1. CRD Experiments with Two Treatment Levels 

The analysis of the CRD experiments with two treatment levels (Moisture Content Study, Wood 

Type Study, and Density Study) was conducted using one-way analysis of variance (ANOVA) to 

assess whether there was a statistically significant difference in the mean, 𝜇, of the two treatment 

levels. Analysis was conducted using Minitab v.19 software at the 95% confidence level (𝛼 =
0.05) and equal variance was assumed between groups. The null hypothesis, 𝐻0, was that there 

was no significance between 𝜇1 and 𝜇2 and was rejected for p-values < 0.05. Factors where the 

null hypothesis were rejected were assumed to have an effect on the heat transfer from firebrand 

piles.  The null and alternate (𝐻𝑎) hypotheses are  

𝐻0: 𝜇1 =  𝜇2 ; 𝐻𝑎: 𝜇1 ≠ 𝜇2  (15) 

 

3.2.3.2.2. CRD Experiments with Three Treatment Levels 

For the CRD experiment with three treatment levels (Wood State Study), Fisher’s Least 

Significant Difference (LSD) method was chosen to conduct the pairwise comparison on the 

categorical treatment level means (𝜇1, 𝜇2, 𝜇3) 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 the CRD with three treatment levels are  

𝐻0: 𝜇1 =  𝜇2 = 𝜇3 ; 𝐻𝑎 : 𝐴𝑡 𝑙𝑒𝑎𝑠𝑡 𝑜𝑛𝑒 𝑚𝑒𝑎𝑛 𝑠𝑖𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑛𝑡𝑙𝑦 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡  (16) 

  

3.2.3.2.3. Full Factorial Design 

The full factorial design was a 2𝑘 experimental structure that evaluated the main effects and all 

interactions of wind, pile mass, firebrand diameter, and firebrand length. A main effect was 

defined as the effect on the heat transfer from the firebrand pile caused by one of the four 

independent variables (e.g. heat transfer increased with increasing wind). An interaction was 

defined as a relationship where the effects of one independent variable on the heat transfer from 

the firebrand pile depended on the level of another independent variable (i.e. wind affects heat 

transfer from firebrand piles differently for different firebrand sizes). 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 < 0.05 indicated that the null hypothesis should be rejected, and the term significantly 

impacted the pile heat transfer. The center point was not included in the model. 

3.3. RESULTS  

The results from the statistical analysis of the experimental data are presented in the following 

subsections. 
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3.3.1. Data Overview 

The data for the tests consisted of the average flux within each grid at every point in time. Figure 

16 shows the grid average flux with time for each of the twenty-nine grids in Full Factorial Test 

15. This plot illustrates a trend that is seen in much of the data where the test was characterized 

by high initial fluxes that decreased with time. The average flux value for each grid was 

calculated for the first 120s of the test, resulting in twenty-nine individual values with 

distributions like those shown in Figure 17. From these distributions, the 75th percentile 120s-

average grid flux was selected and used as the metric for the test statistics. This value is shown in 

red in Figure 17. 

 

Figure 16. Grid heat flux values through time for example test. Vertical red line indicates the 

120 s mark. 
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Figure 17. Histogram of 120s averages for each of twenty-nine grids within a test. 75th percentile 

heat flux value is shown in red. 

 

3.3.2. Moisture Content Study 

The effects of starting moisture content of the unburned firebrands were statistically analyzed 

using the one-way ANOVA. The results are summarized in Table 9.  Piles made from firebrands 

with a starting moisture content of 0% were found to have a mean heat flux of 33.42 kW/m2, 

while piles made from firebrands with 25% starting MC were found to have a mean heat flux of 

38.81 kW/m2, a difference of 5.39 kW/m2. The p-value of 0.075, indicates that this difference 

does not meet the threshold for statistical significance and there is a >5% chance of observing a 

difference at least this large assuming the null hypothesis is true. For this reason, the null 

hypothesis could not be rejected, and it was concluded that firebrand starting moisture content 

does not have a significant effect on firebrand pile heat transfer. This result was somewhat 

expected since the moisture was believed to be driven off during burning to form the firebrand. 

Table 9. Summary of the statistical analysis of the effect of starting moisture content of 

unburned firebrands on the heat transfer from firebrand piles. 

%MC 
Mean 

(kW/m2) 
𝜎 

(kW/m2) N Hypotheses 
p-

value Conclusions 

0% 33.42 1.93 2 𝐻0: 𝜇1 = 𝜇2  
 

𝐻𝑎 : 𝜇1 ≠ 𝜇2 
0.075 

Fail to reject 𝐻0. Starting 
moisture content does not 
affect heat transfer from 

firebrand piles 25% 38.81 1.07 2 
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The interval plot for the moisture content study is shown in Figure 18. The heat flux value shown 

on the y-axis is the 75th percentile of 120 s average for grids within each group. The central black 

marker shows the mean while the interval bars show the extent of the 95% confidence interval 

for each group. The 95% confidence interval denotes the range of values which have a 95% 

chance of including the true population mean for that group. Due to the limited number of 

samples for each group, the interval plot was generated using the pooled standard deviation 

(𝜎𝑝𝑜𝑜𝑙𝑒𝑑 = 1.565) for all four tests in the moisture content study. The significant overlap in the 

95% confidence intervals for the 0% and 25% MC show why it was not possible to reject the null 

hypothesis for this study. 

 

Figure 18. Interval plot showing the 95% CI for each group in the moisture content study. 

3.3.3. Wood Type Study 

One-way ANOVA was used to evaluated whether there was a significant difference in heat 

transfer from firebrand piles made with firebrands from hardwood and softwood branches.  

Summary of the results can be found in Table 10 while the interval plot is shown in Figure 19.  

The mean heat flux from firebrand piles made with hardwood firebrands was found to be 39.27 

kW/m2, while the mean for the piles with softwood firebrands was 45.35 kW/m2. The difference 

of 6.08 kW/m2 and 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. As before, the interval plot was generated using the pooled standard deviation 

(𝜎𝑝𝑜𝑜𝑙𝑒𝑑 = 4.970). 
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Table 10. Summary of the statistical analysis of the effect of firebrand wood type on the heat 

transfer from firebrand piles. 

Wood 
Type 

Mean 
(kW/m2) 

𝜎 
(kW/m2) N Hypotheses 

p-
value Conclusions 

Hardwood 39.27 2.93 2 𝐻0: 𝜇1 = 𝜇2 
 

𝐻𝑎: 𝜇1 ≠ 𝜇2  
0.346 

Fail to reject 𝐻0. Wood 
type does not affect heat 
transfer from firebrand 

piles Softwood 45.35 6.39 2 

 

 

Figure 19. Interval plot showing the 95% CI for each group in the wood type study. 

3.3.4. Density Study 

The density study used two types of hardwood firebrands with different unburned dry densities 

to evaluate whether this parameter influenced heat transfer from firebrand piles. The statistical 

results are summarized in Table 11. One-way ANOVA was once again used to evaluate the 

results. It should be noted that the low density data set used in the density study is the same as 

the hardwood data set from the wood type study. It was found that for low density wood (Yellow 

Poplar, 𝜌 = 548 𝑘𝑔/𝑚3) the mean heat flux value was 39.27 kW/m2. The high-density wood (N. 

Red Oak, 𝜌 = 870 𝑘𝑔/𝑚3) had a mean heat flux of 34.33 kW/m2, a difference of 4.94 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.  The interval 

plot of the results, seen in Figure 20, shows significant overlap in the 95% confidence interval 

range of heat flux from piles with firebrands made from different densities. 
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Table 11. Summary of the statistical analysis of the effect of unburned firebrand dry density on 

the heat transfer from firebrand piles. 

Wood Dry 
Density 
(kg/m3) 

Mean 
(kW/m2) 

𝜎 
(kW/m2) N Hypotheses 

p-
value Conclusions 

548 39.27 2.93 2 𝐻0: 𝜇1 = 𝜇2  
 

𝐻𝑎 : 𝜇1 ≠ 𝜇2 
0.286 

Fail to reject 𝐻0. Wood 
density does not affect 

heat transfer from 
firebrand piles 

870 34.33 3.87 2 

 

 

Figure 20. Interval plot showing the 95% CI for each group in the density study. 

3.3.5. Wood State Study 

The wood state study was a CRD experiment with three treatment levels used to assess whether a 

difference existed in heat transfer from piles made of live, dead, or artificial firebrands. Both live 

and dead samples were collected from natural tree branches while artificial firebrand were cut 

from commercially available dowel rods. Fisher’s method was used at the individual 95% 

confidence level to determine if any of the treatment means were significantly different, with 

results shown in Table 12. The output of Fisher’s Pairwise Comparison is the ordered letter 

report. Treatment levels that do not share a letter have significantly different means. 
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Table 12. Summary of the statistical analysis of the effect of wood mode on the heat transfer 

from firebrand piles. 

Wood 
State 

Mean 
(kW/m2) 

𝜎 
(kW/m2) N 

Ordered 
Letter 
Report Hypotheses Conclusions 

Artificial 48.88 2.96 2 A 

𝐻0: 𝜇1 = 𝜇2 = 𝜇3 
 

𝐻𝑎 : 𝐴𝑡 𝑙𝑒𝑎𝑠𝑡 𝑜𝑛𝑒 
 𝑚𝑒𝑎𝑛 𝑠𝑖𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑛𝑡𝑙𝑦 

𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡 

Reject 𝐻0. Heat 
transfer from piles 
made with artificial 

firebrands is 
significantly 

different from piles 
made from live or 

dead firebrands. No 
significant difference 

exists in heat 
transfer between 

piles made with live 
and dead firebrands 

Live  36.25 3.98 2 B 

Dead 35.68 3.63 2 B 

 

As seen in Table 12, piles made with artificial firebrands have a mean heat flux value of 48.88 

kW/m2 which is significantly different the mean value of 36.25 kW/m2 for piles consisting of 

live firebrands and 35.68 kW/m2 for piles consisting of dead firebrands. 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 13. The null hypothesis for each test is that there is no significant 

difference between treatment means.  

Table 13. Fisher’s individual tests for difference of means 

Difference of 
Treatment Levels 

Difference of 
Means (kW/m2) 

Adjusted p-value Conclusion 

Dead - Artificial -12.63 0.038 

Artificial and dead 
firebrands result in 

significantly different heat 
transfer 

Live - Artificial -13.20 0.034 
Artificial and live firebrands 

result in significantly 
different heat transfer 

Live - Dead -0.58 0.881 
No significant difference in 
heat transfer between live 

and dead firebrands 
 

Finally, the results for the wood state study can be visualized using the interval plot in Figure 21. 

The heat transfer from piles consisting of artificial firebrands is higher than that from piles 

consisting of live or dead firebrands.  
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Figure 21. Interval plot showing the 95% CI for each group in the wood state study 

3.3.6. Full Factorial Study 

The full factorial matrix evaluated the main effects and interactions of pile mass, wind speed, 

firebrand diameter, and firebrand length on the heat transfer from firebrand piles. Four-way 

ANOVA determined whether each main effect or interaction had a significant effect on the heat 

transfer. The Pareto chart of the standardized effects, shown in Figure 22a, shows the effects 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.  

 

Figure 22. Pareto chart (a) and normal plot (b) for the full factorial tests with all terms included 
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Figure 22a shows the effects when all terms are included in the model and reveals that the wind 

main effect has by far the largest impact on heat flux from firebrand piles and is the only term 

that meets the criteria for statistical significance. The center point run (Test 17) was not included 

in the model and instead provided a single degree of freedom for error (𝑑𝑓𝐸) in the ANOVA 

analysis.  

To improve the model, insignificant high-order interactions can be removed and the model 

redeveloped with more 𝑑𝑓𝐸. In physical systems, high-order interactions consisting of three or 

more terms are rarely physically significant. The Pareto chart in Figure 22a, shows that the 4th 

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) 3rd 

order interactions. These terms were removed, and the model was redeveloped now with four 

degrees of freedom for error. Results are shown in Figure 23. With the improvements made to 

the model, three terms are statistically significant: wind, firebrand length, and the length-

diameter interaction. The main effects of pile mass (C) and firebrand diameter (B) were found to 

have a statistically insignificant impact on the heat flux. 

 

Figure 23. Pareto chart (a) and normal plot (b) for the full factorial tests with ABCD, ACD, and 

BCD terms removed 

While the Pareto chart Figure 23a is useful for comparing the magnitudes of the standardized 

effects, the normal plot shown in Figure 23b shows the directionality of the effects. Effects 

greater than zero increase the heat firebrand pile when the effect is increased. For example, as 

wind increases, so does the heat transfer from pile. Effects less than zero reduce the response 

when their value is increased. The length-diameter interaction seems to have this type of 

negative feedback response with the heat flux. The red line in Figure 23b represents the response 

if the effect from all main effects and interactions were zero. 

3.4. DISCUSSION  

Many of the results found in these experiments 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 
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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. This result was also reported by Tao et. al. [37]. For the 

limited data collected in this study, the artificial firebrands generated higher mean heat fluxes 

compared with the natural firebrands. This finding has important ramifications as many previous 

firebrand studies have used artificial firebrands to simulate wildfire scenarios. Based on these 

results, using artificial firebrands may overestimate heat transfer of more realistic firebrands. For 

cases involving safety testing of building materials, a modest overestimation of the heat transfer 

may not be undesirable and artificial firebrands have the distinct advantage of consistent sizing 

and ample availability. 

The full factorial study explored the influence of the main effects and interactions of firebrand 

length, firebrand diameter, pile mass, and wind on the heat transfer from firebrand piles. It was 

found that wind, firebrand length, and the length-diameter interaction were statistically 

significant and the most important parameters governing the heat transfer from firebrand piles. It 

is very well understood that wind increases heat flux from embers, so this result was anticipated. 

It has previously been established that pile height and porosity are important factors in 

determining the heat flux from firebrand piles [37]. The packing density, a measurement of 

porosity, depends on the ratio of the length and diameter for randomly oriented cylinders [40], 

[41]. It is suspected that this is the reason for the significant length-diameter interaction. The 

length of the firebrands also appeared to be important. The length of the firebrands is an 

important parameter in determining the height of the pile, particularly in these tests using the 

cage where wall effects may have prevented longer firebrands from lying flat.  

Pile mass, which has been the metric used to quantify a firebrand pile most likely to cause 

ignition [7], was found to be statistically insignificant in the full-factorial study.  The significant 

dependence of the heat flux on the wind and firebrand geometric details points to the importance 

of airflow into the pile and less on the overall mass of the pile.  For example, the firebrand aspect 

ratio can be changed which will significantly affect the heat transfer while maintaining the same 

pile mass.  This result suggests that future firebrand pile experiments should be quantified / 

varied based on firebrand geometric details and not on pile mass.   
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3.5. CONCLUSION 

A series of experiments were conducted to test the effect of 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 transfer from firebrand piles. A 

statistically rigorous framework was employed to design the experiments so that the results could 

be used to determine whether each factor had a significant effect on the heat flux.  A method of 

inverse heat transfer analysis yielded high spatial resolution data under the firebrand piles that 

was then subdivided into twenty-nine grids for each test. Using the 75th percentile of the 120s 

grid average fluxes, it was found that wood moisture content, wood type, and density did not 

affect the heat transfer. Differences did exist in heat transfer from piles consisting of natural 

firebrands and firebrands made dowels. The result suggests firebrands made from artificial 

materials such as dowel rods may result in higher heat fluxes than expected from natural 

firebrands in actual wildfire scenarios. Finally, a full factorial matrix was used to explore the 

main effects and interactions of firebrand length, firebrand diameter, pile mass, and wind.  Wind, 

firebrand length, and the length-diameter interaction were all found to be significant after 

insignificant terms were dropped from the model. These results fit well with existing knowledge 

that wind, pile porosity, and pile height all affect the heat transfer from firebrand piles. Firebrand 

pile mass was found to be statistically insignificant.  Based on these results, the firebrand 

geometric details are more important to quantify rather than overall mass when assessing the 

magnitude of heat flux from the pile and its potential to ignite combustible surfaces.   
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4. PREDICTING IGNTION FROM EXPOSURE TO FIREBRAND 

PILES 
 

Elias Bearinger, Brian Lattimer, Jonathan Hodges 

ABSTRACT 

A simple engineering model was developed for using time-varying heat fluxes from firebrand 

piles to predict the ignition of common materials. The model requires known material thermal 

properties and heat flux values to make its predictions. To assess the model, piloted and 

spontaneous ignition properties of nylon, pressure-treated southern yellow pine decking, and 

composite decking were developed through cone calorimeter testing. A series of twelve firebrand 

pile tests were run to obtained representative heat fluxes. The measured heat fluxes were used in 

conjunction with the material properties to predict probability of ignition and time to ignition. 

These predictions were validated through experiments. 

4.1. INTRODUCTION 

The destruction caused by wildfires continues to be an issue of tremendous concern and poses a 

severe risk to many communities around the world. Each year in the United States alone, 

wildfires are estimated to cause $71.1 to $347.8 billion in total economic damages [42], destroy 

thousands of structures, and result in dozens of fatalities [30]. Firebrands, small pieces of 

burning material generated by fires, are responsible for many of the home ignitions that occur in 

these fire disaster scenarios [32]. Firebrand can be lofted up to 2 km by high winds [3], further 

complicating efforts to protect structures. Work by Manzello and Suzuki [8] has shown that 

firebrands can accumulate in piles in wind-driven conditions greatly increasing the potential to 

ignite building assemblies.  

Several studies [5], [6], [8], [12], [13], [33]–[35], have experimentally investigated the ability of 

firebrand piles to ignite various fuels. Other research [43], [44] has looked at ignition of fuels by 

heated metal particles, but few studies have modeled ignition by firebrands or firebrand piles. 

Warey [14] developed a theoretical model of heat transfer between cylindrical and disk shaped 

firebrands with a fuel substrate, but did not relate this to ignition. Ganteaume et al. [45] 

developed logistic models for probability of ignition for various firebrand/fuel combinations, 

providing an empirical method for determining whether ignition would occur for select cases. To 

understand the fundamental physical processes involved in the ignition of fuel beds by 

firebrands, Lautenberger and Fernandez-Pello [46] created an advanced coupled model 

combining computational fluid dynamics, heat transfer, and pyrolysis models. 

 One notable study conducted by Wessies et al. [9], developed an ignition model for firebrands or 

firebrand piles using a using heat and mass transfer analysis. The model predicts the temperature 

evolution of the firebrands and accounts for a porous layer of ash that grows along the firebrand 

with time, reducing the ease of oxygen availability. The firebrand is assumed to be radiatively 

coupled with a fuel and using the predicted temperature of the firebrand, the fuel temperature and 
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pyrolizate generation can be modeled. The model includes ignition criteria based on the mass 

flux of generated fuel vapors. 

The goal of this work was to provide a simple engineering model to predict the ignition of 

common building materials by firebrand piles. The model used time-varying heat flux data 

measured directly from tests on firebrand piles and experimentally determine thermal properties 

of several common building materials. The model was applied to nylon, pressure-treated 

southern yellow pine deck board, and composite deck board made from wood fibers and plastic. 

Ignition predictions were made for various fuel/pile combinations and validated through 

experiments. 

4.2. METHODS 

The objective of this work was to develop and validate an engineering model that can be used to 

predict the ignition of building material by piles of firebrands. To accomplish this goal, a model 

was developed and validated against an exact theoretical solution. Thermal properties of 

common materials were obtained experimentally and used in conjunction with heat flux data 

collected from firebrand piles to predict which pile/material combinations would ignite. Finally, 

physical tests were run to assess the accuracy of the model’s prediction.  

4.2.1. Ignition Model 

An ignition model using material properties developed through cone calorimeter testing was 

employed to predict whether the time-varying heat fluxes from firebrand piles would be able to 

ignite common building materials. Originally developed by Carslaw and Jaeger [47] to analyze 

temperatures within a solid exposed to an incident heat flux, the model was adopted by Quintiere 

[48] to assess ignition. The model predicts the surface temperature rise of the material for an 

incident flux which varies temporally as a function of 𝜏 using the Duhamel integral 

 

 

𝑇𝑠 = (
1

𝜋𝑘𝜌𝑐
)

1/2

∫
𝑞′′(𝜏)

√𝑡 − 𝜏
𝑑𝜏

𝑡

0

+ 𝑇0;        𝐼𝑔𝑛𝑖𝑡𝑖𝑜𝑛: 𝑇𝑠 > 𝑇𝑖𝑔 

 

(17) 

where 𝑞′′(𝜏) =  𝑞𝑒
′′(𝜏) − 𝑞𝑐𝑟

′′  and 𝑡 is the moment of interest in time. 𝑞𝑒
′′(𝜏) is the exposure heat 

flux from the firebrand pile and 𝑞𝑐𝑟
′′  is the critical heat flux (explained in detail in Section 2.2).  

Ignition is predicted when the surface temperature, 𝑇𝑠, rises above the ignition temperature of the 

material. The integral in Eqn. 1 is evaluated numerically using the exposure flux measured under 

the firebrand piles. To avoid instability in the numerical integration as 𝜏 approaches 𝑡, a small 

relaxation factor, 𝛿, was added to the denominator of the integrand. It was found that using a 𝛿 

approximately equal to 10% of the time step in the recorded flux data yielded the best results. 

The numeric integration and relaxation factor were validated against an exact solution for a 

theoretical parabolic exposure flux. The exposure flux had the form 

 
 

𝑞′′ = 𝐴(𝐵𝑡 − 𝑡2) 
 

(18) 
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where 𝐴 = 4𝑞𝑚𝑎𝑥
′′ /𝑡𝑑𝑢𝑟

2 , and 𝐵 = 𝑡𝑑𝑢𝑟 , the duration of 𝑞′′ > 0. For the validation case 𝑞𝑚𝑎𝑥
′′ =

60 𝑘𝑊/𝑚2 and 𝑡𝑑𝑢𝑟 = 150𝑠 were chosen, resulting in the parabolic exposure flux shown in 

Figure 24.  

 

Figure 24. The parabolic heat flux used to validate the numeric integration technique. 

The exact solution for the surface temperature rise, Δ𝑇𝑠, was obtained using the Duhamel integral 
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(19) 

And can be shown to be 
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(20) 

where 𝑡 is the time of interest. This expression now gives an exact solution for the surface 

temperature rise due to the incident flux against which the numeric estimation can be compared.  

To obtain the numeric integration, the parabolic flux was sampled every 1s, giving discretized 

data similar to what is recorded in the firebrand experiments. A relaxation factor of 𝛿 = 0.1 was 

used and results were compared with the exact solution for 𝑘𝜌𝑐 = 0.237, as shown in Figure 25. 

As can be seen, excellent agreement exists between the numeric and exacts solutions for the 

surface temperature rise over the duration of the test. 
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Figure 25. Comparison of the exact solution and numeric estimation of the surface temperature 

rise for parabolic exposure flux. 

4.2.2. Material Properties 

The thermal properties of three building materials were experimentally determined. The 

materials tested were nylon, pressure treated southern yellow pine deck board, and composite 

deck board made from wood fibers and plastic. The thermal properties for the specific materials 

were important inputs into the ignition model and were experimentally determined for both 

piloted and spontaneous ignition using a cone calorimeter.  

The three materials were assumed to be thermally thick, meaning that the physical thickness of 

the material is larger than the depth of thermal diffusion over the time-scales of interest and that 

significant thermal gradients exist within the material. Under this assumption, it has been shown 

[49] that the time to ignition, 𝑡𝑖𝑔, for a given exposure heat flux, 𝑞𝑒
′′, can be modeled by  

 

 

𝑡𝑖𝑔 =
𝜋

4
𝑘𝑝𝑐

(𝑇𝑖𝑔 − 𝑇0)
2

(𝑞𝑒
′′ − 𝑞𝑐𝑟

′′ )2
 

 

(21) 

Where 𝑘 is the thermal conductivity, 𝜌 is the density, 𝑐 is the specific heat capacity, 𝑇𝑖𝑔 is the 

ignition temperature of the material, and 𝑇0 is the starting temperature. 𝑞𝑐𝑟
′′  is the critical heat 

flux: the exposure heat flux value for which the time to ignition goes to infinity. 

The time to ignition was experimentally measured for each material using a range of incident 

heat flux values. Uniform, constant exposure fluxes were provided by a cone calorimeter as 

shown in Figure 26. 100 mm × 100 mm samples were cut from the materials and dried to 0% 

MC by storing them in a thermal chamber at 75 °C for several days. The southern yellow pine 

and the composite deck boards had a thickness of 25.4 mm. while the nylon had a thickness of 
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12.7 mm. Prior to testing, the samples were allowed to cool to room temperature and the bottom 

and sides of the sample were wrapped in aluminum foil, leaving only the top of the sample 

exposed to the incident radiant flux. The heater temperature was set, and heat flux was validated 

using a water-cooled heat flux gauge. The aluminum-wrapped sample was placed in the holder 

(shown in the inset in Figure 26) and ceramic wool was used to insulate the bottom of the sample 

so direct contact with the holder did not occur. To start the testing, the sample and holder were 

centered 25.4 mm beneath the bottom of the heater. The time between the sample being placed 

under the heater and the onset of flaming ignition was measured, giving 𝑡𝑖𝑔. Tests lasting longer 

than 20 minutes without flaming ignition were said not to ignite. For piloted ignition tests, a 

continuous spark was provided a few millimeters above the center of the heated sample.  

 

Figure 26. Cone calorimeter testing apparatus 

The minimum heat flux, 𝑞𝑚𝑖𝑛
′′ , is defined as the minimum flux required to ignite the sample in 20 

minutes or less. 𝑞𝑚𝑖𝑛
′′  was found experimentally by decreasing the exposure flux until ignition 

was not observed and was bracketed within +/- 1 𝑘𝑊/𝑚2 by a test where ignition did occur and 

a test where ignition did not occur. 𝑞𝑚𝑖𝑛
′′  was taken to be the average of these bracketing tests.  
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For both piloted and spontaneous ignition, 1/√𝑡𝑖𝑔 scales approximately linearly with the 

exposure flux, 𝑞𝑒
′′. By plotting 1/√𝑡𝑖𝑔 versus 𝑞𝑒

′′, important material properties, including the 

thermal response parameter and the critical flux, can be calculated. The thermal response 

parameter (𝑇𝑅𝑃), originally identified by Tewarson [50], is a combination of the thermal inertia 

of the material, 𝑘𝜌𝑐, and the temperature rise required for ignition, 𝑇𝑖𝑔 − 𝑇0: 

 

 

𝑇𝑅𝑃 =  √𝑘𝜌𝑐(𝑇𝑖𝑔 − 𝑇0) 

 

(22) 

Combining Eqn. 5 with Eqn. 6 and raising the resultant equation to the −1/2  power yields 
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an equation of the form 𝑦 = 𝑚𝑥 + 𝑦0 where 𝑞𝑒
′′ is the independent variable. The slope, 𝑚, of the 

linear best-fit line from the plot of the 1/√𝑡𝑖𝑔 versus 𝑞𝑒
′′ is used to find 𝑇𝑅𝑃 by  
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(24) 

Similarly, the critical flux can be found using the y-intercept of the best-fit line, 𝑦0: 

 

 

𝑞𝑐𝑟
′′ = (−√

𝜋

4
𝑇𝑅𝑃) 𝑦0 

 

(25) 

The ignition temperature, 𝑇𝑖𝑔, is found using the measured 𝑞𝑚𝑖𝑛
′′  and a surface energy balance at 

steady state. The net heat flux absorbed by the material, 𝑞𝑛𝑒𝑡
′′ , is equal to the exposure flux less 

the heat transferred away from the material through convection and reradiation to the 

surroundings.  

 
 

 𝑞𝑛𝑒𝑡
′′ =  𝑞𝑒

′′ − 𝜀𝜎(𝑇𝑠
4 − 𝑇0

4) − ℎ(𝑇𝑠 − 𝑇0) 
 

(26) 

where 𝜀 is the emissivity, 𝜎 is the Stefan-Boltzmann constant, 𝑇𝑠 is the surface temperature of the 

material, and ℎ is the convective heat transfer coefficient.  

 

At steady-state, 𝑞𝑛𝑒𝑡
′′ ≈ 0, and as such 𝑞𝑒

′′ = 𝑞𝑚𝑖𝑛
′′  and 𝑇𝑠 = 𝑇𝑖𝑔, resulting in  

 

 

𝑞𝑚𝑖𝑛
′′ =  𝜀𝜎(𝑇𝑖𝑔

4 − 𝑇0
4) + ℎ(𝑇𝑖𝑔 − 𝑇0) 

 

(27) 

The expression shown above in Eqn. 11 was iteratively solved for 𝑇𝑖𝑔 using 𝜀 = 0.9, ℎ =

0.015𝑘𝑊/𝑚2𝐾, and 𝑇0 = 293𝐾. 
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Finally, Eqn. 5 was used to derive the thermal inertia of the material 

 

 

𝑘𝜌𝑐 =  (
𝑇𝑅𝑃

𝑇𝑖𝑔 − 𝑇0
)

2

 

  
 

(28) 

This process was conducted for each of the three tested materials for both piloted and 

spontaneous ignition, yielding 𝑇𝑅𝑃, 𝑘𝜌𝑐, 𝑇𝑖𝑔, 𝑞𝑚𝑖𝑛
′′ , and 𝑞𝑐𝑟

′′  for all cases. 

4.2.3. Experimental Setup 

A series of experiments were run to measure exposure heat fluxes from realistic firebrand piles. 

The measured heat fluxes were then used with the ignition model and fuel thermal properties to 

predict whether ignition would occur. The experimental setup and data collection technique is 

identical to that used by Bearinger et al. [51]. 

The experimental setup (shown in Figure 27) consisted of a wind tunnel, two infrared cameras, 

an RGB camera, a wire mesh cage, and a 304SS plate painted black with high-emissivity paint. 

The exit of the wind tunnel was 0.31m wide by 0.10m high and provided a uniform flow across 

90% of the outlet with a maximum volumetric flow rate of 0.106 m3/s (225 cfm). The flow was 

generated by an American Fan Company AF-8 blower driven by a 1 hp, 3-phase AC motor 

controlled with a variable speed drive. 

 

Figure 27. Experimental setup used to measure exposure flux from firebrand piles 

The firebrand piles were contained in a lightweight steel mesh cage and supported on a 0.762 

mm thick stainless-steel plate. The cage had dimensions shown in Figure 28, and was necessary 

to keep the firebrand piles from blowing off the plate. The piles rested directly only the black 
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stainless-steel plate which was painted on each side with approximately 20 μm of Rust-oleum™ 

High Heat black enamel paint. Experiments by Cholewa et al. [20] showed this paint to have an 

emissivity of 𝜀 = 0.97. The plate temperature was recorded by IR Camera 1, mounted 0.37m 

beneath the bottom surface. At this distance, each pixel in the camera display corresponded to a 

0.44 mm × 0.45 mm area under the underside of the plate.  

 

Figure 28. Steel wire cage used to constrain the firebrand piles (shown in red) 

Heat flux measurements were taken using a technique known as inverse heat transfer (IHT) 

analysis. Developed by Rippe and Lattimer [19], this method of IHT relies on thermographs 

recorded by infrared (IR) cameras to produce distributed heat flux measurements with spatial 

resolutions <0.5 mm. The IHT technique requires a thermally-thin, interstitial plate (Black 304 

SS Plate in Figure 27) of known optical and thermal properties, situated between the heat source 

(i.e. the firebrand piles) and the infrared camera. Described in great detailed by Rippe and 

Lattimer [19], and Bearinger et al. [36], the basic premise of the IHT technique is that each pixel 

on the IR camera corresponds to a small, discrete element on the interstitial plate. The IR camera 

continuously measures the temperature of each one of these elements, allowing an energy 

balance to be conducted on each pixel at every instance in time, shown in Figure 29. For any 

given element of interest, the element temperature, 𝑇, the temperatures of the surrounding pixels, 

and the ambient temperature, 𝑇∞, are known. The only unknown is the exposure heat flux, 𝑞𝑒𝑥𝑝
′′ . 
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Figure 29. Energy balance conducted on each pixel to resolve distributed heat flux 

measurements. 

The unknown exposure flux is simply the difference between a storage term, 𝑞𝑠𝑡𝑜𝑟
′′ , and the net 

heat flux into the pixel. 

 𝑞𝑒𝑥𝑝
′′ = 𝑞𝑠𝑡𝑜𝑟

′′ − ∑ 𝑞𝑐𝑜𝑛𝑑
′′ + 𝑞𝑟𝑎𝑑,𝑏

′′ + 𝑞𝑐𝑜𝑛𝑣,𝑏
′′  (29) 

 

where 𝑞𝑐𝑜𝑛𝑑
′′  is the conduction flux from the contiguous pixels and 𝑞𝑟𝑎𝑑,𝑏

′′  and 𝑞𝑐𝑜𝑛𝑣,𝑏
′′  are the 

radiation and convection losses from the underside of the plate, respectively. The storage term 

depends on the time rate of temperature change, 𝑑𝑇/𝑑𝑡, of the pixel of interest 

 𝑞𝑠𝑡𝑜𝑟
′′ =

𝜌𝑉𝑐

𝐴

𝑑𝑇

𝑑𝑡
 (30) 

where 𝜌 = 7,900 𝑘𝑔/𝑚3 is the density of the plate, 𝑉 and 𝐴 are the volume and surface area of a 

discrete pixel element, respectively, and 𝑐 = 515 𝐽/𝑘𝑔 ∙ 𝐾 is the specific heat capacity of the 

plate material. 

 

The IHT method was chosen due to the high spatial and temporal resolution it provides. Each 

0.44 mm × 0.45 mm pixel was effectively its own heat flux gauge allowing distributed maps of 

the heat flux under the firebrand pile to resolved with a temporal resolution of 0.28 Hz. The high 

spatial resolution meant that the 50 mm diameter firebrand pile corresponded to ~9,900 discrete 

pixels. Following a method developed by Bearinger et al. [51] the pile was subdivided into 

twenty-nine 15 × 15 pixel grids lying completely within the pile boundaries, shown in Figure 30. 

Each grid corresponded to 6.6 mm × 6.75 mm area on the plate.  
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Figure 30. 6.6 mm × 6.75 mm grids (shown in red) lying totally within the bounds of the 50 m 

circular pile (shown in white). 

At each point in time, the average heat flux of all the pixels within each grid was computed, 

resulting in twenty-nine heat flux versus time curves for each test, as shown in Figure 31. 

Ignition was assessed at the grid level using each of the grid fluxes as 𝑞𝑒
′′. Using the ignition 

model in Eqn. 1 and the experimentally-developed material properties, each grid heat flux was 

analyzed to see if ignition would be expected within that particular grid. This process was 

completed twenty-nine times for each test, corresponding to the twenty-nine individual grid 

values. The number of grids where ignition was predicted was used to compute the probability of 

ignition for that test, 𝑝𝑖𝑔 , defined as  

 

 

𝑝𝑖𝑔 =
𝑁𝑖𝑔

𝑁𝑇𝑜𝑡
 

 

(31) 

where 𝑁𝑖𝑔 is the number of grids where ignition was predicted and 𝑁𝑇𝑜𝑡 is the total number of 

grids (i.e. 29).  
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Figure 31. Heat flux data from all 29 grids from a single test plotted through time 

4.2.4. Heat Flux Tests 

A series of tests were run to obtain heat flux data for the ignition prediction. Using a variety of 

pile configurations and wind speeds, different heat flux levels could be achieved. The test matrix 

(shown in Table 14), used firebrands made from 4 different wood materials: N. Red Oak, Yellow 

Poplar, E. White Pine, and Loblolly Pine. Half the tests used “real” firebrands collected directly 

from live tree branches. The other half of the tests used “artificial” firebrands made from 

commercially available dowel rods. Two firebrand diameters (4.76 and 9.53 mm) and two 

firebrand lengths (12.5 and 50.0 mm) were used, with values reported for unburned firebrand 

dimensions. The mass of the deposited quantity of smoldering firebrands was either 1.5 or 3.0 g 

depending on the test. Two different pile moisture contents were used as well, with 0% and 25% 

being tested, as measured on a dry mass basis. Finally, wind speeds of either 0 or 2.0 m/s were 

used. The wind speed has been shown to be a highly significant variable in controlling the heat 

flux from firebrand piles and was measured in the center of the wire mesh cage using an Extech 

Hot Wire Thermo-Anemometer with 0.1 m/s resolution. 

Firebrands were heated using the same method described by Bearinger et al. [51], where a 

carefully measured mass of unburned firebrands was heated in a mesh basket over a propane 

flame for a specified period of time. For piles with a deposited mass of 1.5 g, 11.0 g of wood 

pieces were heated for 15 s, while piles with a deposited mass of 3.0 g used 22.0 g of wood 

pieces heated for 30 s. Once the heating period was complete, the firebrands were allowed to 

continue unhindered from a state of flaming combustion to a state of smoldering combustion. 

The mass of the smoldering firebrands was carefully monitored. Once the group of firebrands 

reached the specified mass, data acquisition was started and the firebrands were deposited into 

the wire mesh cage through a custom-made funnel. In tests with wind, it was found that 

firebrands tended to be blown to the trailing edge of the pile during the placement process. To 
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remedy this issue, a wind shield (not pictured in Figure 27), was added on the upstream side of 

the pile during the prior to the start of the test. The wind shield was quickly removed once the 

smoldering firebrand were deposited within the cage.  

Table 14. Firebrand pile test matrix  

Test 
# 

Wood 
State 

Firebrand 
Wood 

Material 

Initial 
Firebrand 
Diameter 

(mm) 

Initial  
Firebrand 

Length 
(mm) 

Pile 
Mass 

(g) 
Wind 
(m/s) 

Moisture 
Content 

(%) 

1 Real N. Red Oak 4.76 12.5 1.5 2 25 

2 Real E. White Pine 9.53 12.5 1.5 0 25 

3 Artificial Loblolly Pine 4.76 50 1.5 0 0 

4 Real N. Red Oak 9.53 12.5 3 0 0 

5 Real E. White Pine 9.53 50 1.5 2 0 

6 Real Loblolly Pine 4.76 50 3 0 25 

7 Artificial Loblolly Pine 9.53 12.5 3 2 0 

8 Artificial N. Red Oak 9.53 50 1.5 2 25 

9 Artificial Yellow Poplar 9.53 50 3 0 25 

10 Real Yellow Poplar 4.76 50 3 2 0 

11 Artificial E. White Pine 4.76 12.5 3 2 25 

12 Artificial Yellow Poplar 4.76 12.5 1.5 0 0 

 

4.2.5. Ignition Tests 

The ignition predictions were validated by running a series of firebrand pile tests on the 

combustible materials. Tests 7, 8, and 9 from Table 14 were each run on dry samples of nylon, 

pressure treated southern yellow pine (SYP) deck board, and composite deck board made from 

wood fibers and plastic, resulting in nine tests total. The testing procedure was identical to that of 

the heat transfer measurement tests described in Section 2.4, with the important exception that 

now the fuel samples were supported on the 304 SS plate and the firebrands placed on top of the 

combustible material, as shown in Figure 32. As before, wind speeds inside the cage were 

validated using a hotwire anemometer. In all cases the fuel samples were 100 mm wide and 100 

mm long and dried to 0% moisture content. The SYP and the composite decking had a thickness 

of 25.4 mm while the nylon had a thickness of 12.7 mm. Time to ignition for the samples was 

measured from the time the full pile had been deposited within the cage. Ignition was defined as 

the presence of sustained flaming and tests that did not transition to flaming ignition with 20 

minutes were said not to ignite.  
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Figure 32. Setup used to test ignition of fuel samples by firebrand piles 

4.3. RESULTS  

The overarching objective of this work was to develop an engineering model to predict the 

ignition of building materials from firebrand exposure. The validation of this engineering model 

required several important steps. First, material properties of three common building materials 

were obtained through cone calorimeter testing. Next, these material properties were used with 

representative heat flux values to determine the probability and time to ignition for various 

pile/fuel combinations. Finally, the accuracy of the prediction methods was assessed by 

conducting physical ignition tests. 

4.3.1. Material Properties 

The material properties were found by exposing each of the three fuel materials to different 

radiant heat flux exposures in a cone calorimeter and measuring the time to ignition, 𝑡𝑖𝑔. Piloted 

and spontaneous ignition tests were run for each material. 1/√𝑡𝑖𝑔 scales linearly with the 

exposure flux, and the plot of 1/√𝑡𝑖𝑔 versus 𝑞𝑒
′′ is the source from which many of the material 

properties are derived. The plots for each of the materials tested can be seen for piloted ignition 

in Figure 33 and spontaneous ignition in Figure 34.  
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Figure 33. 𝟏/√𝒕𝒊𝒈 versus exposure flux for piloted ignition of building materials. 

 

Figure 34.  𝟏/√𝒕𝒊𝒈 versus exposure flux for spontaneous ignition of building materials. 
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Figure 33 and Figure 34 show the same trend for both the piloted and spontaneous ignition, with 

the SYP decking having the highest slope and smallest (most negative) 𝑦0, followed by the 

composite decking. The nylon had the lowest slope and largest (least negative) value for 𝑦0. The 

high R2 values indicate that the trendlines fit the experimental data well. The slope and intercept 

values from the trendlines were used to calculate the thermal response parameter (𝑇𝑅𝑃), the 

thermal inertia (𝑘𝜌𝑐), the ignition temperature (𝑇𝑖𝑔), and the minimum (𝑞𝑚𝑖𝑛
′′ ) and the critical 

(𝑞𝑐𝑟
′′ ) heat flux values. Results are shown in Table 15. 

Table 15. Thermal properties of common materials 

Material Ignition Type 𝑻𝑹𝑷  

(𝒌𝑾𝒔
𝟏
𝟐

/𝒎𝟐) 

𝒌𝝆𝒄 
(𝒌𝑾𝟐𝒔/
𝒎𝟒𝑲𝟐)  

𝑻𝒊𝒈 

(𝑲) 

𝒒𝒎𝒊𝒏
′′  

(𝒌𝑾
/𝒎𝟐) 

𝒒𝒄𝒓
′′  

(𝒌𝑾/𝒎𝟐) 

Nylon Piloted 375.86 1.234 631.32 12.80 1.14 

Spontaneous 368.28 0.847 693.25 17.41 7.25 

SYP 
Decking 

Piloted 148.73 0.237 598.53 10.76 6.05 

Spontaneous 104.08 0.062 711.18 18.95 14.38 

Composite 
Decking 

Piloted 230.69 0.740 561.17 8.71 1.11 

Spontaneous 202.11 0.263 687.01 16.90 8.95 

 

The 𝑇𝑅𝑃 of the materials shows a consistent trend for both piloted and spontaneous ignition. The 

SYP decking has the lowest 𝑇𝑅𝑃 and the nylon has the highest, with the 𝑇𝑅𝑃 of the composite 

decking material falling in between. For a given material, the 𝑇𝑅𝑃 is lower for spontaneous 

ignition than piloted ignition. The 𝑇𝑅𝑃 values of nylon, however, are quite similar for 

spontaneous and piloted ignition, with a difference of just 2% between to the two cases. The 𝑘𝜌𝑐 

values show similar trends. 𝑘𝜌𝑐 is known as the thermal inertia and represents the tendency of a 

material to resist fluctuations in temperature. A noticeable difference exists in the 𝑘𝜌𝑐 values for 

piloted and spontaneous ignition. This may be due in part to a temperature dependence issue. 

The spontaneous ignition tests required higher exposure heat fluxes to induce ignition, increasing 

the material temperature and amount of surface char, potentially influencing some of thermal 

parameters such as 𝑘𝜌𝑐. 

Ignition temperatures and minimum heat fluxes varied based on ignition type. Piloted ignition 

could be achieved at lower surface temperature than spontaneous ignition. The SYP decking was 

found to have the highest spontaneous ignition temperature (𝑇𝑖𝑔 = 711.18𝐾) and minimum flux 

(𝑞𝑚𝑖𝑛
′′ = 18.95 𝑘𝑊/𝑚2 ). The composite decking had the lowest piloted ignition temperature 

(𝑇𝑖𝑔 = 561.17𝐾) and minimum heat flux (𝑞𝑚𝑖𝑛
′′ = 8.71 𝑘𝑊/𝑚2). The critical flux, the heat flux 

for which the ignition time goes to infinity, followed similar trends. 

4.3.2. Pile Heat Fluxes 

A series of twelve experiments were run to measure heat transfer from firebrand piles to a 

horizontal surface under various conditions. The results for each pile were divided into twenty-

nine grids, with the average heat flux within each grid being recorded through time. This time-

varying data was then used to predicted ignition on a grid-by-grid basis. To compare with work 
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by Bearinger et al. [51], the 120 s average was computed for each grid, resulting in twenty-nine 

values for each test. The 75th percentile 120 s average grid heat flux (𝑞120𝑠
′′ ) was then identified 

and used as a single value to represent the severity of heat flux exposure for each test. The 𝑞120𝑠
′′  

values for each of the twelve tests are shown in Figure 35. These values range from 6.4 𝑘𝑊/𝑚2 

(Test 12) to 43.6 𝑘𝑊/𝑚2 (Test 10).  

 

Figure 35. 75th percentile 120s average grid heat flux values  

4.3.3. Ignition Prediction 

The time-varying heat flux curves for each of the 29 grids in every test were used to predict 

ignition on the grid level. The percentage of grids predicted to ignite for each test was defined as 

the probability of ignition, 𝑝𝑖𝑔 . It was unknown whether the ignition of fuels by smoldering 

firebrands behaved more as piloted or spontaneous ignition and due to the difference in ignition 

behavior between these two cases, results were calculated for both, as shown Table 16. Of the 

three materials, nylon was the least likely to ignite. There were no tests where 𝑝𝑖𝑔 = 1 for nylon 

for either the piloted or spontaneous results. The SYP decking had three tests (Tests 5, 7, and 

10), however, for which 100% of the grids were expected to experience ignition for both piloted 

and spontaneous results. Similarly, Tests 7 and 10 had 𝑝𝑖𝑔 = 1.0 for the composite decking. 
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Table 16. Probability of ignition of each test on common materials 

Test 
𝑞120𝑠

′′  
(𝑘𝑊/𝑚2) 

Probability of Ignition 

Nylon SYP Decking Composite Decking 

Piloted Spontaneous Piloted Spontaneous Piloted Spontaneous 

1 29.6 0.59 0.21 0.97 0.93 0.97 0.86 

2 10.8 0.00 0.00 0.00 0.00 0.00 0.00 

3 10.4 0.00 0.00 0.00 0.00 0.00 0.00 

4 12.3 0.07 0.00 0.21 0.00 0.45 0.00 

5 37.4 0.59 0.28 1.00 1.00 1.00 0.97 

6 20.9 0.00 0.00 0.72 0.21 0.86 0.14 

7 36.1 0.97 0.93 1.00 1.00 1.00 1.00 

8 43.4 0.62 0.59 0.90 0.86 0.83 0.83 

9 12.7 0.00 0.00 0.07 0.00 0.21 0.00 

10 43.6 0.72 0.59 1.00 1.00 1.00 1.00 

11 23.6 0.55 0.14 0.97 0.97 0.93 0.93 

12 6.4 0.00 0.00 0.00 0.00 0.00 0.00 

  

For the modeling, 𝑡𝑖𝑔 was defined as the time taken for the surface temperature, 𝑇𝑠, within the 

grid to exceed the ignition temperature of the material when the time-varying heat flux data was 

used. Every grid where ignition was predicted had its own 𝑡𝑖𝑔, resulting in up to twenty-nine 

values per tests. For reporting purposes, the minimum time to ignition for any grid was selected. 

The minimum 𝑡𝑖𝑔was chosen because it represents the minimum time under which ignition could 

occur, a meaningful metric for fire safety engineering. The 𝑡𝑖𝑔 calculated using the time-varying 

heat could be compared with the time to ignition (𝑡𝑖𝑔,120𝑠) calculated using the time-invariant 

𝑞120𝑠
′′ . These results are shown for piloted ignition in Table 17 and spontaneous ignition in Table 

18. Cases where 𝑝𝑖𝑔 = 0 or 𝑞120𝑠
′′ < 𝑞𝑐𝑟

′′  were excluded. 

Table 17. Times to ignition based on piloted results 

  
Test 

  
𝑞120𝑠

′′  
(𝑘𝑊/𝑚2) 

Nylon SYP Decking Composite Decking 

𝑡𝑖𝑔 

(𝑠)  

𝑡𝑖𝑔,120𝑠 

(𝑠) 

𝑡𝑖𝑔 

(𝑠) 

𝑡𝑖𝑔,120𝑠  

(𝑠) 

𝑡𝑖𝑔 

(𝑠) 

𝑡𝑖𝑔,120𝑠 

(𝑠) 
1 29.6 63.4 136.9 24.6 31.5 31.7 51.5 

2 10.8 -- 1197.8 -- 787.6 -- 448.8 

3 10.4 -- 1303.1 -- 939.1 -- 488.1 

4 12.3 858.9 881.3 91.5 439.3 123.2 330.5 

5 37.4 35.2 84.2 21.1 17.7 24.6 31.7 

6 20.9 -- 282.5 45.8 78.6 63.4 106.2 

7 36.1 52.8 90.5 17.6 19.3 21.1 34.1 

8 43.4 38.7 62.1 21.1 12.5 24.6 23.4 

9 12.7 -- 829.4 323.8 394.9 285.1 311.1 

10 43.6 35.2 61.5 14.1 12.4 21.1 23.1 

11 23.6 70.4 219.9 28.2 56.7 42.2 82.7 

12 6.4 -- 3936.7 -- 112641.8 -- 1467.5 
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Table 18. Times to ignition based on spontaneous results 

  
Test 

  
𝑞120𝑠

′′  
(𝑘𝑊/𝑚2) 

Nylon SYP Decking Composite Decking 

𝑡𝑖𝑔 

(𝑠) 

𝑡𝑖𝑔,120𝑠 

(𝑠) 

𝑡𝑖𝑔 

(𝑠) 

𝑡𝑖𝑔,120𝑠  

(𝑠) 

𝑡𝑖𝑔 

(𝑠) 

𝑡𝑖𝑔,120𝑠 

(𝑠) 
1 29.6 84.5 213.5 24.6 36.8 38.7 75.3 

2 10.8 -- 8667.1 -- -- -- 9848.9 

3 10.4 -- 11018.6 -- -- -- 16174.0 

4 12.3 -- 4093.7 -- -- -- 2775.4 

5 37.4 38.7 117.1 21.1 16.1 24.6 39.6 

6 20.9 -- 568.0 52.8 197.8 102.1 223.1 

7 36.1 59.8 127.8 14.1 18.0 24.6 43.5 

8 43.4 42.2 81.6 21.1 10.1 24.6 27.1 

9 12.7 -- 3591.6 -- -- -- 2287.8 

10 43.6 38.7 80.7 10.6 10.0 24.6 26.7 

11 23.6 88.0 399.1 28.2 100.5 45.8 149.8 

12 6.4 -- -- -- 135.1 -- -- 

 

4.3.4. Ignition Experiments 

Tests 7, 8, and 9 were run on dry fuel samples to validate the model against experimental data, 

with results show in Table 19. Of the nine tests that were run, ignition was observed in four. Test 

7 and 8 caused ignition on both the SYP and the composite decking, while no ignition was 

observed for any of the tests on nylon. All test where 𝑝𝑖𝑔 = 1 were observed to induce flaming 

ignition on the fuel. Significant surface melting of the nylon occurred, allowing the firebrands 

within the pile to become immersed in the molten substrate.  

Table 19. Ignition testing results 

 

Test Ignition 𝑡𝑖𝑔,𝑜𝑏𝑠 

Piloted Spontaneous 

𝑝𝑖𝑔 𝑡𝑖𝑔 𝑡𝑖𝑔,120𝑠 𝑝𝑖𝑔 𝑡𝑖𝑔 𝑡𝑖𝑔,120𝑠 

Nylon 7 No -- 0.97 52.8 90.5 0.93 59.8 127.8 

8 No -- 0.62 38.7 62.1 0.59 42.2 81.6 

9 No -- 0.00 -- 829.4 0.00 -- 3591.6 

SYP Decking 7 Yes 4 1.00 17.6 19.3 1.00 14.1 18.0 

8 Yes 8 0.90 21.1 12.5 0.86 21.1 10.1 

9 No -- 0.07 323.8 394.9 0.00 -- -- 

Composite 
Decking 

7 Yes 177 1.00 21.1 34.1 1.00 24.6 43.5 

8 Yes 55 0.83 24.6 23.4 0.83 24.6 27.1 

9 No -- 0.21 285.1 311.1 0.00 -- 2287.8 
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4.4. DISCUSSION 

The application of this model to the ignition of common materials by firebrand piles gives useful 

insight into this pressing problem. The model itself was chosen due to its relative simplicity and 

its ease of use in predicting material ignition from a time-varying heat flux. Given knowledge of 

representative heat flux and material properties, the model can quickly simulate a great number 

of ignition scenarios. While this model is applied here for heat fluxes from firebrand piles, there 

is no reason that it could not be applied to ignition by singular firebrands as well.  

The material tests conducted in the cone calorimeter revealed that the nylon was harder to ignite 

than either the SYP or the composite decking. Although the composite decking had a lower 𝑞𝑚𝑖𝑛
′′  

and 𝑇𝑖𝑔 than the SYP, its higher thermal inertia gave it a lower probability of ignition for most 

firebrand exposure fluxes.  

The experimental data allowed several interesting comparisons to be made. The presence of a 

pilot in the cone calorimeter testing significantly affected the ignition behavior of the material. 

While results for both piloted and spontaneous modeling are presented here, the experimental 

data allows a direct comparison. Figure 36 shows the probability of ignition calculated using 

piloted and spontaneous ignition properties as well as the true probability of ignition from the 

physical testing. Tests where ignition was observed were said to have a true 𝑝𝑖𝑔 = 1, while tests 

that did not ignite were said to have a true 𝑝𝑖𝑔 = 0. Close agreement between the probability of 

ignition for both the piloted and spontaneous properties can be seen for most tests. The majority 

of the tests did not ignite, and the spontaneous ignition model has slightly better agreement with 

the physical results for this reason. Using material properties for spontaneous ignition, the model 

was 78% accurate in predicting whether the physical tests would ignite. The model was only 

55% accurate using piloted ignition properties. For the accuracy assessment, 𝑝𝑖𝑔 > 0 was 

considered to predict ignition. In all cases, the model error was Type I error, with the model 

predicting ignition that was not observed in the physical tests. The only major inconsistency 

between the model and the experimental results occurred on nylon. 
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Figure 36. Probability of ignition 

A possible reason why the model may have over-predicted ignition for the nylon comes from the 

interaction between the material and the firebrand pile. The material properties were developed 

in a radiation-only environment without any direct contact between the heat source and the 

material. The firebrand piles, on the other hand, rested directly on the combustible surface. As 

the nylon heated, the top surface melted to some degree allowing the firebrands to become 

immersed in the molten material effectively quenching the bottom layer of the ignition source.  

Finally, the experimental data allows an assessment of 𝑞120𝑠
′′  as a metric for quantifying the heat 

transfer from firebrand piles. 𝑞120𝑠
′′  is the 75th percentile, 120 s average grid heat flux and has 

been used as an important metric in quantifying heat transfer from firebrand piles [51]. Figure 37 

shows a comparison of the time to ignition (𝑡𝑖𝑔) for the time-varying heat flux data with the time 

to ignition (𝑡𝑖𝑔,120𝑠) calculated using 𝑞120𝑠
′′ . Data is shown for spontaneous ignition properties 

along with the true time to ignition for cases where ignition was observed. Interestingly, 𝑡𝑖𝑔,120𝑠  

shows a better agreement with the observed time to ignition than 𝑡𝑖𝑔 for 75% of the cases. This 

suggests that 𝑞120𝑠
′′  is in fact a good metric to use for quantifying heat flux from firebrand piles. 
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Figure 37. Comparison of time to ignition using experimental data (True), time-varying heat 

flux data and spontaneous ignition material properties (𝒕𝒊𝒈), and 𝑞120𝑠
′′  (𝒕𝒊𝒈,𝟏𝟐𝟎𝒔) 

4.5. CONCLUSION 

In conclusion, a simple engineering model was developed for using time-varying heat fluxes 

from firebrand piles to predict the ignition of building materials. The model requires known 

material thermal properties and heat flux values to make its predictions. To assess the model, 

piloted and spontaneous ignition properties of nylon, pressure-treated southern yellow pine 

decking, and composite decking were developed through cone calorimeter testing. A series of 

twelve firebrand pile tests were run to obtained representative heat fluxes. The measured heat 

fluxes were used in conjunction with the material properties to predict probability of ignition and 

time to ignition. These predictions were validated through experiments. 

The material properties developed through the cone calorimeter testing revealed that nylon was 

substantially harder to ignite than both southern yellow pine and composite decking. The model 

was found to have the best agreement with experimental results when spontaneous ignition 

properties were used. Using these material properties, the model correctly predicted the ignition 

outcome of 78% of the ignition experiments. The experimental results were also used to assess 

the utility of the 75th percentile, 120 s average grid flux as a representative value for firebrand 

pile exposure. This metric was found to out-perform more complex time-varying models in the 

prediction of time to ignition, indicating that this metric can provide a useful simplification that 

allows the quantification of heat transfer from firebrand piles.  
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5. CONCLUSION 
 

This research focused on understanding the heat transfer from firebrands and firebrand piles to 

horizontal surfaces and developing a model to predict ignition from firebrand pile exposure. The 

effects of wind speed, wind direction, and firebrand shape on the heat flux from individual 

firebrands was investigated using high-resolution infrared thermography. It was found that 

localized heat flux values were significantly higher than had previously been reported. 

Additionally, it was found that wind speed, wind direction, and firebrand shape all affect the heat 

transfer from individual firebrands.  

 

A series of experiments on firebrand piles was used to investigate the role of different pile 

characteristics and external environmental conditions on the heat transfer to a horizontal surface.  

Design of experiments and statistical analysis was used to assess which factors had a significant 

impact on the heat transfer from firebrand piles. It was found that wind speed, firebrand length, 

and an interaction between firebrand length and diameter were important. The importance of 

these parameters suggests that allowing oxygen to more freely flow into the firebrand pile will 

result in higher heat flux levels. Additionally, it was found that there was a difference between 

the heat transfer from piles made with artificial (dowels) and real firebrands, suggesting that 

using dowels as surrogate firebrands may produce higher heat transfer levels than real firebrands.  

Pile mass was found to not have a significant impact the heat flux from firebrand piles. 

 

Lastly an ignition model was developed to predict ignition of common material by heat flux 

exposure from firebrand piles. The model used material properties developed through 

experimental testing and time-varying heat fluxes from firebrand piles to predict which pile/fuel 

combinations were expected to ignite. Ignition predictions were validated with experimental 

testing and good agreement was observed between the model and experimental results for 

material which did not melt.  

 

6. FUTURE WORK 
 

There are several important steps that should be taken by future work to expand upon this 

research and increase its impact in fire safety engineering. All work presented here is for heat 

transfer from firebrands or firebrand piles to horizontal surfaces. While decks, gutters, and some 

portions of roofs may be modeled as horizontal surfaces, future work should investigate heat 

transfer and ignition by firebrands in other geometries. Angled roofs, walls, corners, and decks 

with gaps all may affect behavior of the firebrands and the subsequent ignition of these building 

assemblies. 

  

Additionally, experimentation with a greater number of building materials is needed. While the 

materials tested in this work provide a good foundation, common siding and roofing materials 

need to be tested to expand the applicability of the ignition model to all vulnerable components 

of typical structures. Cone calorimeter testing to determine material properties and further 

firebrand pile ignition experiments are both required to meet this objective.  

 


