
 

 

ABSTRACT 

 

 

 

 

Title of Dissertation: ANALYSIS OF FIRE BEHAVIOR OF PRESSURE 

TREATED WOOD AND WOOD-PLASTIC 

COMPOSITE SUBJECTED TO DEPOSITION OF 

GLOWING FIREBRANDS 

  

 Sangkyu Lee, Doctor of Philosophy, 2025 

  

Dissertation directed by: Professor Stanislav. I Stoliarov and Peter B. 

Sunderland of Fire Protection Engineering 

 

 

The frequency and severity of Wildland-Urban Interface (WUI) fires continue to rise 

globally. Firebrands are smoldering embers generated from vegetative or structural materials 

during a WUI fire, lofting up to several kilometers and travelling ahead of the main fire front. 

Firebrands serve as pilot ignition sources and contribute to the spread of wildland fires into 

communities. However, complex ignition processes and response of structural materials to 

firebrand exposure have yet to be fully understood. 

In this work, representative building materials, pressure treated wood (PTW) and wood-

plastic composite (Trex), were exposed to glowing firebrand piles in a bench-scale wind tunnel. 

The air flow velocity was 0.9 – 2.7 m s-1, the firebrand coverage densities were 0.06 and 0.16 g 

cm-2, and the pile footprint was 5 × 10 cm2 with either the 10-cm or 5-cm sides perpendicular to 

the incident air flow. Several types of flaming ignition events were observed including flames 

attached to the substrate surface in front of the pile (preleading zone ignition), and flames attached 

to the pile that sometimes spread onto the substrate downstream of the pile (downstream ignition). 

The most frequent and long-lasting flaming combustion occurred in experiments performed at 2.4 

– 2.7 m s-1 using 0.16 g cm-2 firebrand coverage density piles with 10-cm sides perpendicular to 



 

 

the air flow. Trex was less prone to preleading zone ignition but was more prone to downstream 

ignition. Unlike Trex, PTW exhibited a propensity for sustained smoldering for a wide range of 

air flows. 

To further analyze the ignition processes, pyrolysis property sets were obtained for PTW 

and Trex following a well-established hierarchical approach where thermogravimetric analysis, 

differential scanning calorimetry, and microscale combustion calorimetry were used to 

parametrize kinetics and thermodynamics of the thermal decomposition and combustion, while 

controlled atmosphere pyrolysis and cone calorimetry tests performed on coupon-sized samples 

were used to parameterize thermal transport properties and validate performance of the fully 

parametrized pyrolysis models. 

The developed pyrolysis models were used to simulate the preleading zone ignitions of 

PTW and Trex observed in the wind tunnel experiments. An empirical model of firebrand heat 

flux developed in an earlier work was employed to model boundary conditions for the combustible 

substrates in the preleading zone and dependence of these conditions on the air flow velocity and 

firebrand coverage density. It was determined that the critical value of the peak average heat 

release rate, HRRPeak = 120 kW m-2, computed in these simulations successfully delineated 

between the low ignition probability, < 0.5, and high ignition probability, > 0.5, firebrand 

deposition scenarios. 
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1 Introduction 

1.1 Wildland-Urban Interface Fires 

In recent decades, devastating wildland fires, causing injuries, fatalities, and loss of 

property, have become a great concern and threat across the globe. Wildland fires have increased 

in number and size, driven largely by climate change, human activity, and changes in land-use 

patterns (Pandey et al., 2023). Many countries like the United States, Canada, Australia, Greece, 

Indonesia, and South Korea, have been experiencing increased frequency and severity of large and 

extreme fires (Chang et al., 2024; Samborska and Ritchie, 2024). Wildland-urban interface areas 

are where houses and other developments meet or mix with undeveloped natural areas (U.S. 

Department of Agriculture Forest Service, 2025). According to US wildland fire statistics 

(National Interagency Fire Center, 2025; U.S. Fire Administration, 2024), the number of annual 

 

Figure 1.1. U.S. wildland fire statistics over the past 20 years. Reproduced from (National 

Interagency Fire Center, 2025). 
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wildland fire occurrences does not show a clear trend, but burned areas and wildland fire severity, 

which is the burned areas divided by the number of annual wildland fires, have increased since 

2001, as shown in Figure 1.1 (National Centers for Environmental Information, 2025). The average 

burned area per year by wildland fire is 7 million acres, with an annual number of wildland fires 

at 69,000, resulting in an average of 104 acres per fire over the past 20 years. In the early days of 

August 2023, a series of devastating wildland fires broke out in Hawaii, primarily in Maui. It is 

estimated that over 2,200 buildings were destroyed, resulting in $ 5.5 billion in economic losses. 

The most significantly impacted area was the historic district of Lahaina (see Figure 1.2), where 

more than 100 lives were lost (U.S. Fire Administration, 2024). 

 

Figure 1.2. Aftermath of devastating wildland fire in Lahaina, Hawaii, Aug. 22, 2023. 

Reproduced from (Phan, 2023).  
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1.2 Motivation  

Understanding how wildland-urban interface fires spread is an important consideration in 

preventing and mitigating the wildland-urban interface fires, which can cause loss of lives and 

property. Three mechanisms of WUI fire spread have been identified: direct flame impingement, 

thermal radiation, and firebrand (Hakes et al., 2019; Suzuki and Manzello, 2021). Among the three 

main mechanisms of WUI spread, firebrands have been recognized as one of the primary sources 

of ignition in the WUI (Caton et al., 2017; Meerpoel-Pietri et al., 2021; Bouvet and Kim, 2024). 

Firebrands are defined as airborne smoldering embers, which are primarily produced from 

burning vegetations (grasses, shrubs, bark, leaves, and twigs) and wooden building materials 

(timber, roof shingles, decking, and fences) (Suzuki et al., 2014; Manzello et al., 2020). The 

characteristics of the firebrands depend upon the fuel type (vegetation or structure), its morphology 

(geometry, size, porosity, and density) and the intensity of the fire and buoyant fire plume 

(Manzello et al., 2020). Generated firebrands can be lofted by buoyant convective wildland fire 

plume and then transported far ahead of the fire front (Wadhwani et al., 2022). Most spotting 

distances of them are lower than 500 m, but a combination of high wind speeds and considerable 

fire growth increases the possibility of spotting distance to more than 1 km (Cruz et al., 2012; 

Filkov et al., 2023). Spotting distance is generally considered to be a function of firebrand size, 

the local conditions, and the ignition potential of the area where the firebrand landed (Maranghides 

et al., 2015). 

Numerical simulations (Koo et al., 2010; Matvienko and Filkov, 2015; Cervantes, 2023) 

as well as experimental studies (Cruz et al., 2012; Maranghides et al., 2015; Filkov et al., 2023) 

were employed to resolve firebrand transport. Plume models were applied to capture the flow field 
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generated by the interaction between fire and ambient wind. Lofted firebrands travel downwind 

and upon landing eventually ignite spot fires far ahead of the fire front (Koo et al., 2010). 

Based on post-wildfire investigations and laboratory studies, combustible decks have been 

identified as being among the most vulnerable components of a residential structure (Hedayati et 

al., 2022). Pressure treated wood and wool-plastic composite are considered to be the most popular 

choices for deck construction (Decks.com, 2022). However, no complete pyrolysis sets that can 

be used to simulate fire growth on these materials are currently available. Accordingly, pressure 

treated wood and wood-plastic composite were selected due to their common use as decking.  

PTW for this study was manufactured by treating Southern Pine with micronized copper 

azole preservative (YellaWood, 2025). The Southern Pine species consists of four major groups: 

loblolly, longleaf, shortleaf, and slash (U.S. Department of Agriculture Forest Service, 2010). 

Southern Pine’s superior treatability makes it the preferred species when pressure treatment with 

wood preservatives is required. This is why nearly 85% of all pressure treated wood used in the 

U.S. is Southern Yellow Pine (Southern Forest Production Association, 2019). Trex Company, Inc. 

is one of the key market players in the wood-plastic composites market of the US. Accordingly, 

their product was selected as material for experiments. 

1.3 Literature Review 

A considerable amount of work has been conducted to understand firebrand behavior. The 

processes associated with firebrand behavior can be broken down into three areas: firebrand 

generation, firebrand transport, and the ignition of vegetation and building materials by firebrands 

(Koo et al., 2010; Suzuki et al., 2014; Manzello et al., 2020; Wadhwani et al., 2022; Filkov et al., 

2023; Manzello and Suzuki, 2023). Figure 1.3 shows the firebrand behavior and phenomenon 

(Manzello and Suzuki, 2023). The research approach for the processes of firebrands can be 
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categorized as laboratory experiments, field experiments, and modeling methodologies (Filkov et 

al., 2023). 

There have been some efforts to quantify the firebrand generation through analyzing the 

morphology, mass and size distribution of firebrands. To collect and quench firebrands, water-

filled pans have been used (Manzello et al., 2008a,b; Zhou et al., 2015). The quantity and 

characteristics (mass, size) of firebrands generated by the wildland fires were examined (Manzello 

and Foote, 2014). Houssami et al. analyzed mass and size distribution of firebrands collected in 

New Jersey Pine Barrens wildland fires field (Houssami et al., 2015). More than 70% of the 

collected particles in the field were bark slices with substantial amounts of pine and shrub twigs. 

Bark consumption was studied by measuring the circumference variation at several heights on 

each of three different bark thicknesses. The variation was of the same order of magnitude as the 

bark thickness (1-5 mm). 

 

Figure 1.3. Schematics of firebrand behavior and phenomenon. Reproduced from (Manzello 

and Suzuki, 2023). 
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 The mass and size distribution of firebrands were investigated through laboratory 

experiments as well as wildland fire field experiments. Manzello et al. conducted experiments to 

generate a repeatable firebrand mass distribution using a firebrand generator (NIST dragon). Two 

different-sized cylinders and one disk-shaped firebrand were fed into the firebrand generator. This 

accurately represented the range of firebrands produced up to the mass class of 0.2 g (Manzello et 

al., 2008a).  

Wildland fuels have a variety of morphologies, ranging from powder to thin pieces such as 

duff and grass. The fuel state can also vary from moist to dry and live to dead (Manzello et al., 

2020). The minimum required firebrand size to represent the characteristics of the population and 

a framework to facilitate the firebrand measurement process were proposed (Hedayati et al., 2019). 

Firebrands obtained from burning structures were collected in 46 strategically located water pans 

and the minimum required sample size was 1,400 for each test. To facilitate characterization of 

such a large sample of firebrands, an automated image processing algorithm to measure the 

projected area of the firebrands was developed. For rapid mass estimation, a Gaussian process 

regression was performed to predict the mass based on projected area, traveling distance and wind 

speed. The influence of firebrand diameter, pile mass, and wind on heating from firebrand piles 

was investigated. Firebrands with various diameters (6.35, 9.52, and 12.7 mm) were manufactured 

from 25.4 mm-long cylindrical birch dowels for experiments. Firebrands with diameters of 6.35 

mm were found to have the highest peak heat flux and longer heating durations than those with 

9.52 mm and 12.7 mm (Hakes et al., 2019). 

Extensive research has been carried out on firebrand generation as well as firebrand 

transport (Koo et al., 2012; Zhou et al., 2015; Tohidi and Kaye, 2017; Wadhwani et al., 2022). 

Tohidi et al. proposed a 6 Degrees of Freedom (DOF) rod-like debris transport model for firebrand 
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aerodynamics (Tohidi and Kaye, 2017). Their study shows that a transport model should have the 

complete 6-DOF aerodynamics of the debris for estimating the flight characteristics. Furthermore, 

failure to include lift and rotational forces can lead to underestimation of the firebrand flight 

distance. Firebrand transport was studied for disc- and cylindrical-shaped firebrands by modeling 

their trajectories with a fire modeling tool HIGRAD/FIRETEC (Koo et al., 2012). Trajectories 

were modeled both with and without the assumption that firebrands’ relative velocities equal to 

their terminal velocities. Firebrand trajectories without terminal velocity are longer than those from 

models with terminal velocity. Discs traveled further than cylinders, because discs were 

aerodynamically more favorable. Thin discs burning on their surfaces and tall cylinders burning 

around their circumference have shorter lifetimes than thin discs burning from their circumference 

or longer cylinders burning from their ends. 

A growing number of studies have evaluated the response of various building materials 

and assemblies to laboratory-generated firebrand showers. Manzello et al. and Suzuki et al. 

examined the exposure of Cedar, Douglas Fir, and Redwood decking assemblies to a continuous 

firebrand attack (Manzello and Suzuki, 2017; Manzello and Suzuki, 2023). It was observed that 

ignition occurred at locations where firebrands accumulated in groups or piles. It was also noted 

that the mass of firebrands required for flaming ignition at a wind speed of 8 m s-1 was significantly 

lower than that required for flaming ignition at a wind speed of 6 m s-1. More recently, Suzuki and 

Manzello analyzed a combined impact of a firebrand shower and radiant heat flux on the ignition 

of a fuel bed consisting of 1-cm-sized wood blocks (Suzuki and Manzello, 2021). It was found 

that, at a wind speed of 6 m s-1, the addition of a radiant heat flux of 8.5 kW m-2, reduced the 

ignition time. However, at a wind speed of 8 m s-1, the impact of the additional radiant heat flux 

on ignition was negligible. 
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Several studies focused on exposure of building materials to glowing firebrands have been 

performed using bench-scale setups (Salehizadeh et al., 2021; Richter et al., 2022; De Beer et al., 

2023a,b). In these studies, a glowing firebrand pile was deposited onto the substrate surface at the 

beginning of each experiment. Salehizadeh et al. examined Cedar, oriented strand board (OSB) 

and plywood susceptibility to firebrand ignition (Salehizadeh et al., 2021). They found that the 

ignition probability increased and time to ignition decreased with increasing air flow velocity, 

which varied between 0.5 and 1.5 m s-1. Richter et al. found that the ignition of a horizontal 

building material surface was significantly affected by the presence of a crevice and the orientation 

of the crevice with respect to the direction of the air flow (Richter et al., 2022). Building material 

samples containing a crevice aligned with the air flow direction were found to have the highest 

susceptibility to ignition. 

De Beer et al. (De Beer et al., 2023a) upgraded the experimental setup previously used by 

Salehizadeh et al. and Richter et al. to enable detailed flame formation observations and spatially 

resolved substrate temperature, heat release rate (HRR), and combustion efficiency measurements 

(Salehizadeh et al., 2021; Richter et al., 2022). This upgraded setup was used to analyze firebrand-

pile-induced flaming ignition of Cedar (De Beer et al., 2023a) and OSB (De Beer, 2023). Both air 

flow velocity and firebrand coverage density varied in these experiments between 0.9 and 2.7 m s-

1 and 0.06 and 0.16 g cm-2, respectively. The ignition probability increased with increasing 

firebrand coverage density. The ignition probability also increased with the air flow velocity up to 

2.4 m s-1. The ignition probability decreased upon further increase in the air flow velocity. This 

non-monotonic trend was explained by a competition between increasing oxygen supply and 

increasing convective cooling associated with the increasing air flow velocity. It was speculated 
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that above 2.4 m s-1, the cooling effect begins to dominate and reduces the temperature of the 

firebrands thus reducing ignition-promoting heat feedback from the firebrands to the substrate. 

The majority of experiments performed by De Beer et al. were carried out using firebrand 

piles deposited onto a 5 × 10 cm2 rectangular surface area of the substrate, where the shorter, 5-

cm sides were perpendicular to the direction of the air flow (De Beer, 2023; De Beer et al., 2023a). 

Several additional tests were conducted with the firebrand pile rotated 90o so that the longer, 10-

cm side of the pile was exposed to the incoming air flow. These tests revealed that this change in 

the pile orientation (without any changes in the deposition surface area or firebrand coverage 

density) produced a significant increase in the overall HRR of the system and nearly doubled the 

probability of flaming ignition of the substrate surface. This effect clearly warrants further study 

and, therefore, is one of the focal points of this work. 

1.4 Research Objectives 

There is a need for improved physical understanding of firebrand ignition behavior, 

especially for decking materials (PTW, Trex). Specifically, previous studies on firebrand ignition 

have not described the thermal conditions at ignition of dense WUI fuels, conditions which are 

needed to determine critical ignition criteria for firebrand exposure. The minimum conditions that 

can cause ignition are unknown, although the importance of wind in contributing to ignition has 

been highlighted extensively. Additionally, it is necessary to understand the heating expected 

under worst-case firebrand loading scenarios. 

Thus, the primary objective of this study is to determine the mechanism of ignition for 

PTW and Trex by firebrands and to identify their properties that define their propensity to ignite 

when subjected to firebrand showers. A secondary objective is to characterize the thermal and 

gaseous environments (firebrand loading, air flow velocities, external radiative heat flux, and time) 
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with the exposure of PTW and Trex surfaces to firebrands. An empirical model of firebrand 

exposure will be formulated based on the results of this characterization and coupled with a 

detailed pyrolysis model to create a numerical tool for prediction of firebrand induced ignition. 

The main expected outcomes of this study are as follows: 

1. Develop research infrastructure for testing PTW and Trex’s response to firebrand exposure. This 

infrastructure will form a foundation for the development of a standard test method for measuring 

material's propensity to ignite when exposed to firebrand showers. 

2. Quantify thermal and gaseous environments associated with the exposure of PTW and Trex 

surfaces to firebrands as a function of firebrand loading, air flow velocity, external radiative heat 

flux, time, and scale. 

3. Determine the physical mechanism governing ignition of PTW and Trex by firebrands. This 

mechanism will accurately describe the ignition of PTW and Trex and can be used within the 

framework of computational-fluid-dynamics-based fire growth simulations. 

4. Complete pyrolysis models for PTW and Trex. These models, which are necessary for accurate 

prediction of fire growth in the built environment, are currently available for only a few common 

building products. 

5. Develop a model that predicts ignition of PTW and Trex by firebrands from their pyrolysis 

properties. 
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2 Firebrand Deposition Experiments 

2.1 Experimental Setup and Procedure 

2.1.1 Building Materials under Study 

PTW and Trex were purchased in the form of 3-m-long and 14-cm-wide decking boards. 

Representative sections of these boards are shown in Figure 2.1. PTW boards were manufactured 

by Great Southern Wood Preserving, Inc. by treating Southern Pine with micronized copper azole 

preservative, which was retained at a level of 2.4 kg m-3, according to the manufacturer. The PTW 

boards were about 1.9 cm thick. Prior to each test, the samples were conditioned in a desiccator 

for at least 48 h. The moisture content of the conditioned PTW samples was determined to be 8 ± 

1% (dry mass basis). The moisture content of each material was obtained from three measurements 

and then average moisture content were obtained using Eq. (2.1). 

ὓὅ ȟ (2.1) 

where ὓὅ is the moisture content, ὓ  is the dry mass, and ὓ  is the oven dried specimen 

mass. PTW boards were homogeneous in terms of composition. However, their density, measured 

using multiple samples from multiple boards dried in a convection oven at 104 ℃, varied between 

400 and 550 kg m-3. To ensure consistency of the presented measurement result, only PTW 

samples with dried density of 498 ± 35 kg m-3 were selected to be studied. 
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The wood-plastic composite, Trex, was manufactured by Trex company. The particular 

product used in Enhance in Rocky Harbor color. According to the manufacturer (Trex, 2025), this 

composite was produced from saw dust and recycled PE, but the proportions of each were not 

specified. The Trex boards were grooved (as shown in Figure 2.1) and thus varied in thickness 

between 1.5 and 2.5 cm. The boards are typically installed with the grooved side facing the ground.  

Trex boards had a visually identifiable outer layer referred to here as “Trex shell” and the internal 

portion referred to as “Trex core”, as illustrated in Figure 2.2. The thickness of Tex shell varied 

between 0.15 and 1.07 mm with the mean value of 0.4 mm. Drying Trex board at 104 ℃ did not 

produce any significant changes in mass indicating less than 0.5% moisture (on dry mass basis). 

The densities of Trex shell and Trex core measured separately and were found to be 997 ± 20 and 

1046 ± 20 kg m-3, respectively. The uncertainties in these and all other quantities measured in the 

work were computed from the scatter of the data as two standard deviations of the mean. 
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Figure 2.1. Representative sections of pressure treated wood (PTW) and wood-plastic 

composite (Trex) boards studied in this work. 

 

 

Figure 2.2. Images of a Trex board cross section showing a distinct outer layer referred to as 

“ Trex shell”. The internal portion of the board is referred to as “Trex core”. 
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PTW product tag is shown in Figure 2.3, and Table 2.1 describes each item printed on its end tag. 

 

 

 

 

 

Figure 2.3. PTW product end tag: (a) front side and (b) back side. 

Table 2.1. Description of PTW product end tag: (a) front side and (b) back side. 

No. Item Description 

1 YellaWood Brand 

2 APP GRADE WS Appearance Grade Water Shield 

3 0.15 pcf 
Preservation retention levels 

(pcf : Pounds per cubic foot) 

4 
MCA 

(Micronized Copper Azole) 
Preservative type 

5 AWPA U1 UC4A 
American Wood Production Association 

Standard U1 and Use Category 

6 Check Checkmark of Quality (AWPA) 

7 TP Third-party inspection company 
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Trex product tag is shown in Figure 2.4, and Table 2.2 describes each item printed on its end tag. 

 

 

 

 

 

 

 

 

 

Figure 2.4. Trex product end tag: (a) front side and (b) back side. 

Table 2.2. Description of Trex product end tag: (a) front side and (b) back side. 

No. Item Description 

1 Trex Brand 

2 Enhance G2 Appearance Grade Water Shield 

3 TP Third-party inspection company 
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2.1.2 Wind Tunnel Apparatus 

All firebrand deposition experiments were performed using a bench-scale wind tunnel 

apparatus. In an earlier study, wind tunnel apparatus had been used with firebrand piles (Alascio, 

2021; De Beer et al., 2023a). Figure 2.5 shows the bench-scale wind tunnel apparatus used in this 

study. The apparatus consists of three main sections: a contraction cone, test section, and exhaust. 

 

 

Figure 2.5. (a) Bench-scale wind tunnel apparatus used in this study drawn to scale; (b) a cutout 

of the test section and thermal imaging portion of this apparatus. Reproduced from (De Beer et 

al., 2023a). 
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The contraction cone contained a multi-layer honeycomb with several mesh screens to 

ensure straightened, laminarized, and spatially uniform air flow within the test section of the wind 

tunnel (Alascio, 2021). The substrate sample (PTW or Trex) was loaded, and the firebrand pile 

was deposited within the test section, which was 37 cm long and had a 26 × 10 cm2 rectangular 

cross section. This test section included an aluminum sample holder that accommodated 

rectangular substrate samples up to 18.5 × 18.5 cm2 in size. The samples were installed such that 

their top surface was flush with the bottom interior wall of the test section. 

The sample holder contained an opening at the bottom to provide optical access for the 

infrared (IR) thermal imaging of the sample’s back surface. The thermal imaging system included 

an IR FLIR E95 camera with 464 × 384 pixel resolution and a square gold mirror with constant 

0.96 reflectance at wavelength 700 to 10,000 nm (Edmund, 2025) over the spectral range of the 

IR camera. The square gold mirror was manufactured by Edmund which had a 10 × 10 cm2 area. 

During the experiment, the FLIR E95 IR camera detected infrared energy (heat distribution) on 

the back surface of the specimen, which was redirected via a gold mirror. The total distance 

between the FLIR E95 IR camera lens and the back surface of the specimen via the gold mirror 

was 0.4 m. The frame for the temperature measurement system was constructed using T-slot 

aluminum extrusion profile (80/20 incorporation). This system was used to measure the back 

surface temperature of the Kaowool PM board. Borosilicate glass windows were located at the top 

and one side of the test section to allow for video recording with two high resolution DSLR 

cameras.  

A 0.152 m diameter, TerraBloom DBF6 high-temperature booster fan was installed at the 

entrance of the exhaust. The fan’s motor was connected to a speed adjuster, which controlled the 

air flow velocity within the test section over a range of 0.5 – 2.9 m s-1. The air flow velocity was 
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verified before the start of each experiment using a calibrated Omega HHF-SD1 hot wire 

anemometer. A 72-orifice gas analyzer probe of 0.95 cm outer diameter was installed 23 cm 

downstream of the booster fan with the orifices facing the flow. The probe was connected to a 

California Analytical Instruments (CAI) ZPA non-dispersive infrared gas analyzer and was used 

for time-resolved CO and CO2 volumetric concentration measurements. Considering the previous 

study (Said et al., 2019), a similar sampling probe was employed. All holes were in the center of 

the exhaust duct and directed downwards for better sampling of CO and CO2 from pyrolyzate 

gases. The gas sampling probe location and dimensions are displayed in Figure 2.6. 

 

 

Figure 2.6. Gas sampling probe location and dimensions. Sampling probe was installed for the 

holes to face downward. 
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2.1.3 Gas Analyzer System 

This system consists of a stainless-steel smooth-bore seamless sampling probe inserted into 

the exhaust and a California Analytical Instrument (CAI) ZPA non-dispersive infrared (NDIR) gas 

analyzer. The sampled flow was carried through a tube to a soot filter (Headline Filters Model 

126) by a vacuum pump (8 SLPM) connected to the line. Only 1.5 SLPM was directed to the CAI 

ZPA NDIR gas analyzer, while the remainder was purged through a needle valve. To remove 

moisture from sampled gases, sampled gas passed through a tube filled with desiccant (Drierite). 

The NDIR gas analyzer has been widely used to measure gas concentrations such as CO 

and CO2. Infrared radiation passed through a measurement cell containing gas CO and CO2, and 

the gas molecules absorb the infrared light at a specific wavelength. For example, CO2 absorbs 

infrared radiation at a specific wavelength of 4.26 μm (Hodgkinson et al., 2013; Hodgkinson and 

Tatam, 2013). A mass flow sensor measures the amount of infrared absorbed in a measurement 

cell and converts it into electrical signals. The National Instruments 9215 analog voltage input 

module generates voltage outputs corresponding to CO and CO2 volumetric concentrations at a 

frequency of 10 Hz. These voltage signals are then converted to gas concentrations using a 

MATLAB script. 
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2.1.4 Gas Analyzer Calibration 

Gas analyzer calibrations (zero, span, and multipoint) were performed prior to firebrand 

deposition experiments. On the day of the experiments, zero calibration was performed using 99.99% 

nitrogen, which established a zero-reference point. In addition, span calibration using a 0.8230% 

CO and 7.981% CO2 was conducted, allowing the gas analyzer to adjust its sensitivity to these 

gases (CTi CALIBRATION TECHNOLOGIES, 2023). 

The multipoint calibration of the gas analyzer describes the voltage output corresponding 

to volumetric concentration for gas mixtures. Gas mixtures with known volumetric concentration 

of CO, CO2 and N2 at a constant flow rate (3 SLPM) passed through a 1 L plastic chamber via a 

nylon tube connected to the gas pump and sampling probe. This tube was several meters, which 

allowed for complete mixing of the gases before entering the chamber and sampling probe. A gas 

mixture containing 0.8230% CO and 7.981% CO2 was supplied from a cylinder and regulated by 

an Alicat Scientific MC-500SCCM-D/5M mass flow controller. It was mixed with 91.2% N2, 

regulated by an Alicat Scientific MC-10SLPM-D/5M mass flow controller, to achieve the desired 

volumetric concentrations of each gas. The gas mixtures ranged from 0 to 0.02% CO and 0 to 0.20% 

CO2 in volumetric concentration. To verify the flow rates regulated by the mass flow controllers, 

a MesaLabs Definer 220 series air flow calibrator was used for MC-500 SCCM-D/M, and a 

MesaLabs DefenderTM 530+ series air flow calibrator was used for MC-10 SLPM-D/5M. The gas 

analyzer was calibrated periodically with 12 different mixture compositions corresponding to those 

measured during the firebrand deposition experiments. Each multipoint calibration process began 

with the supply of N2 into the gas analyzer for 40 s to purge the gas analyzer and then CO and CO2 

were introduced for 90 s to obtain a voltage output. This process was repeated with different 

mixture compositions. 
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Figure 2.7 shows the most recent gas analyzer multipoint calibration curves, which 

describe the relationship between volumetric concentrations and voltages for CO and CO2. The 

third calibration curve (yellow line) is based on the average values of the first (blue line) and 

second (green line) curves, and it was used to process the data obtained from the firebrand 

deposition experiments. The last calibration (red line) was carried out to verify the gas analyzer’s 

performance. The obtained multipoint calibration curves for CO and CO2 were used to calculate 

HRR and MCE in a MATLAB script. 

 

 

 

 

Figure 2.7. Gas analyzer multipoint calibration curves based on the relationship between 

volumetric concentrations and voltages for CO and CO2. 
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2.1.5 Firebrand Piles 

The firebrands were generated from oven dried 6.35 mm diameter and 25.4 mm long 

cylindrical birch dowels. The mean mass and projected area of each firebrand were 44.5 ± 10.8 

mg and 0.63 ± 0.11 cm2, respectively, similar in size to firebrands produced by burning Douglas-

fir trees (Manzello et al., 2027). Birch dowels were oven dried at 104 ℃ for 24 h in accordance 

with ASTM D4442 (ASTM D4442, 2024). After drying the dowels, they were placed in a plastic 

bag with four silica gel packets to maintain low moisture content in the plastic bag. 

Birch dowels were deposited in a wire mesh pan and then exposed to an ignited propane 

burner operating at a constant flow rate of 1.85 SLPM for 40 s (see Figure 2.8). This flow rate was 

controlled using Alicat Scientific MC-10SLPM-D/5M mass flow controller. As the birch dowels 

burned, they were converted into firebrand piles and kept in place until visible flame on the surface 

of firebrand piles disappeared. After 140 ± 20 s and 210 ± 20 s from the start of ignition of birch 

dowels, 108 g and 48 g of birch dowels were completely converted into firebrand piles 8 and 3 g, 

respectively. The mesh pan containing glowing firebrand piles was placed on a mass balance to 

confirm whether produced firebrand pile masses were within 10% of the desired mass. Birch 

dowels and firebrand piles corresponding to firebrand coverage densities of 0.06 g cm-2 and 0.16 

g cm-2 are shown in Figure 2.8. 
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 0.06 g cm-2 0.16 g cm-2 

Dried birch dowels 

 

(0 s) 

 

(0 s) 

 

Burning birch dowels 

 

(40 s) 

 

(40 s) 

Firebrand piles 

 

(140 ± 20 s) 

 

(210 ± 20 s) 

Figure 2.8. Birch dowels and firebrand piles corresponding to 0.06 g cm-2 and 0.16 g cm-2 

coverage density. 
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Two glowing firebrand pile sizes, characterized by coverage density, were used in this 

study. The firebrand pile coverage density was defined as the mass of glowing firebrands at the 

time of deposition per unit area of the 50 cm2 surface they were deposited on. The two firebrand 

pile coverage densities used in this study were 0.06 and 0.16 g cm-2. The 0.06 g cm-2 firebrand pile 

corresponded to a single layer of firebrands (approximately 7 mm high) deposited onto the surface 

of a test substrate. The 0.16 g cm-2 firebrand pile (about 20 mm high) corresponded to the 

maximum pile size that could be maintained on a flat horizontal surface at the maximum forced 

air flow velocity (2.7 m s-1) employed in this study.  Figure 2.9 indicates the height of the firebrand 

coverage density of 0.06 g cm-2 and 0.16 g cm-2, respectively. 

 

Figure 2.9. Height of firebrand coverage densities of 0.06 g cm-2 and 0.16 g cm-2 placed in the 

deposition area 50 cm-2. Reproduced from (Alascio, 2021; De Beer, 2023). 
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2.1.6 Experiment Matrix and Procedures 

Earlier results (De Beer et al., 2023a) indicated that the firebrand pile orientation where the 

longer, 10-cm sides of the 5 × 10 cm2 footprint pile are perpendicular to the direction of the air 

flow (10-cm orientation) maximizes the probability of flaming ignition of a combustible substrate. 

Therefore, in the current study, most experiments were performed using this 10-cm pile 

orientation. The experiments on PTW and Trex were performed at firebrand coverage densities of 

0.06 and 0.16 g cm-2 and air flow velocities of 1.4, 2.4, and 2.7 m s-1. Additional experiments on 

Trex were performed at a firebrand coverage density of 0.16 g cm-2 and air flow velocity of 0.9 m 

s-1. For PTW, this set of conditions was not studied because it was apparent from the data collected 

at other conditions that no substrate flaming ignitions would be observed. 

To examine the impact of the pile orientation, the experiments performed on PTW and 

Trex at a 0.16 g cm-2 firebrand coverage density and 2.7 m s-1 air flow velocity were repeated using 

a pile orientation where the shorter, 5-cm sides were perpendicular to the direction of the air flow 

(5-cm orientation). For each set of conditions and pile orientation, the experiment was repeated 

between 9 and 13 times to accumulate necessary statistics. Corresponding Kaowool PM (baseline) 

experiments were also run for each set of conditions and were repeated between 9 and 15 times. 

The temperature and relative humidity of the air in the laboratory were maintained at 20 – 23 ℃ 

and 30 – 50%, respectively. 

The experimental procedure followed was essentially the same as described in an earlier 

publication (De Beer et al., 2023a). For the preparation of substrate samples, PTW and Trex boards 

were cut to have an 18 cm streamwise direction and 14 cm cross-stream direction, which enabled 

substrates to fit into the sample holder. To ensure accurate placement of the firebrand pile at the 

center of the substrate, rectangular outlines with 10-cm width by 5-cm height were drawn on the 
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substrate surface. Figure 2.10 represents PTW and Trex substrates with drawn outlines for proper 

pile deposition. As was discussed in Section 2.1.4, zero and span gas analyzer calibration were 

performed. The target substrate was mounted in the test section of the wind tunnel, and the air flow 

velocity was set. The PTW and Trex samples were oriented such that the grain and grooves were 

aligned with the direction of the air flow. A predetermined mass of birch dowels was exposed to a 

propane flame for 40 s and then transitioned to glowing firebrands. The IR and DSLR cameras 

began recording, and the gas analyzer pump was turned on. The transition from dowels to 

firebrands was considered complete when no visible flames were observed over the firebrand pile. 

The glowing firebrands were then deposited onto the top surface of the target substrate using a 

funnel. The mass of the glowing firebrands was measured right before deposition to ensure that it 

was less than 10% different from the mass required to create the target coverage density. Once the 

glowing firebrands were deposited, the funnel was removed, and a piece of borosilicate glass was 

used to seal the tunnel. The time at which the tunnel was sealed was recorded as the start of the 

experiment. Data were collected for 600 – 1000 s after the tunnel was sealed. 
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Figure 2.10. PTW and Trex with outlines for proper firebrand pile deposition. 
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Additional firebrand deposition experiments were performed on the combustible substrates 

using the 10-cm pile orientation to determine what firebrand exposure conditions lead to a 

sustained smoldering of these materials. In these experiments, only regular video footage was 

collected. The duration of these experiments was significantly longer, 2000 – 8000 s, because 

longer times were required to establish whether a sustained smoldering of the substrate was 

attained. For PTW, these experiments were performed at firebrand coverage densities of 0.06 and 

0.16 g cm-2 and air flow velocities of 0.9, 1.4, and 2.7 m s-1. For Trex, these experiments were 

performed at firebrand coverage densities of 0.06 and 0.16 g cm-2 and air flow velocities of 2.4 

and 2.7 m s-1. The lower air flow velocities were not studied in the case of Trex because it was 

apparent from the collected data that no sustained smoldering would be observed under these 

conditions. For each studied set of conditions, the experiment was repeated 7 times. 

To assess the influence of moisture content, experiments were conducted on both PTW 

with low (8 ± 1%) and high (15 ± 1%) moisture content at a firebrand coverage density of 0.16 g 

cm-2 and air flow velocity of 2.7 m s-1. The 8 ± 1% moisture content represents the moisture content 

of desiccated samples. Experiments were repeated 9 times for substrates with low moisture content 

and 7 times for substrates with high moisture content. Trex has negligible moisture content (less 

than 1%); therefore, this experiment was only performed on PTW. Table 2.3 describes the 

experimental matrix for firebrand deposition, which includes previous studies conducted by 

Alascio and Dietz (Alascio, 2021; Dietz, 2022). 
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Table 2.3. Experimental matrix for firebrand deposition. 

Experiment 
Pile 

Orientation 

Firebrand 

Coverage 

Density 

(g cm-2) 

Substrate 

Moisture 

Content 

( % ) 

Substrate 

Air Flow Velocity  

(m s-1) 

0.9 1.4 2.4 2.7 

Number of Experiments 

Firebrand 

deposition 

5-cm 

0.06 - Kaowool PM  9a 9a  

0.16 

- Kaowool PM 9a 9a 9a 9a 

8 ± 1 PTW    9 

< 1 Trex    9 

10-cm 

0.06 

- Kaowool PM  10 14 9 

8 ± 1 PTW  9 9 9 

< 1 Trex  9 9 9 

0.16 

- Kaowool PM 9 9 15 9 

8 ± 1 PTW  9 9 9 

< 1 Trex 9 9 9 13 

Sustained 

smoldering 
10-cm 

0.06 

8 ± 1 PTW  7  7 

< 1 Trex    7 

0.16 

8 ± 1 PTW 7 7  7 

< 1 Trex   7 7 

Moisture 

impact 
10-cm 0.16 15 ± 1 PTW    9 

a conducted by Alascio, Dietz 
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2.1.7 Identification of Ignition Events 

Ignition and combustion behavior of firebrand deposition experiments were quantified with 

the ignition probability, average time to ignition, and average burn durations. Three distinct types 

of flaming ignition events were observed during the experiments: preleading zone ignition, pile 

ignition, and downstream ignition. Only ignition events where a flame existed for more than 5 s 

before it extinguished were recorded. The ignition events exhibited a stochastic behavior, i.e., a 

given type of ignition did not occur in every experiment performed under the same set of conditions. 

In a few experiments, a given type of ignition occurred more than once. To characterize this 

behavior, the probabilities of preleading zone and pile ignitions were computed by dividing the 

number of experiments where at least one ignition took place by the total number of experiments 

performed under the same set of conditions. The probability of the downstream ignition was 

computed somewhat differently because its occurrence was predicated on the occurrence of the 

pile ignition. Therefore, a conditional probability was calculated based on the total number of 

experiments where a pile ignition took place.  

For the experiments where a given type of ignition took place, the mean times to ignition 

and burn durations were also computed together with the corresponding uncertainties obtained 

from the scatter of the data as two standard deviations of the mean. Because downstream ignitions 

were effectively a part of the pile flame spread process, cumulative burn durations were computed 

for the pile and downstream ignitions as the total time from the time of the pile ignition until both 

the pile flame and flame attached to the downstream substrate were extinguished. 
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2.1.7.1 Identification of Preleading Zone Ignitions 

Preleading ignition is illustrated in Figure 2.11. This figure shows the formation of a 

luminous diffusion flame attached to the surface of PTW or Trex board that extinguishes at a later 

time. This type of ignition always occurred in the vicinity (within about 1 cm) of the air-flow-

facing edge of the firebrand pile, primarily in front of the pile. The surface area of the substrate 

involved in this type of ignition is referred to in this work as the preleading zone. The same type 

of ignition in the same general location was observed for other combustible substrates in previous 

studies (De Beer et al., 2023a,b). 

 

 

Figure 2.11. Representative top– and side–view images showing ignition, burning, and 

extinction of a diffusion flame attached to the surface of PTW (top two rows) and Trex (bottom 

two rows). These flames, identified with rectangles, formed in front of the air-flow-facing edge 

of the firebrand pile, in the area of the substrate designated as the preleading zone. 
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2.1.7.2 Identification of Pile and Downstream Ignitions 

Pile ignition involved the formation of a flame attached to the top, air-flow-facing portion 

of the firebrand pile. These flames were less luminous than the preleading zone flames. The pile 

ignitions were observed not only for the combustible substrates but also in Kaowool PM (non-

combustible substrate) experiments. The formation of these flames was also detected in previous 

studies (De Beer et al., 2023a,b). In these earlier studies, it was concluded that the formation of 

these flames was not noteworthy as they did not grow significantly or spread to the surface of the 

combustible substrate. In this work, however, it was found that, under certain conditions which 

were not thoroughly explored in previous studies, the pile flames did grow and spread onto the 

surface of the combustible substrate. This phenomenon is illustrated in Figure 2.12, which shows 

how the flame first forms on the pile and then gradually spreads onto the PTW and Trex surfaces 

 

 

Figure 2.12. Representative top– and side–view images showing ignition of a flame attached 

to the pile, spread of this flame onto PTW (top two rows) or Trex (bottom two rows) surface 

located downstream of the pile (referred to here as a downstream ignition), and extinction of 

the flame. The flames attached to the pile and combustible substate are identified with 

rectangles. 
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located downstream of the pile. The formation of a diffusion flame attached to the combustible 

substrate located immediately behind the downstream edge of the firebrand pile was designated as 

a downstream ignition. 

2.1.8 Kaowool PM Back Surface Temperature Measurements 

Additional firebrand deposition experiments were performed using 0.32 cm thick ceramic 

fiber board, Kaowool PM, manufactured by Thermal Ceramics. The purpose of these experiments 

was to determine HRR and combustion efficiency of firebrand piles without any contributions 

from a combustible substrate and thus establish a baseline. The 0.32 cm thick ensures the 

assumption of 1-D heat transfer through the Kaowool PM board and enables spatially resolving IR 

back surface temperature measurement (Dukhan et al., 2005; Nakamura, 2009).  

The bottom side of the Kaowool PM was coated with optical black coating paint with 

emissivity of 0.94, which was confirmed by matching the transient thermal imaging temperature 

profile with the transient thermocouple temperature (De Beer, 2023). The black coating paint used 

was manufactured by MedTherm and at least 30 minutes were required to dry the paint on the back 

surface of the specimen. After the paint had dried, aluminum foil tape was attached to identify the 

firebrand deposition area of 50 cm2. This aluminum foil tape emissivity has a different value 

compared to the paint and Kaowool PM board, thus the firebrand deposition area can be identified. 

Table 2.4 shows the thermophysical properties of Kaowool PM. The front and back side of the 

painted Kaowool PM board is illustrated in Figure 2.13. By utilizing the infrared camera producing 

30 fps radiation intensity video recording, the temporal back surface temperature of the Kaowool 

PM and time-resolved thermal imprint of firebrand pile on the substrate were observed. These 

temporal temperature profiles can be used to analyze the sole influence of firebrand piles on the 

substrate, without considering the influence of flammable substrate on the firebrand piles. 



34 

 

Temperature profiles for PTW and Trex were not measured because Trex has a grooved structure, 

resulting in thickness variation that could produce unsuitable temperature profiles. Most 

experiments in this study were performed with the rectangular firebrand deposition area of 50 cm2 

with the 10-cm edge facing the incoming air flow. However, one experiment group with 5-cm edge 

facing the wind direction and the same deposition area of 50 cm2 were carried out to compare the 

influence of edge length of the temperature profiles. 

 

Figure 2.13. (a) front side and (b) back side of painted Kaowool PM board. 

Table 2.4. Thermophysical properties of Kaowool PM. (McKinnon, 2016). 

Material 
Density 

(kg m-3) 

Heat Capacity 

(J g-1 K-1) 

Thermal Conductivity 

(W m-1 K-1) 

Moisture content 

(wt.%, dry basis) 

Kaowool 

PM 
256 1.07 

0.049 +1.5 ³ 10-5 T + 1 

³ 10-7 T2 (T in C̄) 
0 
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To organize this temperature data, two areas were defined on the Kaowool PM back surface 

– preleading and leading zone. These zones are depicted in Figure 2.14 for the 5-cm 10-cm pile 

orientations. The preleading zone had a 0.5 cm wide overlap with the firebrand deposition area. 

As was indicated in Section 2.1.7, the preleading zone corresponded to the locations of diffusion 

flames formed in front of the air-flow-facing edge of the firebrand pile. The leading zone 

approximately corresponded to the portion of the pile footprint to which the pile flames were 

attached. It was also the area of the Kaowool PM substrate where the highest temperatures and 

thus most intense heat feedback from the firebrand pile were measured (De Beer et al., 2023a,b). 

 

 

 

Figure 2.14. Dimensions and locations of the preleading and leading zones for (a) 5-cm 

orientation and (b) 10-cm orientation pile used in the Kaowool PM back surface temperature 

analysis. The shaded areas represent firebrand deposition areas. 
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All horizontal lines of all zones were drawn 1 cm inside from the horizontal lines of the 

firebrand deposition area to minimize the edge’s impact on temperature. In the 5-cm pile 

orientation, the preleading zone had a rectangular area of 1.5 cm width by 4 cm height, and the 

leading zone had an area of 3 cm width by 4 cm height. In the 10-cm pile orientation, the preleading 

zone had a rectangular area of 1.5 cm width by 8 cm height, and the leading zone had an area of 3 

cm width by 8 cm height. The mean back surface temperature and temperature variation were 

computed by selecting between 24 and 45 spots within each zone. Each spot contained 9 pixels, 

which represent 9 individual temperature measurements. In the 5-cm pile orientation, 24 spots 

were chosen in the preleading zone, and 30 spots were selected in the leading zone. In the 10-cm 

pile orientation, 30 spots were chosen in the preleading zone, and 45 spots were selected in the 

leading zone. The spot measurements were distributed approximately uniformly and randomly 

across a given zone with no preference to colder or hotter regions. The number of spots used for 

each zone was chosen so that doubling the number produced no significant change in the mean 

temperature or its variation. The spot measurements obtained for a given zone in repeated 

experiments were combined to calculate a single, time-resolved mean temperature and time-

resolved variation in this temperature. The variation value was computed from the scatter of the 

data as two standard deviations, and thus represented the full variation in temperature rather than 

the variation in the mean. 
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2.1.9 Heat Release Rate and Combustion Efficiency 

2.1.9.1 Calculation of Heat Release Rate (HRR) 

Obtained gas analyzer output through the firebrand deposition experiment was used to 

calculate the HRR. Time-resolved CO and CO2 voltages were converted to volume fractions using 

the calibration curve described in Section 2.1.4. Their profiles, •  and • , were smoothed 

using a third order Savitsky-Golay filter with a frame length of 31 points, which corresponds to 3 

s. These profiles were converted to mass production rates of CO and CO2 ά  and ά  , using 

the following equations: 

ά  ” ὠ•  •  and (2.2) 

ά  ” ὠ•  • , (2.3) 

where ”  and ”  are the mass densities of CO and CO2 at 25°C and 1 atm (1.15 kg m−3 and 

1.81 kg m−3, respectively) and ὠ is the volumetric flowrate through the test section (i.e., the cross-

sectional area of the test section multiplied by the air flow velocity). Quantities •  and •  were 

obtained by averaging the readings collected during a 50 s period before the deposition of the 

firebrands. The mass production rate profiles of CO and CO2 were used to calculate the time-

resolved normalized heat release rate profile using carbon oxide calorimetry (Tewarson, 2002): 

ὌὙὙ  
  

 , (2.4) 

where Ὁ  and Ὁ  and are the heats of combustion per unit mass of CO2 and CO generated (11.1 

and 13.1 kJ g-1, respectively (Tewarson, 2002)) and ὃ  is the firebrand deposition surface area 
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(0.0005 m2). The heat release rate was normalized by ὃ  because previous experiments (De Beer 

et al., 2023a) indicated that, for a firebrand pile of given coverage density, the non-normalized 

heat release rate scales approximately linearly with ὃ .  

For each set of experimental conditions, the mean, time-resolved HRR profile was found. 

The uncertainties in these profiles were defined as two standard deviations of the mean. To assess 

how much a given combustible substrate contributed to the total HRR, the mean Kaowool PM 

HRR profile (representing combustion of the firebrand pile) was subtracted from the 

corresponding mean combustible substrate HRR profile (representing combustion of the firebrand 

pile and substrate). 

2.1.9.2 Calculation of Modified Combustion Efficiency (MCE) 

The combustion dynamics in the firebrand deposition experiments were characterized 

using a time-resolved modified combustion efficiency, MCE, 

ὓὅὉ  
  

  
 .  (2.5) 

MCE values larger or equal to 0.90 are usually associated with predominantly flaming combustion, 

while MCE values between 0.85 and 0.65 are associated with smoldering combustion (Chen et al., 

2007; De Beer et al., 2023a). For each set of experimental conditions, the mean, time-resolved 

MCE profile was found. The uncertainties in these profiles were defined as two standard deviations 

of the mean. 
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2.1.10 Sustained Smoldering of Combustible Substrates 

It was observed that, under certain conditions, the smoldering of a combustible substrate 

continued even after the firebrands were completely consumed and turned to ash. This smoldering 

process continued until the experiment was terminated and frequently included a late smoldering-

to-flaming transition where a small diffusion flame would form on the surface of the smoldering 

combustible substrate. It was further observed that the necessary and sufficient condition for this 

sustained smoldering was the formation of an opening through the thickness of the substrate. 

Therefore, the formation of the opening of about 1 cm in size, as illustrated in Figure 2.15, was 

used in this work as a marker of the sustained smoldering. The formation of the opening is referred 

to here as “burn-through”. 

 

 

Figure 2.15. Representative image of a burn-through event detected in an experiment 

performed on PTW.  
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Like ignition events, the burn-through events were stochastic in nature. Therefore, they were 

characterized by finding their probability for each combustible substrate and each set of studied 

conditions by dividing the number of experiments where a burn-through was detected by the total 

number of experiments performed under given conditions. For the experiments where a burn-

through was observed, the mean times to burn-through were also computed together with the 

corresponding uncertainties obtained from the scatter of the data as two standard deviations of the 

mean. 

2.2 Result and Discussion of Firebrand Deposition Experiments 

2.2.1 Ignition Event Statistics  

Ignition event statistics for PTW and Trex with 10-cm pile orientation are discussed in this 

Section. A comparison of the ignition event statistics between the 10-cm and 5-cm orientation 

experiments is also presented. 

2.2.1.1 Preleading Zone Ignition Event Statistics 

The PTW and Trex preleading zone ignition probability data collected in the 10-cm pile 

orientation experiments are summarized in Figure 2.16. For PTW exposed to 0.06 g cm-2 firebrand 

piles, the ignition probability increased with the air flow velocity increasing up to 2.4 m s-1 and 

decreased thereafter. The same non-monotonic trend was observed for Cedar (De Beer et al., 2023a) 

and OSB (De Beer et al., 2023b) in the experiments with 5-cm orientation piles of 0.06 and 0.16 

g cm-2 firebrand coverage density. As was pointed out Section 1.3, this non-monotonic trend was 
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explained by a competition between increasing oxygen supply promoting burning of the firebrands 

and increasing convective cooling of the firebrand surfaces, both of which affect the firebrand 

temperature and thus heat feedback from the firebrands to the combustible substrate. As Figure 

2.16 indicates, the PTW and Trex data obtained at 0.16 g cm-2 firebrand coverage density show a 

somewhat different trend where the probability plateaus at 2.4 – 2.7 m s-1. It appears that, for the 

wider, 10-cm orientation piles of large coverage density, the impact of increasing convective 

cooling (associated with increasing air flow) is less pronounced. Both substrates show a substantial 

decrease in the probability of preleading zone ignitions with decreasing firebrand coverage density. 

In fact, for Trex, no ignitions were observed at 0.06 g cm-2 coverage density even at the highest 

air flow velocities, which indicates that Trex is somewhat more resistant to this type of ignition 

than PTW. 

 

Figure 2.16. Preleading zone ignition probability data obtained for PTW and Trex in 10-cm 

pile orientation experiments. A “0” marks conditions where experiments were performed but 

no preleading zone ignitions were observed. 
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The data on the times to ignition and burn durations obtained from the 10-cm pile 

orientation experiments are shown in Figure 2.17 and Figure 2.18, respectively. The data indicates 

that all preleading zone ignitions of PTW and Trex occurred within 100 s after the deposition of 

the firebrands, which is also the time period when peak heat feedback from the firebrands to the 

preleading zone of the substrate was observed (De Beer et al., 2023a). The ignition times decreased 

with increasing air flow velocity. The burn duration was found to vary between 20 and 240 s. The 

PTW preleading zone flames existed for only about 60 s, on average. The Trex preleading zone 

flames tended to burn over 100 s. The longer duration of these flames was attributed to a higher 

heat of combustion of the pyrolyzate produced by Trex, which contains recycled polyethylene 

(Trex, 2025). 

 

 

Figure 2.17. Mean time to preleading zone ignition data obtained for PTW and Trex in 10-cm 

pile orientation experiments. 
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PTW and Trex were also studied using 5-cm orientation piles, at 2.7 m s-1 air flow velocity 

and 0.16 g cm-2 coverage density. Preleading zone ignition probability, mean time to preleading 

zone ignition, and mean preleading zone burn duration data obtained for PTW and Trex in 10-cm 

and 5-cm pile orientation experiments at 2.7 m s-1 air flow velocity and 0.16 g cm-2 coverage 

density are compared in Figure 2.19. It was found that the change from the 10-cm to 5-cm pile 

orientation (with all other conditions kept the same) reduced the PTW and Trex preleading zone 

ignition probability from 67 – 69 to 22%. A similar decrease was observed for Cedar studies at 2.4 

m s-1 air flow velocity and 0.16 g cm-2 coverage density (De Beer et al., 2023a). In that case, the 

change from the 10-cm to 5-cm pile orientation reduced the preleading zone ignition probability 

from 100 to 55%. These data suggest the following approximate relationship between the 

fractional probabilities of the preleading zone ignition for the 5-cm pile, ὴ , and the 10-cm pile, 

ὴ    : 

ὴ  ρ ρ ὴ 
Ȣ

. (2.6) 

 

Figure 2.18. Mean preleading zone burn duration obtained for PTW and Trex in 10-cm pile 

orientation experiments. 
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This relationship was obtained by first assuming that the 10-cm wide preleading zone 

consisted of two equivalent, non-interacting 5-cm wide preleading zones. In which case, according 

to the probability theory, the ignition probabilities are related as ὴ  ρ ρ ὴ . The 

power on the term in the parentheses was subsequently adjusted to fit the experimental data 

obtained for PTW, Trex, and Cedar, and thus account for the interactions between the adjacent 5-

cm zones. Neither the time to ignition of PTW and Trex nor the burn duration of PTW were 

significantly affected by the change in the pile orientation. The mean values were well within each 

 

Figure 2.19. Preleading zone ignition probability, mean time to preleading zone ignition, and 

mean preleadng zone burn duration data obtained for PTW and Trex in 10-cm and 5-cm pile 

orientation experiments at 2.7 m s-1 air flow velocity and 0.16 g cm-2 coverage density. 
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other’s uncertainties. The burn duration of Trex shortened to 60 s, on average, with the change 

from 10-cm to 5-cm pile orientation. However, the number of instances where a Trex preleading 

zone ignition was observed for the 5-cm pile orientation was too small to reliably quantify this 

reduction. 

2.2.1.2 Pile and Downstream Ignition Event Statistics 

The PTW and Trex pile ignition probability data collected in 10-cm pile orientation 

experiments are summarized in Figure 2.20. The pile ignition events were completely independent 

of the preleading zone ignition events. For both substrates, the probability of pile ignition increased 

with the air flow velocity increasing up to 2.4 m s-1. Similar to the preleading zone ignition trends 

observed at 0.16 g cm-2 firebrand coverage density (see Figure 2.16), further increase in the air 

flow velocity produced either a small or no increase in the ignition probability. Both substrates 

showed a notable decrease in the probability of pile ignition with decreasing firebrand coverage 

 

Figure 2.20. Pile ignition probability data obtained for PTW and Trex in 10-cm pile orientation 

experiments. A “0” marks conditions where experiments were performed but no preleading 

zone ignitions were observed.  
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density. At the low (0.06 g cm-2) firebrand coverage density, Trex exhibited systematically lower 

pile ignition probability than PTW. However, at the high (0.16 g cm-2) coverage density and 1.4 

m s-1 air flow velocity, the firebrand pile deposited on Trex ignited with a significantly higher 

probability.  

The times to pile ignition obtained from the 10-cm pile orientation experiments are shown 

in Figure 2.21. The majority of pile ignitions occurred within 80 s after the start of the experiment. 

The only exceptions are piles deposited onto PTW at 1.4 m s-1 air flow velocity where ignitions 

occurred about 120 s after the start of the experiment, on average. Similar to the preleading zone 

ignition time, the pile ignition time decreased with increasing air flow velocity and was not 

systematically affected by either the firebrand pile coverage density or nature of the combustible 

substrate. 

 

 

 

 

Figure 2.21. Mean time to pile ignition data obtained for PTW and Trex in 10-cm pile 

orientation experiments. 
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As was discussed in Section 2.1.7, under certain conditions, pile flames spread onto the 

surface of the combustible substrate located downstream of the pile. The probability data for these 

downstream ignitions obtained from 10-cm pile orientation experiments are summarized in Figure 

2.22. Flame spread was observed for both substrates but only at relatively high air flow velocities 

of 2.4 – 2.7 m s-1. The probability of the downstream ignition increased with increasing air flow 

velocity and decreased substantially with decreasing firebrand coverage density. No instances of 

spread were observed for the low (0.06 g cm-2) coverage density firebrand piles deposited onto 

PTW. Overall, Trex exhibited a systematically higher probability of downstream ignition, which 

was attributed to a higher heat of combustion of the pyrolyzate produced by this material, 

mentioned in the previous section. The higher heat of combustion of the pyrolyzate resulted in 

longer pile flames that extended downstream of the pile and impinged onto the surface of the 

substrate free of firebrands. At 2.4 m s-1, the mean time from the start of the experiment to 

 

Figure 2.22. Downstream ignition (or flame spread) probability data obtained for PTW and 

Trex in 10-cm pile orientation experiments. Only experiments where a pile ignition occurred 

were included. A “0” marks conditions where experiments were performed but no downstream 

ignitions were observed. 
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downstream ignition was about 260 s for both substrates. At 2.7 m s-1, the mean time to 

downstream ignition reduced to about 120 s. 

Cumulative burn durations, computed as the difference between the time when both the 

pile flame and, if present, the flame attached to the downstream substrate surface were 

extinguished and the time of pile ignition, determined from 10-cm pile orientation experiments, 

are summarized in Figure 2.23. For the low (0.06 g cm-2) firebrand coverage density, the burn 

duration was found to be below 160 s for both PTW and Trex at all studied air flow velocities. For 

the high (0.16 g cm-2) firebrand coverage density, PTW samples continued to burn for as long as 

330 s. Trex samples subjected to the high firebrand coverage density piles burned more than twice 

as long as the corresponding PTW samples, on average. In some experiments performed on Trex 

at 2.4 m s-1, the burning continued until the end of the experiment (at about 1000 s) and the flame 

was then extinguished by turning off the fan. 

 

 

Figure 2.23. Mean cumulative burn times from the pile ignition to the extinction of the pile and 

downstream substrate flames measured for PTW and Trex in 10-cm pile orientation 

experiments. 
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Pile ignition probability, downstream ignition probability, mean time to pile ignition, and 

mean cumulative burn times from the pile ignition to the extinction of the pile and downstream 

substrate flames obtained for PTW and Trex in 10-cm and 5-cm pile orientation experiments at 

2.7 m s-1 air flow velocity and 0.16 g cm-2 coverage density are compared in Figure 2.24. The 

results of the experiments performed on PTW and Trex at 2.7 m s-1 air flow velocity and 0.16 g 

cm-2 coverage density using 5-cm orientation piles showed that the change from 10-cm to 5-cm 

pile orientation reduced the PTW and Trex pile ignition probabilities from 100 to 56 and 44%, 

respectively. Thus, the 10-cm and 5-cm pile ignition probabilities exhibit approximately the same 

relationship as that obtained for the preleading zone ignition probabilities and summarized in Eq. 

(2.6). No downstream ignitions were observed in the 5-cm pile orientation experiments, perhaps 

because the flames that formed on the top, air-flow-facing portion of the piles were not sufficiently 

long to impinge onto the open substrate surface located 10-cm away from the air-flow-facing edge 

of the pile. The duration of the 5-cm orientation pile flames was also relatively short, all of them 

extinguishing within 160 s after ignition. 

 

 

 

 

 

 

 

 



50 

 

 

 

 

 

 

 

Figure 2.24. Pile ignition probability, downstream ignition probability, mean time to pile 

ignition, and mean cumulative burn times from the pile ignition to the extinction of the pile and 

downstream substrate flames obtained for PTW and Trex in 10-cm and 5-cm pile orientation 

experiments at 2.7 m s-1 air flow velocity and 0.16 g cm-2 coverage density. A “0” marks 

conditions where experiments were performed but no downstream ignitions were observed. 

 



51 

 

2.2.2 Kaowool PM Back Surface Temperature 

The Kaowool PM back surface temperature data collected in 10-cm and 5-cm pile 

orientation experiments are compared in Figure 2.25 and Figure 2.26 for the preleading and leading 

zone, respectively. The 10-cm pile orientation data were obtained in this work, while the 5-cm pile 

orientation data were collected in an earlier study (De Beer et al., 2023b). The physical explanation 

of the shapes of these profiles was provided in a previous study (De Beer et al., 2023a,b).  

The 5-cm orientation back surface temperature data were used to determine transient heat fluxes 

from the firebrand pile to the substrate through inverse modeling and based on these results, 

empirical models capturing the firebrand pile incident heat flux dependence on time, air flow 

velocity, and firebrand coverage density were developed for the preleading and leading zone (De 

Beer et al., 2023b).  

The back surface temperature comparison indicates that, during the period of time where 

preleading zone and pile ignitions occurred (0 - 160 s), the heat flux from the pile to the substrate 

was not significantly affected by the pile orientation and, therefore, the firebrand heat flux models 

derived in (De Beer et al., 2023b) are applicable to both pile orientations. Furthermore, the large 

increases in the ignition probabilities that occur with the change from 5-cm pile to 10-cm pile 

orientation are primarily a consequence of an increase in the wind-facing dimension and surface 

area of the preleading and leading zones (see Figure 2.14). The variation in the back surface 

temperature data shown in Figure 2.25 and Figure 2.26, expressed as two standard deviations, is 

substantial. This large variation is a consequence of the discrete nature of the firebrand particles 

(leading to highly spatially non-uniform heating of the substrate) and the variation in the spatial 

arrangement of these particles within each zone from experiment to experiment. The Kaowool PM 
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back surface temperature data collected at various air flow velocities in 10-cm pile orientation 

experiments for both the preleading and leading zones are shown in Figure 2.27.  

 

Figure 2.25. Mean Kaowool PM back surface temperature profiles in the preleading zones of 

10-cm and 5-cm orientation piles. The shaded areas correspond to 2 standard deviations. 



53 

 

 

 

Figure 2.26. Mean Kaowool PM back surface temperature profiles in the leading zones of 10-

cm and 5-cm orientation piles. The shaded areas correspond to 2 standard deviations. 
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Figure 2.27. Mean Kaowool PM back surface temperature profiles in the preleading and 

leading zone of 10-cm pile orientation piles. The shaded area depicts variation, or two standard 

deviations. 
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Table 2.5 shows the peak Kaowool PM back surface temperatures for the 10-cm and 5-cm 

pile orientation experiments. Each peak temperature value was computed by averaging over a 4-s 

period around the peak for each testing condition. The peak Kaowool PM back surface temperature 

increased with increasing air flow velocity and firebrand coverage density for the 10-cm pile 

orientation. 

Table 2.5. Peak Kaowool PM back surface temperatures. 

Zone 
Pile 

Orientation 

Pile 

Density 

(g cm-2) 

Forced air flow velocity (m s-1) 

0.9 1.4 2.4 2.7 

Peak back surface temperature (℃) 

Preleading 

5-cm 

0.06  265 275  

0.16 304 332 366 334 

10-cm 

0.06  275 259  

0.16 320 337 365 366 

Leading 

5-cm 

0.06  313 358  

0.16 332 370 411 402 

10-cm 

0.06  313 349 349 

0.16 325 356 403 427 
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2.2.3 HRR and MCE Results 

Kaowool PM, PTW, and Trex HRR data obtained in 10-cm pile orientation experiments 

are shown in Figure 2.28 and Figure 2.29. 

 

 

Figure 2.28. Mean heat release rates normalized by the firebrand deposition surface area 

measured in the 10-cm pile orientation experiments performed on Kaowool PM and 

combustible substrates (Trex and PTW) at 1.4, 2.4, and 2.7 m s-1 air flow velocities and 0.06 g 

cm-2 firebrand coverage densities. The shaded areas correspond to 2 standard deviations of the 

mean. 
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Figure 2.29. Mean heat release rates normalized by the firebrand deposition surface area 

measured in the 10-cm pile orientation experiments performed on Kaowool PM and 

combustible substrates (Trex and PTW) at 0.9, 1.4, 2.4, and 2.7 m s-1 air flow velocities and 

0.16 g cm-2 firebrand coverage densities. The shaded areas correspond to 2 standard deviations 

of the mean. 



58 

 

The overall shapes of these profiles, consisting of a rapid increase followed by a gradual 

decrease, are similar to those that were observed in the 5-cm pile orientation experiments 

previously performed on Kaowool PM and Cedar (De Beer et al., 2023a). The rapid increase was 

attributed to an increase in the firebrand burning intensity caused by the application of a forced air 

flow at the start of the experiment. The gradual decrease was associated with the consumption of 

firebrands and the formation of ash layer that inhibited the heat transfer and oxygen transport to 

the firebrands. 

The similarity of the HRR profiles obtained for different substrates, including non-

combustible Kaowool PM, indicates that almost all the heat release measured in these experiments 

is associated with burning of the firebrands in the pile. The only exceptions are the HRR data 

collected at the high (0.16 g cm-2) firebrand coverage density and highest (2.7 m s-1) air flow 

velocity, where both PTW and Trex contributed significantly to the HRR at later stages of the 

experiment. This observation is further illustrated in Figure 2.30 and Figure 2.31 showing the 

contributions of the combustible substrates to the overall 10-cm pile orientation HRR. All HRR 

contribution profiles feature a negative peak at the start of the experiment followed by a gradual 

increase to positive values. The negative peak was also observed previously (De Beer et al., 2023a) 

and was associated with a partial quenching of firebrand combustion by the combustible substrate 

due to its high thermal inertia (with respect to that of Kaowool PM). The gradual increase in the 

HRR contribution was associated with an increasing participation of the combustible substrate in 

the burning process. 
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Figure 2.30. Mean contributions of the combustible substrates (Trex and PTW) to the heat 

release rate profiles measured in the 10-cm pile orientation experiments at 1.4, 2.4, and 2.7 m 

s-1 air flow velocities and 0.06 g cm-2 firebrand coverage densities. The shaded areas correspond 

to 2 standard deviations of the mean. 
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Figure 2.31. Mean contributions of the combustible substrates (Trex and PTW) to the heat 

release rate profiles measured in the 10-cm pile orientation experiments at 0.9, 1.4. 2.4, and 2.7 

m s-1 air flow velocities and 0.16 g cm-2 firebrand coverage densities. The shaded areas 

correspond to 2 standard deviations of the mean. 
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The large contribution to HRR from PTW and even larger contribution from Trex measured 

at late stages of the 10-cm pile orientation experiments performed at 0.16 g cm-2 firebrand coverage 

density and 2.7 m s-1 air flow velocity correspond to a relatively high probability of downstream 

ignitions observed for these substrates under these conditions (see Figure 2.22. ). The large HRR 

contributions are likely associated with the long-lasting flames formed on the surface of the 

combustible substrate located downstream of the pile. The HRR measurements performed for 

Kaowool PM, PTW, and Trex at 0.16 g cm-2 firebrand coverage density and 2.7 m s-1 air flow 

velocity using the 5-cm pile orientation, where no downstream ignitions were observed (see 

Section 2.3.1.2), showed lower contributions of the combustible substrates to the overall HRR (< 

15% of the peak total HRR), further supporting this association. 

The Kaowool PM, PTW, and Trex MCE data obtained at representative conditions in 10-

cm pile orientation experiments are shown in Figure 2.32 and Figure 2.33. With the exception of 

about first 10 s after the start of the experiment, the burning in the systems containing firebrand 

piles deposited on Kaowool PM and PTW is dominated by smoldering combustion at all air flow 

velocities and firebrand coverage densities. However, the Trex substrate has a notable and 

systematic impact on the mode of combustion, shifting it towards the flaming combustion regime, 

with the most notable shift observed at the high (0.16 g cm-2) firebrand coverage density and 

highest (2.7 m s-1) air flow velocity. 
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Figure 2.32. Mean modified combustion efficiency (MCE) data obtained from the 10-cm pile 

orientation experiments performed on Kaowool PM and combustible substrates (Trex and 

PTW) at 1.4, 2.4, and 2.7 m s-1 air flow velocities and 0.06 g cm-2 firebrand coverage densities. 

The shaded area corresponds to 2 standard deviations of the mean. 
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Figure 2.33. Mean modified combustion efficiency (MCE) data obtained from the 10-cm pile 

orientation experiments performed on Kaowool PM and combustible substrates (Trex and 

PTW) at 0.9, 1.4, 2.4, and 2.7 m s-1 air flow velocities and 0.16 g cm-2 firebrand coverage 

densities. The shaded area corresponds to 2 standard deviations of the mean. 
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HRR, HRR contribution, and MCE data obtained for PTW and Trex in 10-cm and 5-cm 

pile orientation experiments at 2.7 m s-1 air flow velocity and 0.16 g cm-2 coverage density are 

compared in Figure 2.34 and Figure 2.35, respectively. The 10-cm pile orientation experiment 

displayed higher HRR than the 5-cm pile orientation experiment, because the longer edge length 

perpendicular to the incoming air flow allowed greater oxygen supply, which facilitated the 

burning of firebrand piles. In the early stage of the 10-cm pile orientation experiment, a greater 

negative HRR peak was observed. The larger HRR contribution at the later stages of experiments 

was associated with the formation of the downstream ignition. Trex contributed more HRR than 

PTW, which can be attributed to its higher heat of combustion. The majority of the combustion 

process was dominated by smoldering. However, the 10-cm pile orientation experiment with Trex 

was primarily governed by flaming combustion. This is because Trex’s material characteristic 

(higher heat of combustion) and more oxygen supply by longer edge length help piles to keep 

sustainable and stronger combustion. The 5-cm pile orientation had lower MCE values than the 

10-cm pile orientation from the start of the experiment to about 300 s but has higher values 

thereafter. 
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Figure 2.34. Mean HRR, HRR contribution, and MCE profiles for PTW in 10-cm and 5-cm 

orientation experiments at 2.7 m s-1 air flow velocity and 0.16 g cm-2 coverage density. The 

shaded area corresponds to 2 standard deviations of the mean. 
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Figure 2.35. Mean HRR, HRR contribution, and MCE profiles for Trex in 10-cm and 5-cm 

orientation experiments at 2.7 m s-1 air flow velocity and 0.16 g cm-2 coverage density. The 

shaded areas correspond to 2 standard deviations. 
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Mean HRR and MCE data collected in the Kaowool PM experiments in the 10-cm and 5-

cm pile orientations are compared in Figure 2.36. Overall, the mean HRR profiles of Kaowool PM 

are similar to the back surface temperature profiles. The peak HRR in the 10-cm pile orientation 

is higher than that in 5-cm pile orientation at a fire coverage density of 0.16 g cm-2. This can be 

attributed to a larger edge facing the air flow, which promotes firebrand combustion. However, no 

clear difference in peak HRR between the 5-cm and 10-cm pile orientation was observed at a 

firebrand coverage density of 0.06 g cm-2. This is likely due to the low height of firebrand piles, 

which allows sufficient exposure to air flow regardless of the edge length. Figure 2.37 shows a 

comparison of mean MCE profiles between the 10-cm pile and 5-cm pile orientation experiments. 

At the beginning of the experiments, all MCE profiles fell within the range of 0.82 to 0.90. During 

this period, the MCE profiles of the 10-cm pile orientation experiments are higher than those of 5-

cm pile orientation experiments. 



68 

 

 

 

Figure 2.36. Mean Kaowool PM HRR profiles in the 10-cm and 5-cm orientation piles. The 

shaded areas correspond to 2 standard deviations. 
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Figure 2.37. Mean Kaowool PM MCE profiles in the 10-cm and 5-cm orientation piles. The 

shaded areas correspond to 2 standard deviations. 
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2.2.4 Burn-through Event Statistics 

In all the experiments, including those performed at the lowest (0.9 m s-1) air flow velocity 

and the low (0.06 g cm-2) firebrand coverage density, the combustible substrates contributed to the 

burning process (although, as the data presented in Section 2.2.3 indicates, the rate of this 

contribution was small with respect to that from firebrands). This was apparent from the damage 

to the substrate surfaces. Under certain conditions, smoldering of the substrate continued after the 

firebrands were consumed resulting in a burn-through. The data on the probabilities of burn-

through events observed in 10-cm pile orientation experiments are summarized in Figure 2.38. 

With the exception of the experiments on PTW performed at 2.7 m s-1 air flow velocity, burn-

throughs occurred only at high (0.16 g cm-2) firebrand coverage density. PTW was found to be 

somewhat likely, > 25% probability, to engage in sustained smoldering at air flows of 1.4 m s-1 

and above, whereas Trex was somewhat likely to engage in sustained smoldering only at the 

highest (2.7 m s-1) air flow velocity. 

The time to burn-through data summarized in Figure 2.39 show that, on average, it took 

under 1 h for the 1.9 cm thick PTW board to burn through. It took significantly longer, 1.5 – 2.2 

h, for the Trex board, which varied in thickness between 1.4 and 2.5 cm. The burn-through time 

decreased with increasing air flow velocity. The propensity for sustained smoldering was not 

evaluated using the 5-cm pile orientation. However, given the localized nature of burn-through 

events (see Figure 2.15), the firebrand pile orientation is unlikely to significantly impact the 

probability or timing of these events. 
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Figure 2.38. Burn-through probability data obtained for PTW and Trex in 10-cm pile 

orientation experiments. A “0” marks conditions where experiments were performed but no 

burn-through events were observed. 

 

 

Figure 2.39. Mean time to burn-through data obtained for PTW and Trex in 10-cm pile 

orientation experiments. 
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2.2.5 Impact of Moisture Content on Fire Behavior of PTW 

This section presents an analysis of the influence of the moisture content (MC) of PTW on 

ignition event statistics in wind tunnel tests. For this purpose, firebrand deposition experimental 

results for PTW with MCs between 8% and 15% were compared. Ignition event statistics obtained 

from the 10-cm pile orientation at 2.7 m s-1 air flow velocity and 0.16 g cm-2 firebrand coverage 

density are summarized in Figure 2.40. The uncertainties in these statistics were defined as two 

standard deviations of the mean. The ignition probability of PTW with high MC was 10% and 14% 

lower than that of the PTW with low MC in the preleading zone and pile ignition, respectively. 

PTW with high MC also exhibited a longer time to ignition compared to PTW with low MC. This 

was because the substrate with high MC had a higher heat capacity due to the greater amount of 

water on its surface, which required more heat transfer from the firebrand piles to vaporize the 

water. On the other hand, no difference in the average time to ignition for pile ignition was 

observed between the two substrates. All preleading zone ignitions occurred within 100 s after 

firebrand pile deposition. Regarding burn duration, both substrates showed similar trends in both 

the preleading zone and pile ignition. On average, the preleading zone ignition lasted for 59 ± 5 s 

on both substrates. 
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Figure 2.40. Preleading zone and pile ignition probabilities, mean times to preleading and pile 

ignition, and mean preleading zone and cumulative burn durations data obtained for PTW with 

MCs of 8% and 15% in 10-cm pile orientation experiments at 2.7 m s-1 air flow velocity and 

0.16 g cm-2 firebrand coverage density. 
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The ignition event statistics of downstream data collected in 10-cm pile orientation 

experiments at 2.7 m s-1 air flow velocity and 0.16 g cm-2 firebrand coverage density are shown in 

Figure 2.41. Both substrates exhibited nearly identical downstream ignition probabilities. However, 

the PTW with high MC showed a longer time to ignition and a shorter burn duration. 

 

 

 

Figure 2.41. Downstream (or flame spread) probability, mean time to downstream ignition, and 

mean downstream burn duration data obtained for PTW with MCs of 8% and 15% in 10-cm 

pile experiments at 2.7 m s-1 air flow velocity and 0.16 g cm-2 firebrand coverage density.  
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HRR, MCE, and HRR difference data collected in the PTW with MCs of 8% and 15% at 

2.7 m s-1 air flow velocity and 0.16 g cm-2 firebrand coverage density are displayed in Figure 2.42.  

The substrate with a low MC quickly reached a higher peak HRR. For both substrates, the HRR 

peak occurred within 100 s after the deposition of the firebrand piles. The HRR difference was 

calculated by subtracting the HRR of the substrate with low MC from that of the substrate with 

high MC. The HRR difference was positive during the first 50 s after the start of the experiment 

 

Figure 2.42. Mean heat release rates normalized by the firebrand deposition surface area, mean 

modified combustion efficiency (MCE), and heat release difference between two MC groups 

obtained for PTW with MCs of 8% and MC 15% in 10-cm pile orientation experiments at 2.7 

m s-1 air flow velocity and 0.16 g cm-2 firebrand coverage density.  
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and transitioned to negative thereafter. Between 60 and 110 s after the start of the experiment, the 

MCE values of the substrate with high MC were higher than those of the substrate with low MC. 

After 110 s, the MCE profiles of both substrates showed a similar trend. Burn-through probability 

and mean time to burn-through data collected from PTW with MCs of 8% and 15% in 10-cm pile 

orientation experiments at 2.7 m s-1 air flow velocity and 0.16 g cm-2 firebrand coverage density 

was displayed in Figure 2.43. For both MC groups, burn-through occurred in all experiments 

except for one case each. On average, the substrate with high MC sustained smoldering for 

approximately 686 s longer than the substrate with low MC. The uncertainties were calculated as 

two standard deviations of the mean. 

 

 

 

Figure 2.43. Burn-through probability and mean time to burn-through data obtained for PTW 

with MCs of 8% and 15% in 10-cm pile orientation experiments at 2.7 m s-1 air flow velocity 

and 0.16 g cm-2 firebrand coverage density.  
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2.3 Concluding Remarks 

In this section, ignition and combustion behavior of pressure treated wood (PTW) and wood-

plastic composite (Trex) subjected to firebrand exposures were investigated using a bench-scale 

wind tunnel setup. Air flow velocities of 0.9 – 2.7 m s-1 and firebrand coverage densities of 0.06 

and 0.16 g cm-2, and the pile footprint was 5 ³ 10 cm2 with either the 10-cm or 5-cm sides 

perpendicular to the direction of the forced air flow were used for the experiments. 

Three different flaming ignition occurrences were observed during the experiments: 

preleading, pile, and downstream ignitions. Luminous diffusion flames attached to the substrate 

surface in front of the firebrand pile were termed preleading ignition. Pile ignition was associated 

with the flame attached to the top, air-flow-facing portion of the firebrand pile. The influence of 

pile orientation on ignition events of PTW and Trex were investigated at 2.7 m s-1 air flow velocity 

and 0.16 g cm-2 coverage density. The correlation between 10-cm and 5-cm pile orientation in 

preleading zone ignition probabilities were derived. In some situations, flames attached to the pile 

that sometimes spread onto the substrate downstream of the pile were referred to as downstream 

ignition. Wood-plastic composite was more prone to flaming ignitions downstream of the pile. In 

some tests, continuous smoldering of a combustible substrate, after the firebrands were consumed, 

created an opening penetrating the full depth. The formation of the opening was referred to as a 

burn-through. Pressure treated wood was more prone to sustained smoldering. The time-resolved 

Kaowool PM back surface temperature data was not affected by the change in the pile orientation 

from 10-cm to 5-cm.  

The mean, time-resolved HRR profiles for substrates consists of a rapid increase followed by 

gradual decrease. The sharp increase was attributed to the application of forced air flow, while 

slower decay was associated with the depletion of firebrands and ash layer growth. The flame 
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dynamics can be identified by modified combustion efficiency (MCE). Apart from about the first 

10 s from the start of the experiments, the combustion regime of the wind tunnel tests was 

dominated by the smoldering at all conditions except for Trex results obtained from the experiment 

at the high firebrand coverage density and highest air flow velocity. For the assessment of the 

influence of moisture content to ignition behavior of PTW exposed to glowing firebrand, ignition 

events of PTW with low MCs of 8% and high MC 15% in the preleading zone and pile ignition 

were compared. Except for the time to preleading zone ignition, ignition statistics for both groups 

showed a similar trend. 

 

 

 

 



79 

 

3 Pyrolysis Modeling 

3.1 Experimental Apparatus 

3.1.1 Simultaneous Thermal Analyzer (STA) 

Simultaneous Thermal Analysis (STA) refers to the simultaneous application of 

Thermogravimetry (TGA) and Differential Scanning Calorimetry (DSC) to one and the same 

sample in a single instrument (NETZSCH, 2025). TGA and DSC tests were conducted 

simultaneously using a Netszsch 449 F3 Jupiter, shown in Figure 3.1, which was calibrated every 

3 months following the procedures described in detail in an earlier publication (Li  and Stoliarov, 

2013). The heating program consisted of a conditioning period, where the sample was maintained 

at 313 K for 25 min, and a linear heating phase with a prescribed heating rate, which stopped when 

the sample temperature reached 1000 K. All tests were conducted in nitrogen atmosphere to 

emulate anaerobic conditions of a solid surface covered by a continuous diffusion flame 

 

Figure 3.1. Schematic of the simultaneous Thermal Analyzer apparatus. 
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(Korobeinichev et al., 2018). The samples used in these tests were prepared by grinding the boards 

into coarse powder (0.1 – 1.0 mm size particles). PTW boards were sampled throughout the 

thickness. Trex shell and Trex core were sampled separately. All samples were conditioned at 

room temperature in an air-tight enclosure at 20% of relative humidity for at least 48 h prior to 

testing. This initial sample mass was 4 – 6 mg. 

Ten tests were performed on PTW, Trex shell, and Trex core samples at a nominal heating 

rate of 10 K min-1 to accumulate statistics. Both mass and heat flow data were collected in these 

tests. These tests were performed using platinum-rhodium crucibles with lids containing a small 

opening to maximize the temperature uniformity and heat flow sensitivity, while allowing gaseous 

pyrolyzate to escape. Three tests were performed at 5 K min-1 and another three tests were 

performed at 20 K min-1. These six tests were performed using open ceramic crucibles, and only 

mass data was collected. The data from these tests were used to determine whether the thermal 

decomposition model based on 10 K min-1 experiments was able to capture alternate heating 

scenarios and whether the presence of lids and changes in the crucible material had any impact on 

the mass loss kinetics. Finally, seven tests were performed at 10 K min-1 on the final residue or 

char collected from several individual tests of PTW to determine the heat capacity of this pyrolysis 

product. These tests were conducted using platinum-rhodium crucibles with lids; only heat flow 

data was collected. 
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3.1.2 Microscale Combustion Calorimetry (MCC) 

MCC is an apparatus capable of measuring heat release rate associated with a complete 

combustion of gaseous products generated by a thermally decomposing solid as a function of time 

and solid sample temperature (ASTM D7309, 2021). A schematic of MCC is presented in Figure 

3.2. MCC primarily consists of a pyrolyzer and combustor. MCC testing of PTW, Trex shell, and 

Trex core samples was performed in accordance with the corresponding ASTM standard (ASTM  

D7309, 2021) in an apparatus calibrated monthly following the recommended protocols. The 

sample preparation procedure was identical to those used for STA tests. The MCC tests were 

performed by heating the sample contained in an open ceramic crucible from 348 to 1000 K at a 

nominal heating rate of 10 K min-1. The open ceramic crucible allows the pyrolyzate gases to 

escape the crucible instantaneously to be carried into the combustor. Similarly to the STA tests, 

the samples were pyrolyzed in the nitrogen atmosphere. The gaseous pyrolyzate was mixed with 

excess oxygen in a high-temperature combustor maintained at 1173 K to achieve complete or 

nearly complete combustion. The oxygen concentration decline in the exhaust gas flow was 

measured by a calibrated oxygen sensor. The heat release rate (HRR) was subsequently calculated 

using the oxygen consumption principle and recorded as a function of time and pyrolyzing sample 

temperature. It was assumed that 13.1 kJ of heat was released per 1 g of oxygen consumed. This 

test was repeated five times for each material to accumulate statistics. 
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Figure 3.2. Schematic of Microscale Combustion Calorimetry (MCC). 
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3.1.3 Controlled Atmosphere Pyrolysis Apparatus (CAPA) II  

CAPA II described in Figure 3.3 was designed to perform controlled-atmosphere, 

radiation-driven pyrolysis tests on non-thermally thin samples. In this apparatus, the top surface 

of a disk-shaped specimen is subjected to radiation from a temperature controlled conical heater, 

while the temperature of the bottom of the sample is measured using a calibrated infrared (IR) 

camera. In addition to the bottom sample temperature, Ὕ , the mass and thickness profile of 

the sample are continuously monitored using a high-precision (1 mg resolution) balance and a 

high-definition video camera, respectively. A detailed description of the design and operation of 

this apparatus can be found elsewhere (Swann et al., 2017). 

The current measurements were performed in an anaerobic atmosphere (< 1 vol.% of O2) 

obtained by purging the gasification chamber with 185 L min-1 of nitrogen. To ensure accurate 

Ὕ  measurements, a thin copper foil painted with 0.92 broadband emissivity paint was firmly 

glued to the sample bottom with a small amount (º 0.2 g) of high temperature adhesive. The IR 

 

Figure 3.3.  (a) Three-dimensional schematic of CAPA II  and (b) Cross-section of CAPA II  

with top-view of the gasification chamber. Reproduced from (Sun et al., 2020) 
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camera was focused on the foil through a gold mirror, and the settings of the camera were adjusted 

to account for the mirror reflectance. The side surface of the sample was thermally insulated with 

a ring cut out of Kaowool PM ceramic fiber board to minimize the lateral heat transfer. The 

temperature of nitrogen flowing over the top of the sample and the temperature of the water-cooled 

internal sidewall of the apparatus adjacent to the bottom sample surface were measured and used 

to define sample thermal boundary conditions. 

The PTW and Trex samples were 7-cm diameter, 9.0- and 9.1-mm thick disks, respectively. 

The Trex samples were cut from the non-grooved side of the board and contained Trex shell layer 

at the top surface (facing the heater). All samples were conditioned at room temperature in an air-

tight enclosure at 20% of relative humidity for at least 72 h. The conditioned PTW samples 

contained 6.2 ± 0.5 wt.% of moisture (on dry mass basis). The moisture content of the Trex samples 

was insignificant. All moisture content measurements were performed in accordance with an 

ASTM standard (ASTM D4442, 2024). 

The PTW tests were performed at 29 and 63 kW m-2 of radiant heat flux, which was set 

using a water-cooled Schmidt-Boelter heat flux transducer calibrated against a NIST-traceable 

reference. The Trex tests were performed at somewhat higher heat fluxes, 40 and 70 kW m-2, 

because this material was more thermally stable. Each CAPA II test was repeated 3 times to 

accumulate statistics. 
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3.1.4 Cone Calorimetry 

Cone calorimeter tests were performed in accordance with ASTM E1354 (ASTM E1354, 

2017). The C-factor (Orifice flow meter calibration constant) was calibrated daily, and the 

calibration was verified by running a test on cast poly (methyl methacrylate) and making sure that 

the measured heat of combustion matched published values. The PTW and Trex samples used for 

these tests were 10 × 10 cm2 squares that were 15.5-mm thick. The Trex samples were cut from 

the non-grooved side of the board and contained Trex shell layer at the top surface (facing the 

heater). All samples were conditioned at room temperature in an air-tight enclosure at 20% of 

relative humidity for at least 72 h. The conditioned PTW samples contained 7.8 ± 0.5 wt.% of 

moisture (on dry mass basis). The moisture content of the Trex samples was insignificant.  

The samples were mounted under the cone heater by wrapping the bottom and sides with 

aluminum foil and setting them atop two sheets of 1.3 cm thick Kaowool PM insulation board. No 

retainer frame was used. Ignition was accomplished via a spark igniter located 13 mm above the 

top sample surface. Three tests were performed on each material at 50 kW m-2 of set radiant heat 

flux to accumulate statistics. 

 

 

 

 

 



86 

 

3.2 Modeling 

Modeling was performed using ThermaKin2Ds, a comprehensive numerical pyrolysis 

solver used to predict the behavior of various materials in response to external heating. The solver 

can be used to perform one-dimensional and two-dimensional simulations in Cartesian and 

cylindrical coordinates. In ThermaKin2Ds, thermal decomposition is represented through user-

defined reactions with Arrhenius reaction constants describing the evolution of pyrolyzing solid 

represented by a mixture of components. The solver computes the transient rates of gaseous 

component production by a solid object through solving non-steady energy and mass conservation 

equations formulated in terms of finite elements. A full set of governing equations, numerical 

implementation and verification of this solver can be found elsewhere (Stoliarov et al., 2014; 

Swann et al., 2019). 

In modeling STA and MCC tests, all samples were treated as thermally thin and simulated 

using a single spatial element and time step of 10 ms. The element temperature was forced to 

follow the experimental temperature profile by defining a sufficiently high convection coefficient, 

1 × 105 W m-2 K-1, at the boundary. As described in Figure 3.4, the experimental heating rate used 

in the STA and MCC tests varied considerably before reaching the constant values. To express 

variable heating rate, the modeled heating rate was determined in an exponentially decaying 

sinusoidal function, using the following equation: 

() ( ) ( ) ( ){ }1 2 3 4 31
dT

t a exp a t cos a t a sin a t
dt

= - - +è øê ú (3.1) 

where ὥ, ὥ , ὥ , and ὥ  are constants fitted to capture the experimental data. The average 

constant values of PTW, Trex shell, Trex core for three heating rates are listed in Table 3.1. 

Resulting fits corresponding to Table 3.1 are shown in Figure 3.4. All  the R2 coefficients of 
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determination for the fitted curve of actual heating rate is larger than 0.95. The mass flow boundary 

conditions were defined such that the gaseous pyrolyzate instantaneously escaped the element. 

 

 

 

 

Figure 3.4. Averaged experimental and fitted heating rate profiles for the TGA/DSC tests of 

PTW. 
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A hill climbing optimization algorithm implemented as a MATLAB script was coupled 

with ThermaKin2Ds to automate inverse analysis of the TGA data and determine the kinetic 

parameters of the decomposition (Gong et al., 2021).  A goodness of fit criterion (GoFM) was 

utilized to a target of the optimization as shown in Eq. (3.2): 

 (3.2) 

where ὓὒὙ is the mass loss rate, ά is the sample mass, and ὔ is the total number of data points. 

The subscripts άὥὼ, Ὡὼὴ, and άέὨὩὰ describe the maximum, experimental, and modeled values, 

respectively. 

The simulations of CAPA II tests were carried out using a one-dimensional version of the 

solver. The element size was set at 0.025 mm, and the time step was set at 2.5 ms. Every integration 

parameter was varied by a factor of two, and the simulation results were compared to ensure that 

all numerical solutions were converged. The radiative and convective boundary conditions of 

Table 3.1. Parameters describing the evolution of the instantaneous heating rates in the MCC 

tests. 

Nominal heating rate ὥ (K s-1) ὥ (s-1) ὥ (s-1) ὥ (-) 

5 K min-1 (TGA/DSC) 0.0834 0.003604 0.004950 -1.091 

10 K min-1 (TGA/DSC) 0.1677 0.003410 0.005122 -0.808 

20 K min-1 (TGA/DSC) 0.3145 0.003233 0.002529 -2.370 

10 K min-1 (MCC) 0.1699 0.003709 0.004744 -0.066 
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CAPA II were fully implemented in the model and took into account changes in the radiant heat 

flux associated with the changes in the position of the top sample surface, temporal variations in 

the temperature of nitrogen flowing over the top surface, and the temperature of the water-cooled 

internal sidewall of the apparatus representing the environment in the vicinity of the bottom sample 

surface. The temperature of nitrogen flowing over the top surface of the sample, Ὕ , can be 

described using Eq. (3.3): 

Ὕ ὝὩὼὴὝὸ ὝὩὼὴὝὸ Ὕ  (3.3) 

where Ὕ, Ὕ, Ὕ, and Ὕ are user-specified constants, Ὕ  is the temperature of water flowing 

water-cooled heat flux gauge, and ὸ is the time during experiments. These constants are listed in 

Table 3.2.  Correlations for each of the parameters of Eq. (3.3) are given in Table 3.3. 

 

Table 3.2. Parameters for Eq. (3.3) describing the temperature of nitrogen flowing over the top 

surface of the sample. 

Nominal heat flux 

(kW m-2) 
 Ὕ (K) Ὕ (K s-1) Ὕ (K) Ὕ (K s-1) Ὕ  (K) 

PTW 

29 56.87 8.16e-6 -37.00 -0.0153 290 

63 119.53 9.52e-6 -75.89 -0.0129 290 

Trex 

40 77.14 8.60e-6 -49.58 -0.0145 290 

70 132.43 9.80e-6 -83.90 -0.0124 290 
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The temperature of the water-cooled internal side wall adjacent to the bottom sample surface, 

Ὕ , can be described in Eq. (3.4): 

Ὕ
ὦÔ ὦȟ   ×ÈÅÎ ὸ ὸ
            ὦȟ   ×ÈÅÎ ὸ ὸ

 (3.4) 

where ὦ, ὦ, ὦ, and ὸ are calculated constants fitted to the experiment results. Each of the 

parameters used to simulate the Ὕ  are listed in Table 3.4. Gaseous mass transport through 

the condensed phase was defined such that gaseous products experienced no resistance to outflow. 

Mass flow was not permitted through the back boundary, which was defined as a single element 

of copper representing the copper foil used in the CAPA II tests. The copper was not involved in 

any chemical reactions but was simulated explicitly as a substrate to compute Ὕ . 

 

 

 

 

Table 3.3. Correlations used to calculate each of the parameters shown in Eq. (3.3). 

Parameters Correlation equations 

Ὕ (K) (1.8429 K m2 kW-1) (Incident heat flux) + 3.4286 K 

Ὕ (K s-1) (4 × 10-8 m2  kW-1 s-1) (Incident heat flux) + 7 × 10-6 s-1 

Ὕ (K) (-1.144 K m2 kW-1) (Incident heat flux) - 3.82 K 

Ὕ (K s-1) (7 x 10-5 m2 kW-1 s-1) (Incident heat flux) - 0.0173 s-1 
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The cone calorimetry modeling was also carried out with a one-dimensional version of the 

solver using the same integration parameters as were used in the CAPA II test simulations. The 

top surface boundary conditions were defined using an empirical flame heat feedback model 

(McCoy et al.,2019) developed specifically for standard cone calorimetry tests that included a 

criterion for ignition based on the virtual critical heat release rate. Among two flame heat feedback 

model formulations available, two-zone and single-zone, single-zone formulation was selected in 

this work to simplify the modeling process. The presence of Kaowool PM board below the bottom 

sample surface was modeled explicitly using known thermophysical properties of this inert 

material (Leventon et al., 2015). Mass flow was not permitted through Kaowool PM because of 

the presence of aluminum foil separating it from the sample. 

 

 

 

 

Table 3.4. Parameters for Eq. (3.4) describing the temperature of the water-cooled internal side 

wall in the vicinity of the bottom sample surface. 

Nominal heat flux 

(kW m-2) 
ὦ (K s-1) ὦ (K) ὦ (K) ὸ (s) 

PTW 

29 0.04065 295 313.7 460 

63 0.07522 295 329.6 460 

Trex 

40 0.06176 295.8 316.8 340 

70 0.10333 296.1 336.4 340 
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3.3 Results of Pyrolysis Modeling 

3.3.1 Kinetics and Thermodynamics of the Thermal Decomposition of PTW 

For PTW, the thermal decomposition mechanism was assumed to consist of four 

sequential, first-order reactions and one separate first-order reaction describing vaporization of 

chemically bound water. This particular mechanism was selected because it was previously used 

(Gong et al., 2021) to accurately capture the thermal decomposition of another wood construction 

product, oriented strand board (OSB), which TGA mass loss rate (MLR) profiles with respect to 

temperature were similar in shape to those obtained here for PTW. The water vaporization kinetics, 

defined by the Arrhenius preexponential factor (A) and activation energy (E), were assumed to be 

the same as those obtained for OSB, while the Arrhenius parameters and stoichiometric 

coefficients of the other four reactions describing the thermal decomposition of PTW were 

optimized to fit the PTW TGA data collected at 10 K min-1. The parameter optimization was 

performed using a hill climbing algorithm implemented as a MATLAB script and coupled with 

ThermaKin2Ds. Details of the algorithm implementation can be found in an earlier publication 

(Fiola et al., 2021). The amount of water in the STA samples, 1.9 ± 0.2 wt.%, was determined 

from the mass loss observed in the 320 – 430 K temperature range. 

The results of this optimization exercise are shown in Figure 3.5 where the 10-K min-1 

experimental data including sample mass (m) and MLR normalized by the initial sample mass (m0) 

are compared with the curves obtained using the optimized thermal decomposition model. The 

model captures the experimental data with accuracy comparable with the experimental data 

uncertainties. The reaction mechanism and model parameters can be found in Table 3.5 and Table 

3.6. Gaseous components in this mechanism are identified by using “_vapor” or “_gas” in their 

names. The heats of reaction (ȹHr) listed in Table 3.6 are discussed later in this section. Figure 3.6 
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and Figure 3.7 show that the thermal decomposition model also captures the experimental TGA 

data collected at the nominal heating rates of 5 and 20 K min-1. This result also suggests that neither 

the material of the crucible nor presence of lids had a significant impact on the collected TGA data.  

 

 

Figure 3.5. Experimental and simulated TGA data obtained for PTW at a nominal heating rate 

of 10 K min-1. Some uncertainty bars are hard to discern because they are comparable in size 

to the experimental data symbols. PTW, pressure treated wood; TGA, thermogravimetric 

analysis. 
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Table 3.5. A reaction mechanism for the thermal decomposition of PTW. The listed 

stoichiometric coefficients are mass based. In STA and MCC tests, the initial sample was 

composed of 98.1 wt.% of PTW component and 1.9 wt.% of Water component. 

Reaction # Reaction equation 

1 Water → Water_vapor 

2 PTW → 0.73 PTW1 + 0.27 PTW_gas1 

3 PTW1 → 0.43 PTW2 + 0.57 PTW_gas2 

4 PTW2 → 0.82 PTW3 + 0.18 PTW_gas3 

5 PTW3 → 0.77 Char + 0.23 PTW_gas4 

Abbreviations: MCC, microscale combustion calorimetry; PTW, pressure treated wood; STA, 

simultaneous thermal analysis. 

 

Table 3.6. Reaction parameters obtained for the thermal decomposition of PTW. 

Reaction # A (s-1) E (J mol-1) ȹHr (J kg-1) (+exo) 

1 1.55 × 104 4.35 × 104 -2.78 × 106 

2 1.92 × 107 1.06 × 105 -6.82 × 103 

3 1.86 × 1011 1.62 × 105 -1.67 × 105 

4 1.79 × 105 1.01 × 105 1.82 × 105 

5 2.10 × 10-1 3.44 × 104 2.02 × 105 

Abbreviation: PTW, pressure treated wood. 



95 

 

 

 

Figure 3.6. Experimental and simulated TGA data obtained for PTW at a nominal heating rate 

of 5 K min-1. Some uncertainty bars are hard to discern because they are comparable in size to 

the experimental data symbols. PTW, pressure treated wood; TGA, thermogravimetric analysis. 

 

 

Figure 3.7. Experimental and simulated TGA data obtained for PTW at a nominal heating rate 

of 20 K min-1. Some uncertainty bars are hard to discern because they are comparable in size 

to the experimental data symbols. PTW, pressure treated wood; TGA, thermogravimetric 

analysis. 
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The heat capacity (Cp) of PTW component (representing undecomposed PTW) was 

determined by fitting a segment of the 10 K min-1 DSC heat flow curve located between the water 

vaporization and onset of decomposition and normalized by the instantaneous heating rate with a 

linear function of temperature (T). The heat capacity of the final residue represented by Char 

component was obtained in a similar manner by fitting the heating-rate-normalized DSC data 

collected for this residue in the 500 – 800-K temperature range. The heat capacity of the Water 

component was taken from the literature (McKinnon et al., 2013). The heat capacities of 

intermediate condensed-phase components (PTW1, PTW2, and PTW3) could not be calculated 

directly and were assigned the values that interpolated between the heat capacities of PTW and 

Char components. These heat capacity data are summarized in Table 3.7. 

 

 

Table 3.7. Heat capacities of the condensed-phase components of decomposing PTW. 

Component Cp (J kg-1 K-1) 

Water 5200 - 6.7 T + 0.011 T2 

PTW -302 + 4.93 T 

PTW1 -71 + 4.00 T 

PTW2 161 + 3.07 T 

PTW3 392 + 2.15 T 

Char 624 + 1.22 T 

Abbreviation: PTW, pressure treated wood. 
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The heat of vaporization of water was taken to equal to that determined for OSB (Gong et 

al., 2021). The heats of PTW thermal decomposition reactions (listed in Table 3.6) were optimized 

to fit the 10-K min-1 DSC heat flow data. Note that, just like in the case of OSB (Gong et al., 2021), 

the last two thermal decomposition reactions (# 4 and 5) were determined to be exothermic. The 

exothermicity of these reactions is believed to be associated with their final condensed-phase 

product (Char), which molecular structure is likely to be similar to that of graphite or soot (i.e. 

multiple fused aromatic rings) and thus highly thermodynamically stable. A comparison of the 

optimized model with the experimental heat flow and integral heat flow data normalized by the 

initial sample mass is provided in Figure 3.8. The model captures the experimental data with 

accuracy comparable with the experimental data uncertainties. 

 

 

 

 

Figure 3.8. Experimental and simulated DSC data obtained for PTW at a nominal heating rate 

of 10 K min-1. DSC, differential scanning calorimetry; PTW, pressure treated wood. 
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The heat of combustion (ȹHc) of the gaseous products of the thermal decomposition was 

obtained by simulating the MCC tests performed on PTW using the reaction kinetics determined 

from the TGA data. The heat of combustion was adjusted until the modeled HRR and integral 

HRR normalized by m0 were in good agreement with the experimental data, as shown in Figure 

3.9. This heat of combustion is provided in Table 3.8. A minor discrepancy in the location of the 

maximum HRR between the model and experiment was attributed to additional heating of the 

sample’s top surface by radiation from the combustor, which was not fully captured by the MCC 

sample temperature sensor (located underneath the sample crucible). Overall, the thermal 

decomposition model developed for PTW was very similar to that developed for OSB (Gong et al, 

2021). The differences between the kinetic and thermodynamic parameters of these two models 

appeared to be associated with the differences in the wood species used in these materials rather 

than with the presence of micronized copper azole in PTW. 

 

Figure 3.9. Experimental and simulated MCC data obtained for PTW at a nominal heating rate 

of 10 K min-1. Some uncertainty bars are hard to discern because they are comparable in size 

to the experimental data symbols. MCC, microscale combustion calorimetry; PTW, pressure 

treated wood. 
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3.3.2 Pyrolysis and Combustion of PTW 

PTW component and condensed-phase products of its thermal decomposition were 

assumed to be opaque to thermal radiation (no in-depth absorption). Broadband emissivities (Ů) of 

these components were assigned using the data collected by Försth and Roos (Försth and Roos, 

2010) for a similar engineered wood product, plywood. According to Försth and Roos’ 

measurements, the emissivity of plywood decreased from 0.81 to 0.70 as it underwent thermal 

decomposition when exposed to a gray body radiation source at 1153 K. Consequently, the 

emissivities of the undecomposed PTW and the final residue (Char component) were assigned to 

be 0.81 and 0.70, respectively. The emissivities of the intermediate condensed-phase components 

were determined by interpolation. The emissivity of Water component was assumed to be the same 

as PTW. The emissivity data is summarized in Table 3.9 together with other thermophysical 

Table 3.8. Heats of combustion the gas-phase decomposition products of PTW. 

Component ȹHc (J kg-1) 

Water_vapor 0 

PTW_gas1 1.48 × 107 

PTW1_gas2 1.65 × 107 

PTW2_gas3 1.30 × 107 

PTW3_gas4 0.50 × 107 

Abbreviation: PTW, pressure treated wood. 
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properties discussed later in this section. The gas-phase components associated with PTW were 

assumed to be transparent to thermal radiation. 

The heat capacity of the Water_vapor component was taken from the literature (McKinnon 

et al., 2013) and defined by the following expression: 2400 – 1.6 T + 0.0020 T2  J kg-1 K-1. The 

heat capacities of the gaseous products of the thermal decomposition of PTW could not be 

measured directly and, therefore, were assumed to be equal to 2100 J kg-1 K-1, which is the mean 

heat capacity of a collection of C1 to C8 hydrocarbons at 600 K (Swann et al., 2019). The density 

(ɟ) of PTW component was set to the average density of dried, gram-sized PTW samples used in 

this work. The densities of the condensed-phase products of PTW were selected so that the PTW 

material neither expanded nor contracted upon thermal decomposition. This behavior was 

consistent with the observations collected during the CAPA II tests, which indicated that while 

PTW samples slightly changed their shape during pyrolysis, the overall volume of the samples 

Table 3.9. Broadband emissivities, densities, and thermal conductivities of the condensed-

phase components of decomposing PTW. 

Component Ů ɟ (kg m-3) k (W m-1 K-1) 

Water 0.81 – – 

PTW 0.81 498 0.15 

PTW1 0.78 364 0.15 

PTW2 0.76 156 0.26 

PTW3 0.73 128 0.80 

Char 0.70 98 1.00 

Abbreviation: PTW, pressure treated wood. 
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remained essentially the same. The densities of undecomposed PTW and condensed-phase 

products of its decomposition are listed in Table 3.9. 

Water and gas-phase components associated with PTW were set not to contribute to the 

overall sample volume and, by extension, to its thermal conductivity (k). The thermal 

conductivities of condensed-phase PTW components were optimized to fit the experimental 

Ὕ  data collected at 29 and 63 kW m-2 of set radiant heat flux. The CAPA II sample 

composition was defined in the model to include 6.2 wt.% of moisture (on dry mass basis) to 

accurately reflect the moisture content of the studied samples. The parameter optimization was 

performed using a hill climbing algorithm implemented as a MATLAB script and coupled with 

ThermaKin2Ds, as detailed in an earlier publication (Fiola et al., 2021). A comparison of the 

experimental Ὕ  profiles with those obtained using the optimized model parameters is shown 

in Figure 3.10. The model somewhat underestimates the experimental temperatures in the early 

 

Figure 3.10. Experimental and simulated CAPA II  bottom sample surface temperature profiles 

obtained for PTW at 29 and 63 kW m-2 of set radiant heat flux. Some uncertainty bars are hard 

to discern because they are comparable in size to the experimental data symbols. CAPA II , 

Controlled Atmosphere Pyrolysis Apparatus II ; PTW, pressure treated wood. 
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stages of the tests but provides good agreement for most of the test durations. The optimized 

thermal conductivity values are summarized in Table 3.9. 

The validation of the fully formulated PTW pyrolysis model was performed in two stages. 

First, the experimental CAPA II MLR profiles were compared with the model predictions. This 

comparison is given in Figure 3.11. The model captured the experimental MLR well with the 

exception of late stages of the CAPA II tests where the model underestimated the experimental 

data. This discrepancy between the model and experiments is potentially due to changes in the 

shape of the sample not captured by the model. Near the end of the CAPA II tests, the samples lost 

their flat shape and formed a shallow paraboloid with both top and bottom surfaces located near 

the axis of the sample shifting toward the heater. Subsequently, the samples fractured into several 

pieces. 

 

 

Figure 3.11. Experimental and simulated CAPA II mass loss rate profiles obtained for PTW at 

29 and 63 kW m-2 of set radiant heat flux. CAPA II, Controlled Atmosphere Pyrolysis 

Apparatus II ; PTW, pressure treated wood. 
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In the second stage of validation, the experimental cone calorimetry results were compared 

with the model predictions. It is important to note that the conditions of the cone calorimetry tests 

were significantly different from those realized in the CAPA II tests. Aside from an obvious 

difference associated with the presence of a flame in the cone tests, these tests used a different 

radiant heat flux setting (50 kW m-2) and were performed on significantly thicker samples (15.5-

mm thick, instead of 9.0-mm thick samples used in CAPA II tests). In addition, the cone samples 

had notably higher moisture content, 7.8 ± 0.5 wt.% (on dry mass basis), and the surfaces of these 

sample that were not exposed to the radiant heater were thermally insulated with Kaowool PM. In 

the CAPA II tests, the unexposed (bottom) sample surface was open to the atmosphere. A 

comparison between the model and the results of the cone calorimetry measurements is provided 

in Figure 3.12. Overall, the model predicted the cone test results well. The model somewhat 

overestimated the experimental HRR during the first half of the test. This is most likely a 

consequence of using MCC-derived heats of combustion, which represent complete combustion 

of the gaseous pyrolysis products. In cone calorimetry tests, the combustion tends to be incomplete. 

 

Figure 3.12. Experimental and simulated cone calorimetry data obtained for PTW at 50 kW m-

2 of set radiant heat flux. The experimental data are represented by a shaded area defined by 

computed uncertainties. PTW, pressure treated wood. 
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3.3.3 Kinetics and Thermodynamics of the Thermal Decomposition of Trex 

The results of Trex shell TGA tests indicated that the samples contained a mixture of 77 

wt.% of a non-charring thermoplastic (PE, according to the manufacturer (Trex, 2025)) and 23 

wt.% of an additive, a brown powder that was left in the crucible after the thermal decomposition 

of a Trex shell sample. This additive was most likely inorganic in nature because it did not lose 

mass when heated to 1000 K in nitrogen or air. Based on this information, undecomposed Trex 

shell was assumed to consist of PE component representing semi-crystalline PE and ADD 

component representing an inert additive mixed with PE in the aforementioned proportions. 

The PE component was assumed to undergo a sequence of melting and one-step thermal 

decomposition captured by first-order reactions listed in Table 3.10. The kinetics of the thermal 

decomposition reaction were optimized to fit the Trex shell TGA data collected at 10 K min-1. The 

results of this optimization are shown in Figure 3.13. Apart from a minor mass loss in the 620 – 

700 K temperature range, the model captured the experimental data with accuracy comparable 

with the experimental data uncertainties. Figure 3.14 and Figure 3.15 show that the thermal 

decomposition model also captured the experimental Trex shell TGA data collected at the nominal 

heating rates of 5 and 20 K min-1. This result also suggests that neither the material of the crucible 

nor presence of lids had a significant impact on the collected TGA data. 
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Table 3.10. A reaction mechanism for melting and thermal decomposition of PE component in 

Trex. Undecomposed Trex shell samples were defined to contain 77 wt.% of PE component 

and 23 wt.% of ADD component (representing an inert additive). 

Reaction # Reaction equation 

1 PE O  PE_melt  

2 PE_melt  OPE_gas 

Abbreviation: PE, polyethylene. 

 

Figure 3.13. Experimental and simulated TGA data obtained for Trex shell at a nominal heating 

rate of 10 K min-1. Some uncertainty bars are hard to discern because they are comparable in 

size to the experimental data symbols. TGA, thermogravimetric analysis. 
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Figure 3.14. Experimental and simulated TGA data obtained for Trex shell at a nominal heating 

rate of 5 K min-1. Some uncertainty bars are hard to discern because they are comparable in 

size to the experimental data symbols. TGA, thermogravimetric analysis. 

 

 

Figure 3.15. Experimental and simulated TGA data obtained for Trex shell at a nominal heating 

rate of 20 K min-1. Some uncertainty bars are hard to discern because they are comparable in 

size to the experimental data symbols. TGA, thermogravimetric analysis. 
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The heat capacities of PE and PE_melt components were assigned the same temperature 

averaged value obtained for a high-density PE (Stoliarov et al., 2009). The heat capacity of ADD 

component was also assumed to be independent of temperature and was determined by fitting a 

segment of the Trex shell 10 K min-1 heating-rate-normalized DSC heat flow curve located 

between melting and the onset of decomposition. The Arrhenius parameters of the melting step, 

the heat of melting, and the heat of the thermal decomposition reaction were optimized to fit the 

overall 10 K min-1 DSC heat flow data. A comparison of the optimized model with the 

experimental heat flow and integral heat flow profiles normalized by the initial sample mass is 

provided in Figure 3.16.  The model captures the data reasonably well. The resulting kinetic and 

thermodynamic parameters are summarized in Table 3.11 and Table 3.12. The heat of combustion 

of PE_gas, 4.16 × 107 J kg-1, was determined directly from the integration of the MCC HRR 

experimental data obtained for Trex shell. A comparison of this data with modeling results can be 

found in Figure 3.17. 
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Figure 3.16. Experimental and simulated DSC data obtained for Trex shell at a nominal heating 

rate of 10 K min-1. Some uncertainty bars are hard to discern because they are comparable in 

size to the experimental data symbols. DSC, differential scanning calorimetry. 

 

 

Figure 3.17. Experimental and simulated MCC data obtained for Trex shell at a nominal 

heating rate of 10 K min-1. Some uncertainty bars are hard to discern because they are 

comparable in size to the experimental data symbols. MCC, microscale combustion 

calorimetry. 
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Based on the information from the manufacturer (Trex, 2025) and visual appearance (see 

Figure 2.4), Trex core was hypothesized to consist of wood particles blended with PE. Therefore, 

attempts were made to construct a thermal decomposition model for this material by combining 

an existing thermal decomposition model of a wood product with the model for PE component 

developed through the analysis of Trex shell samples. The thermal decomposition models for OSB 

(Gong et al., 2021), Western Red Cedar (De Beer, 2023), and PTW were tried. The model for PTW 

developed in this work yielded the best results capturing both TGA and DSC data obtained for 

Trex core samples, as shown in Figure 3.18 and Figure 3.19. The agreement between the 

Table 3.11. Reaction parameters obtained for melting and thermal decomposition of PE 

component in Trex. 

Reaction # A (s-1) E (J mol-1) ȹHr (J kg-1) (+exo) 

1 3.50 × 1060 4.80 × 105 -0.85 × 105 

2 2.42 × 1024 3.79 × 105 -3.05 × 105 

Abbreviation: PE, polyethylene. 

Table 3.12. Heat capacities of the condensed-phase components of decomposing Trex shell. 

Component Cp (J kg-1 K-1) 

PE 2680 

PE_melt 2680 

ADD 2200 

Abbreviation: PE, polyethylene 
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experimental data and simulations is remarkable, given that the only adjustable parameter used to 

capture the experimental data was the mass fraction of PTW component in the PTW and PE 

component blend. This mass fraction was determined to be 66 wt.%. Figure 3.20 and Figure 3.21 

show that the model also captures the experimental Trex core TGA data collected at the nominal 

heating rates of 5 and 20 K min-1. Furthermore, as shown in Figure 3.22, the model accurately 

predicts the MCC data obtained for Trex core without any adjustments to the heats of combustion 

of the gaseous products of decomposition of PTW or PE. 

 

 

Figure 3.18. Experimental and simulated TGA data obtained for Trex core at a nominal heating 

rate of 10 K min-1. In the model, the Trex core was represented by a mixture of 66 wt.% of 

PTW component and 34 wt.% of PE component. Some uncertainty bars are hard to discern 

because they are comparable in size to the experimental data symbols. PE, polyethylene; PTW, 

pressure treated wood; TGA, thermogravimetric analysis. 
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Figure 3.19. Experimental and simulated DSC data obtained Trex core for at a nominal heating 

rate of 10 K min-1. DSC, differential scanning calorimetry. 

 

 

Figure 3.20. Experimental and simulated TGA data obtained for Trex core at a nominal heating 

rate of 5 K min-1. Some uncertainty bars are hard to discern because they are comparable in 

size to the experimental data symbols. PE, polyethylene; PTW, pressure treated wood; TGA, 

thermogravimetric analysis. 
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Figure 3.21. Experimental and simulated TGA data obtained for Trex core at a nominal heating 

rate of 20 K min-1. Some uncertainty bars are hard to discern because they are comparable in 

size to the experimental data symbols. PE, polyethylene; PTW, pressure treated wood; TGA, 

thermogravimetric analysis. 

 

 

Figure 3.22. Experimental and simulated MCC data obtained for Trex core at a nominal heating 

rate of 10 K min-1. Some uncertainty bars are hard to discern because they are comparable in 

size to the experimental data symbols. MCC, microscale combustion calorimetry. 
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3.3.4 Pyrolysis and Combustion of Trex 

Following the same approach as was used for PTW, all condensed-phase components 

associated with Trex shell and Trex core were assumed to be opaque to thermal radiation. All gas-

phase components were assumed to be transparent to thermal radiation. The broadband 

emissivities of PE, PE_melt, and ADD components were assigned the value measured for a high-

density PE (Stoliarov et al., 2009). The emissivities of undecomposed PTW and its condensed-

phase decomposition products were assumed to be the same as those used in the PTW pyrolysis 

model. The emissivity data are summarized in Table 3.13 together with other thermophysical 

properties discussed later in this section. 

Table 3.13. Broadband emissivities, densities, and thermal conductivities of the condensed-

phase components of decomposing Trex shell and Trex core. 

Component Ů ɟ (kg m-3) k (W m-1 K-1) 

PE 0.92 950 0.27 

PE_melt 0.92 950 0.27 

ADD 0.92 1195 0.27 

PTW 0.81 1103 0.15 

PTW1 0.78 435 0.09 

PTW2 0.76 187 0.16 

PTW3 0.73 153 0.48 

Char 0.70 108 0.33 

Abbreviations: PE, polyethylene; PTW, pressure treated wood. 
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Just like in the case of the gaseous products of the thermal decomposition of PTW 

component, the heat capacity of the gaseous product of the thermal decomposition of PE_melt 

(PE_gas) was assumed to be equal to 2100 J kg-1 K-1, which is the mean heat capacity of a 

collection of C1 to C8 hydrocarbons at 600 K (Swann et al., 2019). The density of PE and PE_melt 

components was assigned the value obtained for a solid high-density PE (Stoliarov et al., 2009). 

The density of ADD component was computed from the measured density of Trex shell samples 

and the composition of these samples derived from the results of TGA tests (see Section 3.3.3). 

Similarly, the density of PTW component (representing undecomposed wood particles embedded 

into Trex core) was computed from the measured density of Trex core samples and the composition 

of these samples derived from the results of STA tests. The densities of PE and PE_melt 

components present in Trex shell and Trex core portions of Trex board were assumed to be the 

same. The gas-phase products of PE_melt and PTW decomposition were set not to contribute to 

the overall Trex volume and, by extension, to its thermal conductivity. The thermal conductivities 

of PE, PE_melt, and ADD components were assigned the same temperature averaged value 

obtained for a high-density PE (Stoliarov et al., 2009). The densities of the condensed-phase 

products of decomposition of PTW component were optimized to fit the sample thickness 

evolution observed in the CAPA II tests performed at 40 and 70 kW m-2 of set radiant heat flux. 

The thermal conductivities of these products and undecomposed PTW were optimized 

simultaneously to capture the corresponding Ὕ  data. The CAPA II samples were defined in 

the model to consist of a 0.4-mm thick Trex shell layer facing the heater and located on the top of 

an 8.7-mm-thick Trex core layer. Comparisons of the experimental sample thickness and Ὕ  

profiles with those obtained using the optimized model parameters are shown in Figure 3.23 and 

Figure 3.24, respectively. With exception of Ὕ  collected in the very late stages of the 70-
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kW- m-2 test, the model captured the experimental data well. The densities and thermal 

conductivities of all condensed-phase components of decomposing Trex board are summarized in 

Table 3.13. 

 

 

Figure 3.23. Experimental and simulated CAPA II  sample thickness profiles obtained for Trex 

at 40 and 70 kW m-2 of set radiant heat flux. CAPA II , Controlled Atmosphere Pyrolysis 

Apparatus II . 

 

 

Figure 3.24. Experimental and simulated CAPA II bottom sample surface temperature profiles 

obtained for Trex at 40 and 70 kW m-2 of set radiant heat flux. Some uncertainty bars are hard 

to discern because they are comparable in size to the experimental data symbols. CAPA II , 

Controlled Atmosphere Pyrolysis Apparatus II .  
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Just like in the case of PTW, the validation of the fully formulated pyrolysis model for Trex 

was performed in two stages. First, the experimental CAPA II MLR profiles were compared with 

the model predictions. This comparison is given in Figure 3.25. Aside from a moderate 

underestimation of the first peak MLR at 40 kW m-2, the model captured the experimental data 

well. In the second stage of the validation, the experimental cone calorimetry results obtained for 

significantly thicker samples containing 15.1-mm-thick Trex core layer were compared with the 

model predictions. This comparison is shown in Figure 3.26. Overall, the agreement is good. The 

model overestimated the global MLR and HRR maxima. However, these peaks are so sharp (only 

a few seconds in width) that it is unlikely that their shapes were fully resolved in the experimental 

data. The model also underestimated the experimental MLR at the very late stages of the test, 

which can be potentially attributed to a somewhat lower density of the bottom portion of Trex 

core. Finally, the model somewhat underestimated the time to ignition. Similar in magnitude, 

discrepancies between a pyrolysis-model-computed time to ignition and corresponding 

experimental cone calorimetry data were reported for a high-density PE (Stoliarov et al., 2009). 

These discrepancies are most likely associated with a reaction of the heated sample surface with 

environmental oxygen prior to ignition. This reaction, which creates a thin film of dark residue, 

was not taken into account in the pyrolysis models parameterized based on anaerobic experiments. 

 

 

 

 

 

 



117 

 

 

 

Figure 3.25. Experimental and simulated CAPA II mass loss rate profiles obtained for Trex at 

40 and 70 kW m-2 of set radiant heat flux. CAPA II , Controlled Atmosphere Pyrolysis 

Apparatus II . 

 

 

Figure 3.26. Experimental and simulated cone calorimetry data obtained for Trex at 50 kW m-

2 of set radiant heat flux. The experimental data are represented by a shaded area defined by 

computed uncertainties. 
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3.4 Concluding Remarks 

Pyrolysis model parameterization was constructed through well-established hierarchical 

methodology which consists of thermogravimetric analysis, differential scanning calorimetry, and 

microscale combustion calorimetry experiments. This methodology was used to parameterize the 

kinetics and thermodynamics of the thermal decomposition and combustion through inverse 

modeling of the data obtained from milligram-scale experiments. Controlled atmosphere pyrolysis 

and cone calorimetry tests were carried out using gram-sized samples to determine thermal 

transport properties and validate the results of pyrolysis model parameterization. Experimental 

results were analyzed using inverse modeling with a numerical pyrolysis code, ThermaKin2Ds. 

PTW decomposition mechanism was assumed to consist of four sequential, first-order 

reactions with one reaction representing vaporization of water. The last two processes of the 

sequential reactions were revealed to be exothermic processes. Wood-plastic composite (Trex) 

was assumed to comprise of an exterior thin layer designated as Trex shell (77 wt.% of PE, 23 wt.% 

of inert additive) and interior portion specified as Trex core (66 wt.% of PTW, 34 wt.% of PE) 

through TGA experimental data. The reaction mechanism for the thermal degradation of Trex shell 

was found to contain one step of melting and thermal decomposition of PE component. Densities 

and thermal conductivities of the condensed-phase components of Trex were optimized to fit the 

thickness and bottom surface temperature profiles, respectively. 
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4 Modeling of Ignition of Flammable Substrates Exposed to 

Glowing Firebrands  

De Beer and coauthors (De Beer et al., 2023b) developed an empirical model that predicts 

time-resolved heat flux from a firebrand pile to the preleading and leading zones of the substrates 

based on the data collected (0.9 – 2.7 m s-1) air flow velocity and 0.06 – 0.16 g cm-2 firebrand 

coverage densities. The objective of the work described in this chapter is to combine this heat flux 

model with the pyrolysis models for PTW and Trex developed in this work (see Chapter 3) and 

pyrolysis model for WRC developed in (De Beer, 2023) to determine whether the heat release 

rates (HRR) computed by this combined model can be used to determine the probability and timing 

of ignitions observed in the current wind tunnel experiments (see Chapter 2) and earlier wind 

tunnel experiments on WRC (De Beer et al., 2023a). 

4.1 Firebrand Heat Feedback Model 

In the model of firebrand heat feedback to the preleading zone developed by De Beer and 

coauthors (De Beer et al., 2023a), the heat flux from the firebrands was assumed to be radiative in 

nature and represented by a piecewise linear function of time shown in Figure 4.1. This function 

consists of a sharp rise followed by a gradual decay. This increase represents the exposure of the 

deposited firebrand pile to an incoming air flow at the initial stage of the experiment. The decay 

depicts the consumption of the firebrand pile. 
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The sharp rise is described using parameters; the start of the heat flux, HFt=0 (kW m-2), the 

heat flux rise rate, HFRise (kW m-2 s-1) and the time to peak heat flux, tRise (s). HFt=0 represents the 

environmental heat flux based on an atmospheric temperature of 293 K. The peak heat flux, HFPeak 

(kW m-2), is equal to the HFt=0 plus the product of HFRise and tRise. The gradual decay is specified 

using the heat flux decay rate, HFDecay (kW m-2 s-1), the time to decay, tDecay (s), from the peak to 

the final constant heat flux, HFFinal (kW m-2). 

The parameters of the function were specified to be dependent on the firebrand coverage 

density, ‪ (in g cm-2), and air flow velocity, ’ (m s-1), using a general expression of the form:  

(ÅÁÔ ÆÌÕØ ÐÁÒÁÍÅÔÅÒ ‪ȟ’ (ÅÁÔ ÆÌÕØ ÐÁÒÁÍÅÔÅÒ ‪ πȢρφ Ç ÃÍȟ’ Ὂ‪   (4.1) 

 

Figure 4.1. The dependence of incident radiant heat flux on time used to represent the heat 

feedback from a firebrand pile to the target substrate surface. 
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with specific expressions defined for each parameter and summarized in Table 4.1. Table 4.2 lists 

the heat flux parameter values corresponding to the wind tunnel experiments performed in this 

study that were that were computed using Eq. (4.1) and parameters in Table 4.1. These parameters 

define the incident radiant heat flux profiles in the preleading zones of the substrates after the 

firebrands were deposited on the surface and the wind tunnel was sealed. The preleading zone 

surfaces were also subjected to convective cooling from incoming air flow. This convective 

cooling was defined using well-known forced flow correlations (Incropera et al., 2010). These 

correlations can be described by Eq. (4.2) and (4.3). 

 ὬȟȢ ὔό Ὧ Ⱦὒ   (4.2) 

ὔό πȢσσς ὙὩ
Ⱦ
 ὖὶȾ  ὙὩ υ  ρπȟὖὶ πȢφ  (4.3) 

where Ὤȟ  (W m-2 K-1), ὔό , and ὙὩ  are convective heat transfer coefficient, Nusselt 

number, and Reynolds number, respectively. ὖὶ, Ὧ  are the Prandtl number and thermal 

conductivity of forced flow. ὒ  is the characteristic length, which is equal to the distance from 

the entrance of the test section of the wind tunnel to the center of the preleading zone, 0.125 m. 

All these quantities were evaluated for air at the film temperature of 493 K. This film temperature 

was determined as the average temperature of ambient temperature (293 K) and the average 

substrate surface temperature measured underneath firebrand piles, 693 K (Salehizadeh et al., 2021; 

Richter et al., 2022). The convective heat transfer coefficients were found to be 5.1, 6.3, 8.3, and 

8.8 W m-2 K-1 for 0.9, 1.4, 2.4, and 2.7 m s-1 air flow velocities, respectively (De Beer et al., 2023b). 
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Table 4.1. A set of functions that define the relation between the heat flux profile parameters 

obtained for the preleading zone, air flow velocity (’ in m s-1) and coverage density (‪ in m s-

1) (De Beer et al., 2023b). 

Heat flux parameter Correlation 

Ὂ‪   

HFRise rate, HFDecay rate, HFFinal 

tRise (s) 

ÔÁÎÈρς ³ ‪  

ρ 

Heat flux parameter (‪ = 0.16 g cm-2, ’)   

HFRise (kW m-2 s-1) 

tRise (s) 

HFDecay (kW m-2 s-1) 

HFFinal (kW m-2 s-1) 

πȢςω’ ρȢτω’ πȢρ 

πȢυψ’ πȢυπ’ τσ 

πȢπς’ πȢρσ’ πȢπρ 

ψ 
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Table 4.2. Parameters that define incident radiant heat flux in the preleading zone for firebrand 

pile densities and air flow velocities explored in the current study. 

’ 

(m s-1) 

‪ 

(g cm-2) 

HFAtmo 

(kW m-2) 

HFRise 

(kW m-2s-1) 

tRise 

(s) 

HFPeak 

(kW m-2) 

HFDecay 

(kW m-2s-1) 

tDecay 

(s) 

HFFinal 

(kW m-2) 

0.9 

0.16 0.4 

1.16 42.1 49.21 -0.137 303 

7.7 

1.4 1.55 41.2 64.20 -0.221 256 

2.4 1.92 38.5 74.24 -0.419 159 

2.7 1.92 37.4 72.25 -0.485 133 

0.9 

0.06 0.4 

0.74 42.1 31.54 -0.088 303 

4.9 

1.4 1.00 41.2 41.56 -0.143 256 

2.4 1.24 38.5 48.09 -0.270 160 

2.7 1.24 37.4 46.80 -0.313 134 
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4.2 Preleading Zone Heat Release Rate Calculations 

The preleading HRR profiles were computed for each combustible substrate of interest 

(WRC, PTW, and Trex) using ThermaKin (Stoliarov and Lyon, 2008) ran in the one-dimensional 

(1D) mode. The pyrolysis properties PTW and Trex were measured in this study. The results of 

these measurements are presented in Chapter 3. The pyrolysis properties of WRC were measured 

in an earlier work (De Beer, 2023). The thickness of WRC, PTW were set in the simulations to 21 

mm, 18.6 mm. For WRC and PTW, these thicknesses corresponded to the sample thickness used 

in the wind tunnel experiments. The Trex samples were defined to consist of a 0.4-mm thick Trex 

shell at the top (facing the firebrands) and 19-mm Trex core at the bottom. As stated in Section 2, 

the Trex board was grooved and varied in thickness from 15 mm to 25 mm. Therefore, an average 

thickness of 19-mm was used for Trex core in the simulation. 

Trex was determined to contain insignificant amounts of moisture. The moisture contents 

of WRC and PTW were set in the model at 4.6 wt.% and 7.0 wt.% (on dry mass basis), respectively, 

to match the average moisture contents of the samples used in the wind tunnel experiments. The 

convective and radiative boundary conditions used in the simulations for the top, firebrand-pile-

facing boundary were defined as explained Section 4.1. The bottom boundary was assumed to be 

exposed to the background radiation (0.4 kW m-2) and convective cooling dominated by natural 

convection with the convection coefficients set at 4.82 W m-2 K-1 (De Beer et al., 2023b). The top 

boundary was set to provide no resistance to the flow of gaseous pyrolyzate, whereas no mass flow 

was allowed through the bottom boundary. All simulations were performed using Dx = 0.05 mm 

spatial discretization and 0.01 s time step. Reducing or increasing these parameters by a factor of 

two did not produce significant differences in the results indicating convergence. 
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The computed HRR profiles for all relevant firebrand coverage densities and air flow 

velocities can be found in Figure 4.2. These profiles were computed using the heats of combustion 

of gaseous pyrolyzate measured in MCC and thus assume complete or nearly complete combustion. 

For all materials and firebrand coverage densities, the time to peak HRR decreases with increasing 

air flow velocity increasing up to 2.4 m s-1 and plateaus at 2.4 – 2.7 m s-1. Trex subjected to an air 

flow velocity of 2.4 m s-1 and coverage density of 0.16 g cm-2 has the highest peak HRR of 409 

kW m-2. The peak HRR increases with an increasing air flow velocity up to 2.4 m s-1 and decreases 

at 2.4 – 2.7 m s-1, primarily due to increasing impact of convective cooling. As the coverage density 

increases, time to peak HRR decreases for all materials. For all conditions, Trex has a longer time 

to peak HRR than WRC or PTW. At a coverage density of 0.16 g cm-2, Trex has higher peak HRR 

than WRC and PTW except for the air flow velocity of 0.9 m s-1. At the lowest coverage density 

of 0.06 g cm-2, Trex has the lowest peak HRR. 
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Figure 4.2. Preleading zone heat release rate profiles computed for WRC, PTW, and Trex 

exposed to firebrand piles. 
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4.3 Measured Ignition Probability, Time to Ignition, and Burn Duration 

The purpose of this section is to consolidate the data on preleading zone ignition 

probability, time to ignition, and burn duration obtained in the wind tunnel experiments 

performed on WRC, PTW, and Trex. These consolidated data will be used to examine whether 

they are related to the HRR profiles computed under the same experimental conditions. Since 

majority of PTW and Trex wind tunnel tests were performed using the 10-cm firebrand pile 

orientation (see Figure 2.14), it is the data collected in this orientation that will be the target of 

this analysis. Unfortunately, most of the preleading zone ignition probability data obtained for 

WRC was collected using the 5-cm firebrand pile orientation (De Beer et al., 2023a). Therefore, 

these probabilities were converted to the 10-cm orientation probabilities using an empirical Eq. 

(2.6) developed in this work. A summary of the probability data can be found in Table 4.3. The 

experimental time to ignition and burn duration data obtained at firebrand coverage density of 

0.16 g cm-2 are summarized in Table 4.4. Here it was assumed that neither the time to ignition 

and nor burn duration data obtained for WRC (which were collected 5-cm firebrand pile 

orientation) were significantly affected by the pile orientation. Therefore, no corrections were 

made to this data. The 0.06 g cm-2 firebrand coverage density time to ignition and burn duration 

data were not used in the current analysis because the probability of ignition was below 0.5 in 

all experiments at this coverage density. 
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Table 4.3. Measured preleading zone ignition probabilities for WRC, PTW, and Trex obtained 

for 10-cm firebrand pile orientation unless noted otherwise.  

Coverage  

density  

(g cm-2) 

Air flow  

velocity  

(m s-1) 

Preleading zone ignition probability 

WRC PTW Trex 

0.16 

0.9 0.41* - 0 

1.4 0.97* 0.22 0.33 

2.4 1 0.67 0.67 

2.7 0.84* 0.67 0.69 

0.06 

0.9 - - - 

1.4 0.41* 0.22 0 

2.4 0.41* 0.33 0 

2.7 - 0.11 0 

* Computed from 5-cm firebrand pile orientation experiments using Eq. (2.6). 
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Table 4.4. Measured preleading zone time to ignition and burn duration data obtained at 

firebrand coverage density of 0.16 g cm-2. 

Material 

Coverage 

density 

(g cm-2) 

Air flow 

velocity 

(m s-1) 

Time to ignition  

(s) 

Burn duration 

(s) 

Mean 2 SE Mean 2 SE 

WRC 0.16 

1.4 28 20 13.5 56 

2.4 7 5 55 45 

2.7 41 15.8 33 14 

PTW 0.16 

1.4 67 16 85 24 

2.4 28 17.8 45 20.3 

2.7 14 5.8 54 21.3 

Trex 0.16 

1.4 40 13.1 149 88 

2.4 30 9.3 110 69 

2.7 27 8.1 150 48.2 
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4.4 Development of Ignition Model for the Preleading Zone  

Two hypotheses have been explored in this work. The first hypothesis was an existence of 

a relationship between peak average HRR (HRRPeak) and the preleading zone ignition probability. 

This hypothesis was based on the work of Lyon and Quintiere (Lyon and Quintiere, 2007) who 

showed that the time of piloted ignition of a combustible solid exposed to external radiant heat 

flux can be defined as the time when a virtual HRR (the HRR computed assuming combustion of 

gaseous pyrolyzate) reaches a critical threshold. In this work, HRRPeak were computed as the 

maximum values of 10 s running averages of the simulated HRR profiles shown in Figure 4.2. 

This particular time interval (10 s) was selected for averaging because it took between 5 and 10 s 

to establish if a flame was formed on the substrate surface in the wind tunnel experiments. The 

computed HRRPeak values and the time intervals over which they were observed are provided in 

Table 4.5 and Table 4.6. The second hypothesis was that the probability of ignition in the 

preleading zone is defined by a ratio between the rate of heat released in combustion and the rate 

of convective cooling of the preleading zone. This ratio,   , was expressed as 

   (4.4) 

where Ὤ is the convection coefficient defined in Section 4.1 above; Ὕ  is the flame quenching 

temperature, 1570 K (Drysdale, 2011); and Ὕ  is environmental temperature set to 293 K. This 

parameter (  ) is similar to Damköhler number (Drysdale, 2011) as it effectively compares the 

rate of combustion reaction with the rate mixing. The higher    the more likely that a stable 

diffusion flame will form. The values of    are also provided in Table 4.5 and Table 4.6. 
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Table 4.5. Peak average HRR, corresponding time ranges, and flame stability parameter, 

  , values computed from the HRR profiles shown in Figure 4.2 for the firebrand coverage 

density of 0.16 g cm-2. 

Testing 

conditions 
Material 

HRRPeak 

(kW m-2) 

Time range 

(s) 

   

(-) 

0.9 m s-1 

0.16 g cm-2 

WRC 87.0 54 – 64 13.6 

PTW 98.1 64 – 74 15.3 

Trex 70.3 111 – 121 11.0 

1.4 m s-1 

0.16 g cm-2 

WRC 136.0 41 – 51 17.2 

PTW 163.2 44 – 54 20.5 

Trex 331.8 87 – 97 41.9 

2.4 m s-1 

0.16 g cm-2 

WRC 159.2 37 – 47 15.3 

PTW 198.4 38 – 48 19.0 

Trex 409.4 67 – 77 39.2 

2.7 m s-1 

0.16 g cm-2 

WRC 150.6 36 – 46 13.6 

PTW 182.7 38 – 48 16.5 

Trex 235.5 67 – 77 21.3 
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Table 4.6. Peak average HRR, corresponding time ranges, and flame stability parameter, 

  , values computed from the HRR profiles shown in Figure 4.2 for the firebrand coverage 

density of 0.06 g cm-2. 

Testing 

conditions 
Material 

HRRPeak 

(kW m-2) 

Time range 

(s) 

   

(-) 

0.9 m s-1 

0.06 g cm-2 

WRC 25.4 96 – 106 4.0 

PTW 19.8 119 – 129 3.1 

Trex 7.3 176 – 186 1.1 

1.4 m s-1 

0.06 g cm-2 

WRC 54.4 67 – 77 6.9 

PTW 53.4 83 – 93 6.7 

Trex 24.3 131 – 141 3.1 

2.4 m s-1 

0.06 g cm-2 

WRC 64.5 51 – 61 6.2 

PTW 60.7 62 – 72 5.8 

Trex 19.6 102 – 112 1.3 

2.7 m s-1 

0.06 g cm-2 

WRC 54.1 51 – 61 4.9 

PTW 44.6 62 – 72 4.0 

Trex 10.5 95 – 105 1.0 
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The graphs showing relationships of the experimental ignition probability data with 

HRRPeak, and    are shown in Figure 4.3. These graphs demonstrate that neither of these 

parameters provides a well-defined relationship with the ignition probability data. However, both 

parameters can reasonably well delineate between the experiments where the ignition occurs with 

a low probability, < 0.5, and high probability, > 0.5. With HRRPeak = 120 kW m-2 as a threshold, 

this parameter provided a slightly better separation between the low and high probability data than 

  . Therefore, HRRPeak is selected for further analysis. The two outlines that do not obey the 

HRRPeak = 120 kW m-2 threshold are the probability data collected for PTW and Trex at 1.4 m s-1 

air flow velocity and 0.16 g cm-2 coverage density. These outliers are likely a consequence of 

partial quenching of smoldering firebrands by the combustible substrates (due to heat losses to the 

substrates) that are not taken into account in the current model formulations.  

A continuous correlation between 10-cm pile ignition probability, ὴ  , and HRRPeak can 

be obtained by fitting the data with a logistic function (Hoyo et al., 2011): 

ὴ  ρȾὩὼὴ‘ (22 Ⱦί (4.5) 

where ‘ and ί are fitting parameters. Choosing ‘ = 120 kW m-2 and ί = 20 kW m-2 provides the 

best fit of the data as shown in Figure 4.4. 
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Figure 4.3. Preleading zone ignition probability versus (a) peak average HRR and (b) flame 

stability parameter (  ) for each substrate. 

 

Figure 4.4. Preleading zone ignition probability versus peak average HRR with a best fit 

represented as a black solid line. 
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The time to ignition and burn duration can also be estimated from the modeled HRR shown 

in Figure 4.2 by determining the time when HRR exceeds and subsequently fall below 120 kW m-

2 as illustrated in Figure 4.5. The computed values of the time to ignition and burn duration can be 

found in Table 4.7. 

 

 

Figure 4.5. Determination of preleading zone time to ignition and burn duration from simulated 

HRR data. The HRR profile shown was obtained for Trex at 1.4 m s-1 air flow velocity and 0.16 

g cm-2 firebrand coverage density. 
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Table 4.7. Modeled preleading zone times to ignition and burn durations obtained for of WRC, 

PTW, and Trex at firebrand coverage density of 0.16 g cm-2. 

Material 

Coverage 

density 

(g cm-2) 

Air flow 

velocity 

(m s-1) 

Time to ignition 

(s) 

Burn duration 

(s) 

WRC 0.16 

1.4 26.2 18.7 

2.4 20.6 25.9 

2.7 20.7 20.5 

PTW 0.16 

1.4 27.7 47.6 

2.4 22.2 45 

2.7 22.3 33.9 

Trex 0.16 

1.4 52.4 75.1 

2.4 40 55.9 

2.7 43.6 39.6 
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The measured and predicted preleading zone times to ignition are shown in Figure 4.6. The 

dashed line represents equality. Trex has the closest agreement because its uncertainties are the 

lowest. WRC with air flow velocity of 1.4 m s-1 and 0.16 g cm-2 coverage density also has good 

agreement. On the other hand, PTW with air flow velocity of 1.4 m s-1 and 0.16 g cm-2 coverage 

density is poorly captured by the model. The experimental uncertainties are shown in Figure 4.6 

as plus or minus two standard deviations of the mean. 

 

 

Figure 4.6. Comparison between measured and modeled preleading zone time to ignition for 

WRC, PTW, and Trex at various air flow velocities and a coverage density of 0.16 g cm-2. 
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The measured and modeled preleading zone burn durations are shown in Figure 4.7 for the 

same conditions of Figure 4.6. The agreement is the best for PTW. It is the worst for WRC with 

air flow velocity of 1.4 m s-1 and a coverage density of 0.16 g cm-2 and for Trex with 2.7 m s-1 air 

flow velocity and a coverage density of 0.16 g cm-2. The experimental uncertainties are shown in 

Figure 4.7 as plus or minus two standard deviations of the mean. 

 

 

 

Figure 4.7. Comparison between measured and modeled preleading zone burn duration for 

WRC, PTW, and Trex at various air flow velocities and a coverage density of 0.16 g cm-2. 
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4.5 Concluding Remarks 

An empirical model of firebrand pile heat flux developed in earlier work was used to 

simulate preleading zone ignition and combustion WRC, PTW, and Trex exposed to glowing 

firebrand piles. It was determined that the simulations where the peak average HRR (HRRPeak) 

reached at least 120 kW m-2 corresponded to a high (> 0.5) probability of ignition whereas the 

simulations where HRRPeak was significantly lower corresponded to a low probability of ignition. 

The HRR = 120 kW m-2 threshold was also found to be a reasonably good predictor of the time to 

ignition. 
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5 Conclusions 

The response of PTW and Trex exposed to glowing firebrand piles was studied in a bench-

scale wind tunnel setup at 0.9–2.7 m s-1 air flow velocities and 0.06 and 0.16 g cm-2 firebrand 

coverage densities using 5 × 10 cm2 footprint piles with either 10-cm or 5-cm sides 

perpendicular to the direction of air flow.  

Several distinct types of ignition phenomena were identified that may lead to fire growth. 

For both combustible substrates, the formation of a luminous diffusion flame attached to the 

substrate surface located in front of the air-flow-facing edge of the firebrand pile (preleading 

zone ignition) occurred with a high (>  60%) probability in 10-cm pile orientation experiments 

performed at higher air flow velocities (2.4 – 2.7 m s-1) and the high (0.16 g cm-2) firebrand 

coverage density. Preleading zone flames formed early in the experiments and lasted for up to 

240 s, eventually extinguishing due to a buildup of char, which is known to reduce burning rate 

(Gong et al., 2021). Although preleading zone ignitions did not lead to growing fires, a scenario 

is possible involving a more complex combustible substrate geometry, a decreasing or 

fluctuating air flow velocity, and/or additional radiative heating from an approaching fire where 

extinction would not occur, and the fire would continue to grow. 

 The PTW and Trex preleading zone ignition probabilities determined at 2.7 m s-1 air flow 

velocity and 0.16 g cm-2 firebrand coverage density decreased by about a factor of 3 when the 

pile was rotated 90o so that 5-cm sides were perpendicular to the direction of the air flow. This 

observation indicates that the length of the air-flow-facing edge of the pile is one of the main 

parameters controlling the ignition propensity. A comparative analysis of the Kaowool PM back 

surface temperature data revealed that the change in the pile orientation does not significantly 

affect the heat flux from the firebrands to the substrate. Therefore, the decrease in the preleading 
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zone ignition probability is primarily due to a decrease in the surface area of the substrate located 

in front of the air-flow-facing edge of the pile and, secondarily, to changes in the flow structure 

resulting in reduced stability of the preleading zone flame. This conclusion lays the foundation 

for a model that will relate the ignition probability data obtained from the current bench-scale 

experiments to the ignition probabilities observed at full scale.  

The second type of ignition, pile ignition, involved the formation of a flame attached to the 

top, air-flow-facing portion of the firebrand pile. Under certain conditions, this flame spread onto 

the surface of the substrate downstream of the pile. This instance of spread (referred to as 

downstream ignition) occurred only at higher air flow velocities (2.4 – 2.7 m s-1) and only in the 

experiments where the 10-cm sides of the pile were perpendicular to the direction of air flow. It 

was speculated that no downstream ignitions were observed in any of the 5-cm pile orientation 

experiments because the pile flames were not sufficiently long to reach the open substrate 

surface located 10-cm away from the air-flow-facing edge of the pile.  

Downstream ignitions occurred several minutes after the start of the experiment and 

produced long lasting flames, some of which burned until they were extinguished at 1000 s. 

While Trex showed somewhat lower propensity to preleading zone ignition (unlike PTW, none 

of the Trex samples were ignited by the piles of the low, 0.06 g cm-2, firebrand coverage 

density), Trex was found to be significantly more susceptible to downstream ignitions and 

exhibited substantially longer burn durations than PTW.  

In some tests, smoldering of the combustible substrate continued after the firebrands were 

consumed and led to the formation of an opening through the thickness of the substrate (burn-

through), which continued to grow in size until the experiment was terminated. In several cases, 

the burn-through was followed by a transition to flaming combustion at the opening. The burn-
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through events were studied using only the 10-cm pile orientation; it was assumed that any effect 

of the pile orientation on this transition was negligible. Burn-throughs occurred with a 

probability above 25% only at high (0.16 g cm- 2) firebrand coverage density. PTW was found to 

be more susceptible to sustained smoldering and burn-through than Trex. It should be noted that 

the sustained smoldering of the combustible substrate may lead to a significantly delayed fire 

growth with flame development taking place several hours after the exposure of the substrate to a 

firebrand pile. 

To further analysis the combustible substrate ignition problem, detailed pyrolysis 

property sets were developed for PTW and Trex. The property sets were developed using a well-

established hierarchical approach (Stoliarov and Ding, 2023) and validated using the results of 

CAPA II and cone calorimetry tests performed at a wide range of radiant heat fluxes on samples 

of two different thicknesses. A thermal decomposition mechanism including four sequential 

reactions, which was previously used to model the thermal decomposition of OSB, was found to 

provide accurate representation of the thermal decomposition of PTW. The reaction parameters 

differed for these two materials. It was concluded that the differences between the reaction 

parameters were most likely associated with the differences in the wood species these materials 

were composed of. The presence of a preservative (micronized copper azole) in PTW had no 

apparent impact on the thermal decomposition kinetics or transport properties. However, it was 

impossible to measure this impact accurately without a direct comparison between the untreated 

and treated PTW samples. Trex board was found to consist of two distinct layers: a thin outer 

layer (Trex shell) and an internal portion (Trex core). Trex shell was defined to consist of PE and 

an inert additive. The thermal decomposition of PE was represented by a single first-order 

reaction which parameters were obtained from the Trex shell TGA and DSC data. Trex core was 
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defined as a blend of PE and wood particles represented in the model by PTW. Only the densities 

and thermal conductivities of PTW and its condensed-phase thermal decomposition products 

required adjustment to capture the pyrolysis behavior of the Trex board. Both kinetics and 

thermodynamics of thermal decomposition and combustion derived from the analysis of PTW 

samples were found to represent the wood particles embedded into Trex core remarkably well 

indicating the absence of chemical interactions between these particles and the PE matrix. 

The developed pyrolysis models were used to simulate the preleading zone ignitions of 

PTW and Trex observed in the bench-scale wind tunnel experiments. An empirical model 

developed by De Beer and coauthors (De Beer et al., 2023b) was employed to model boundary 

conditions for the combustible substrates in the preleading zone and dependence of these 

conditions on the air flow velocity and firebrand coverage density. It was determined that a critical 

value of the peak average HRR, HRRPeak = 120 kW m-2, computed in these simulations successfully 

delineated between the low ignition probability, < 0.5, and high ignition probability, > 0.5, 

firebrand deposition scenarios. 

Future studies should be focused on estimating the impact of additional factors, such as 

geometry or material composition on WUI ignitions. In this work, only horizontal flat combustible 

substrate was used in wind tunnel tests. A variety of substrate configurations including crevice or 

reentrant corner should be studied in the future. The building components including roofs, vents, 

and siding can ignite in WUI fires. Accordingly, building components need to be assessed on their 

vulnerability to ignition by firebrands. Used wood materials (PTW, WRC) for wind tunnel tests 

were low-density softwood products. By employing high-density hardwood species for future tests, 

the influence of density on the experimental results can be investigated. 
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The research performed in this work provides an in-depth understanding of ignition of 

PTW and wood-plastic composite (Trex) by firebrands and shows how to model the ignition of 

building materials within the framework of WUI fire simulations. The results of this research are 

expected to significantly improve the accuracy of the WUI fire simulations and thus increase our 

ability to evaluate the risk of these fires and improve our ability to test WUI fire mitigation 

strategies through simulations. The results of this research also provide a framework for a 

systematic evaluation of building material resistance to firebrand showers. This framework can be 

used by building material developers and the developers of codes and standards for these materials 

to achieve a significant improvement in the resistance of structures to WUI fires. 
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