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The wildland urban interface (WUI), which is the area where houses meet

or intermingle with undeveloped wildland vegetation, has more than doubled over

the last 50 years. The frequency and intensity of wildfires occurring in these areas

has also increased. To advance the understanding of WUI heat transfer, a multi-

phase experimental series was conducted to study the impact of radiant heating

on materials common in WUI wildfire scenarios. In the first phase, thermophysical

properties of decking and siding materials were measured and a thermal decompo-

sition model derived. In the second phase, the decking and siding materials were

cut into 100 mm× 100 mm samples and exposed to a radiant panel at constant heat

fluxes of 5 kWm−2 and 15 kWm−2 to mimic the incident heat flux from a wildfire.

In the third phase, the materials were constructed into larger 280 mm × 410 mm

assemblies and exposed to the same heat fluxes to mimic full scale exterior walls

and decks in the WUI. During both the second and third phases, the back and sides



of the assemblies were insulated, and the back side temperature of the assemblies

was measured throughout each experiment using a 24-gauge thermocouple.

In addition to the experiments, numerical simulations were performed using

Fire Dynamics Simulator (FDS) to assess the utility of the model for predicting

the temperature rise of materials in WUI exposure scenarios. The experimental

configuration from the second phase of testing was simulated using the thermo-

physical properties of materials determined from the first phase. A simplified one-

dimensional model was adopted, in which materials were assumed to be homogenous

and isotropic, and heat transfer was assumed to occur only in the depth of the sam-

ple. The temperature increase for each of the studied materials were compared as

to provide recommendations on the safest choice for siding and decking materials in

the WUI.
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Chapter 1: Introduction

From the 1990s to the 2010s, the average area burned annually during wild-

fires in the western United States has increased from 3.3 million acres to 7.5 million

acres [1]. This increase occurred despite the number of individual wildfires decreas-

ing from an average of 79,000 wildfires per year to 63,000 wildfires per year. These

trends continued through 2020. Following a relatively quiet wildfire year in 2019,

2020 saw a reported 60,000 wildfires with a burned area of 10.3 million acres, giving

2020 the second largest burned area on record [2].

Compounding the increase in wildfire damage is an increase in the wildland

urban interface (WUI). The WUI is defined as the area where houses meet or inter-

mingle with undeveloped wildland vegetation [3]. The WUI encompasses between

5-10% of land and roughly 15% of all homes in the contiguous United States [4]. The

amount of area associated with the WUI is constantly increasing and has roughly

doubled in size since 1970 [5]. Most structures lost or damaged during wildfires are

located within the WUI [6]. Over the last 15 years, an average of 5,600 structures

were destroyed by wildfires each year [7]. In the last 5 years, this average has bal-

looned to roughly 12,000 structures destroyed by wildfires per year [7]. As more

homes are built and cities and towns expand, the WUI expands and grows larger,
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putting more people and structures at risk of damage from wildfires.

There are many factors leading to the increase in damage from wildfires: in-

cluding growth of the WUI [5], extension of the dry season [8], and overgrowth of

wildland [9]. However, once a wildfire is ignited, it is likely to put many struc-

tures at risk for damage. The three main ways wildfires spread into the WUI are

through radiation, convection, and firebrand spread. Radiation allows the fire to

preheat and pyrolyze building materials in its path. Pyrolyzing these objects be-

fore the fire front reaches them contributes to faster fire spread. Convective heat

transfer generally occurs more locally within the fire. As the fire front approaches

an object, the convective flow from the fire works with radiative heat transfer to

heat up the object and transition it to flaming combustion [10]. When a wildfire is

burning across a flat area or up a slope, this convective and radiative combination

works faster to transition the fuel in front of the fire to flaming combustion [11].

Firebrand spread usually occurs away from the main fire front itself. Firebrands are

embers of various geometries, usually less than 4 grams, that are emitted during a

wildfire [12]. These firebrands can be carried by the wind and advance the spread

of the main fire, potentially large distances ahead of the flame front [13]. When

firebrands land on structures or vegetation, they can ignite additional fires. These

additional fires can increase the area burned and spread fire to areas otherwise safe

from flame impingement.
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1.1 Problem Statement

As the WUI continues to increase, the risk of destruction from wildland fires

increases. Most research on WUI building materials focuses on convective and fire-

brand ignition [11,13–21]. Research that has been performed on radiant heating of

materials has mostly focused on time to ignition (TTI) [22–25]. There is a need to

predict the impact of preheating these building materials to improve the understand-

ing of the effect of a flame front on the temperatures throughout exterior materials.

Present research has not yet addressed this, and a novel approach for prediction of

the heating and ignition of materials commonly found in the WUI is needed.

The objective of the current work was to advance the understanding of the

impact of radiant heating on temperature increase for building materials currently

present in the WUI. The approach taken entailed conducting a three-phase experi-

ment. During the first phase, the thermophysical properties of common WUI siding

and decking materials were quantified at the Underwriters Laboratories Fire Safety

Research Institute (UL FSRI) Laboratory. The thermophysical properties measured

in the first phase included the thermal conductivity and heat capacity with respect

to temperature, density, total emissivity, and absorption coefficient. Additionally

the kinetics and energetics of thermal decomposition and the heat of complete com-

bustion of the volatiles produced during pyrolysis were characterized in this phase.

In the second phase, an insulated 100 mm × 100 mm array of each material was

constructed and exposed to a constant radiative heat source from a propane pow-

ered heating panel. The 300 mm × 460 mm panel heated the materials at constant

3



fluxes of 5 and 15 kWm−2. The temperature increase for each material when ex-

posed to the radiative panel was then evaluated against Fire Dynamics Simulator

(FDS) predictions for temperature increase to validate the data gathered during the

first phase of testing. In the third phase of testing, each material was constructed

into a 280 mm × 410 mm assembly and tested using the propane powered heating

panel. Heat fluxes of 5 and 15 kWm−2 were again used for this testing phase. Once

testing was complete, the results from the third phase were evaluated against the

results from the second phase to determine how temperature behavior changes at

different scales. To conclude, it was determined whether FDS can accurately predict

temperature increase in siding and decking materials when exposed to a radiant heat

source.
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Chapter 2: Background & Literature Review

There are several areas of research on the WUI, wildfire mitigation tactics in

the WUI, and wildfire spread into the WUI. This section will define and provide

an overview of the WUI, discuss wildland and residential fuel mitigation tactics,

and highlight research areas on wildfire spread with a focus on radiant heat transfer

during wildfires.

2.1 Background

2.1.1 WUI Definition

When considering the WUI, it is important to differentiate between the wild-

land and the WUI. Wildland consists of areas within nature with little or no devel-

opment. The WUI is the region of landscape where mixing between wildland and

developed urban areas such as cities occurs [12]. The WUI exists throughout the

United States and is not restricted to a certain region of the country. Estimates of

the WUI vary depending on whether housing density or population density is used

to define the WUI [12]. The Federal Register defines the WUI as “The area where

houses meet or intermingle with undeveloped wildland vegetation [3].”
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Several estimates to determine the size of the WUI have been conducted.

Radeloff et al. used 2000 census data and satellite maps to estimate that WUI

comprises 9% of the land area and 39% of houses in the United States based on the

Federal Register definition [4]. They determined a house to be located in the WUI

if there were more than 6.17 housing units/km2, the wildland vegetation of a given

census block was less than 50%, and the given census block was within 2.4 km of an

area with more than 75% wildland vegetation [4]. They determined that California

has the greatest number of housing units in the WUI, but Connecticut has the

greatest percentage of land (72%) categorized as WUI. Additionally, the majority

of land area categorized as WUI is located in the eastern United States. They did

note that in order to assess the risk of fire to these homes located in the WUI, the

individual features of each structure would need to be assessed.

Theobald and Romme provided detailed estimates of the percentage of the

WUI that was at high risk for wildfires [5]. Similar to Radeloff, they used data

from the 2000 census and maps to estimate the number of homes within the WUI.

They analyzed and characterized the forest fuel types surrounding these homes as

“low risk,” “high risk” or “high risk if not treated.” “High risk if not treated”

comprised of historically low risk areas that had become overgrown as a result of US

forest management [5]. Utilizing these two datasets allowed for the researchers to

estimate that more than 50% of the WUI in the western United States is at high risk

for wildfires, whereas only 17% of the WUI in the eastern United States is estimated

to be at high risk for wildfires [5]. When combining the “high risk” and “high risk

if not treated” categories, nearly 90% of the WUI in the western United States is
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estimated to be at or near high risk for wildfires. This agrees with data that shows

nearly 90% of the acreage burned in wildfires occurs in western states [1].

2.1.2 Compounding Factors

Water scarcity in the western United States is a compounding factor for wild-

fire risk. Western states receive most of their precipitation during the months of

November – April. During the summer, much of this region sees little to no rain-

fall [26]. These warm, dry conditions often lead to an abundance of dead vegetation

which is prime fuel for wildfire spread. Furthermore, the wildfire season has been

extended in recent years due to climate change [8]. Yearly average temperatures in

western states such as California, Oregon, and Washington have risen roughly 1°C

since 2000 [8]. This increase in temperature has contributed to the dry season being

lengthened by 1 – 2 months since 1970 [8]. With the extended dry season, wildfires

are likely to become more prevalent in the near future. When combined with the

expected expansion of the WUI, more people will be at risk from these fires.

2.1.3 Mitigation

The mitigation of wildfire risk in the WUI can be broken down into two main

subcategories: wildland fuel mitigation and residential fuel mitigation. Wildland

fuel mitigation consists of reducing the amount of fuel that can burn within the

wildland and WUI. Residential fuel mitigation consists of making adjustments to

individual property and structures to protect them from wildfires. The WUI problem
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is a twofold problem: altering the burning cycle has led to an increase in high

intensity fires, and the design of structures that are not fire resistant in the WUI has

led to easier structure ignition and structure to structure spread [9]. Cohen suggests

that both issues need to be addressed in order to combat the WUI problem.

2.1.3.1 Wildland Fuel Mitigation

Historically, wildfires were often caused by natural events such as lightning

strikes and volcanic eruptions. Even today, more than half of the acreage burned in

wildfires is caused by lightning strikes [1]. In the 1920s, forest researchers concluded

that all wildfires needed to be prevented [9]. This led to a widescale effort to pre-

vent and extinguish all wildfires before they reached a large scale and burned out

of control. With this came the consequence of forests becoming overgrown, and the

altering of natural burning cycles. Controlled burns were virtually eliminated de-

spite their benefits in regulating the burning cycle and their cultural importance to

Native Americans [27,28]. This disruption has led to fires that burn more intensely

over a larger area than a century ago. Although the US Forest Service has recently

reintroduced controlled burns in the wildland and the WUI [29] in an attempt to

contain overgrown wildland, the high cost and difficulty of conducting controlled

burns has resulted in less than 1% of individual wildfires being categorized as pre-

scribed burns [9]. As a result, burning cycles have not been corrected and many

wildland areas in the United States remain overgrown.
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2.1.3.2 Residential Fuel Mitigation

Residential Fuel Mitigation involves alterations made to the property around a

structure, and considerations in the structure design and building materials chosen.

In the 1990s, the US Forest Service attempted to create two methods aimed at re-

ducing the risk of damage from wildfires for individual properties. The first method

was known as the Structural Ignition Assessment Model (SIAM). SIAM looked to

use general descriptions of the structure, topography of the building site, and the

potential fire characteristics around the structure to compute an index of ignition

risk. The goal of this system was to allow homeowners flexibility when designing

their home and surrounding area so that they can balance some desired aspects of

their home with more ignition resistant options [30]. Despite the aspirations of this

system, no final product was ever published.

The second method is known as the Home Ignition Zone (HIZ) (or defensible

space) and is based on the idea that the effects of thermal radiation dissipate as the

distance from the source increases. The HIZ is made up of 3 zones, the “Immediate

Zone” (0-5 feet from home), the “Intermediate Zone” (5-30 feet from home), and the

“Extended Zone” (30-100 feet from home) [31]. The Immediate Zone should contain

no combustible materials, the Intermediate Zone can include landscaping with fire

breaks, and the Extended Zone should maintain adequate spacing between trees or

other items. Eliminating or reducing combustible materials near the home decreases

the chances of structural ignition. To date, this is one of the most accepted methods

of fire prevention in the WUI. However, this method does not offer protection from
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direct firebrand ignition to the structure. Additionally, some structures are located

too close to other structures for this method to be fully effective [32].

Following the ignition of one structure, ignition of adjacent structures may

occur depending on several factors. The close proximity of buildings to each other in

many sections of the WUI allows for the radiant heat from a fully involved structure

to heat and ignite adjacent buildings [15]. Within a few hours, building-to-building

spread can contribute to extending a wildland fire into urban areas. Babrauskas

notes how the issue of structure to structure ignition often renders the HIZ useless for

structures in the WUI because the close proximity of structures to one another means

that many structures cannot achieve the 30 foot separation distance suggested by

the HIZ [32]. Due to the large potential for damage, structure to structure ignition is

now receiving more attention from the research community. The National Institute

of Standards and Technology (NIST) is in the planning stages of a study aimed at

assessing structure to structure fire spread in the WUI [33].

Design considerations to the structure itself have also been shown to prevent

some structure loss in the WUI. The National Fire Protection Association (NFPA)

80A provides recommended practices for protection of buildings from exterior fire

exposure [34]. Since 2005, California has made several changes to its building code to

specifically address structures built in the WUI. All homes built in areas defined as

WUI must meet the requirements outlined in chapter 7A of the California Building

Code and chapter R337 of the California Residential Code [35–37]. Decking mate-

rials must meet a minimum performance requirement based on energy released [38],

siding must fall into the categories of noncombustible or ignition-resistant unless the
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home is considered ignition-resistant [38], and there may be no gaps in lap siding to

prevent a fire from penetrating the siding to reach the inside of the structure [39].

In addition to the code requirements for homes built after 2005, IBHS also has a

guide for all WUI homeowners regardless of structure age on how to retrofit their

home to reduce the risk of wildfire losses based on past wildfire research [40].

Although no requirement makes buildings completely fireproof, these stricter

building codes implemented in California have been shown to reduce the percentage

of structures in the WUI lost to wildfires. During the Camp Fire in 2018, in the

town of Paradise, CA, 51% of homes built after 2008 that incorporated the new

requirements survived the fire, whereas only 18% of homes built prior to 2008 sur-

vived [41]. Researchers looking at structure losses in the WUI during October 2003

and October 2007 wildfires in San Diego County, CA were able to identify trends

of which construction types and materials resulted in a higher likelihood of struc-

ture survival during the wildfires [42]. Their findings generally supported the local

and state building codes in California that called for stricter guidelines for WUI

construction, including non-combustible roofs and siding.

Despite the general success of the California building code for structures in

the WUI, researchers at the University of California Forest Products Laboratory

found that California industry standard tests do not always correlate with other

industry standard tests for decking materials. After testing 35 decking materials

and configurations, researchers found no correlations between UL 723/ASTM E 84

for surface burning characteristics and the California SFM 12-7A-4, Part A: Under-

Deck Flame Test [43]. Despite both tests having the goal of reducing fire spread,
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they do not produce comparable results.

Furthermore, California is one of the only western states with stringent WUI

building codes [32]. Utah has its own statewide WUI code based on the 2006 In-

ternational Code Council (ICC) WUI code; Nevada has adopted the 2012 edition

of the International Wildland Urban Interface Code (IWUIC). Additionally, several

local jurisdictions in western states have also adopted their own WUI codes [44]. De-

spite the existence of three NFPA standards that address wildfire management, they

are not widely adopted [44]. NFPA 1141 addresses land development in the WUI,

NFPA 1142 addresses water supplies in the WUI, and NFPA 1144 is the standard

for reducing structure ignition hazards in the WUI [45]. One reason for the lack of

adoption by western states is that these standards lack references to standards on

roof and eave protection from wildfire penetration such as ASTM E108, E2886, and

E2957 [46]. The difference in WUI codes has led to a lack of uniformity amongst

western states. By not adopting stronger WUI building codes, many structures are

being left at risk for wildfire damage.

There are some additional research areas aimed to support wildfire mitigation

in the WUI. The residential fuel mitigation strategy of pretreating the structure

has also been shown to offer some positive results in terms of damage mitigation in

the WUI. Urbas found that although pre-applying water or foam offered no addi-

tional protection against wildfire damage, pre-applying gel to a home did offer some

protection against damage for the first hour of exposure [47]. Researchers in Min-

nesota found that after the Ham Lake Fire in 2007, only one structure out of 100 in

the WUI that had installed exterior sprinklers was destroyed [48]. Logistical issues
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would likely prevent both of these mitigation strategies from being implemented on

a larger scale.

Prescribed burning, firebreak construction, altering building materials, and

other fuel mitigation strategies have been shown to be effective in preventing loss of

homes in the WUI. However, the costs of these measures is typically prohibitively

expensive [9, 47, 49]

2.2 Literature Review

2.2.1 Wildfire Spread

Once a wildfire is ignited, the three primary mechanisms of fire spread are

radiation, convection, and firebrand ignition. Structural ignition can be caused

by direct flame contact from the fire front, adjacent vegetation ignition through

firebrands or radiative heating, ignition from direct firebrand to structure contact,

or structure to structure ignition. The physical mechanisms behind wildfire spread

are not completely understood, and it is extremely difficult to accurately model or

predict wildfire growth and spread due to the large number of complex variables.

The currently available models and programs for wildfire spread are rough estimates

as to how the fire will spread based on past observations [50]. Although this thesis

is focused on building material temperature increase, this review will also highlight

areas of research on wildland spread and structural ignition in the WUI.

Throughout the 20th century, several laboratory tests were run to model the

spread of wildfires [30, 50, 51]. Researchers in the United States and Canada found
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that different fuel types produced large variations in wildfire features such as heat

release rate and rate of spread [50]. After researching wildfires independently for

a majority of the 20th century, the United States and Canada came together with

representatives from 12 other countries to work on the International Crown Fire

Modeling Experiments (ICFME). The goal of these experiments was to take detailed

measurements of wildfires and correlate them to a model. These experiments were

the largest and most detailed ever performed for a wildfire study. In total, fire tests

were performed on 18 similar plots of forest from 1997-2000. These experiments were

used to validate a radiation driven crown fire (wildfires that spread from treetop to

treetop) rate of spread model, along with providing data that would be used in

several later studies on wildfire spread [50].

Butler used data from the ICFME to evaluate the convective heat flux from

full scale crown fires [14]. This was accomplished by taking data from the gauges

that measured total heat flux and subtracting the data from the radiation gauges.

Drastic air temperature increases were observed when convective heating increased,

thus supporting the idea that convective heat transport is significant in transporting

energy from a fire to its surroundings.

Morandini and Silvani were two of several researchers who physically modeled

the spread of wildfires [10]. This research group conducted five experiments in

Europe to determine mechanisms for heat transfer ahead of the front. They found

that for large fuel loads such as forests, the fires are dominated by buoyancy. This

drives the smoke and flames upward, which makes radiation the dominant heat

source. For lesser fuel loads such as grasslands, the flow is wind driven. The flames
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stay close to the ground and a combination of radiative and convective heat transfer

preheats the fuel in front of the fire [10].

Benny [19] and Orcurto [18] performed experiments on ignition from inter-

mittent convective heating of wildland fuels. Intermittent convective heating is

believed to play a large role in wildfire spread. Benny found that when exposed to

intermittent pulses of flames and hot gases, smaller-diameter fuels ignited. Larger-

diameter fuels did not ignite, but their temperature was more dramatically affected

by intermittent heating frequencies due to their larger thermal mass [19]. Orcurto

expanded on this research by investigating how TTI for smaller diameter fuels varied

with moisture content when exposed to intermittent pulses of flames. The moisture

content of pine needles greatly varied the TTI. Drier pine needles tended to ignite

faster than those with a higher moisture content [18].

As many as half of all structure ignitions that occur during wildfires are caused

by firebrand ignition [12]. Firebrands often spread to areas unaffected by the main

fire front and contribute to spotting and additional fire spread. Areas of research on

firebrand ignition include the ignition of various materials [16], firebrand size [17],

and spotting distance [13]. Recent research has shown that firebrands maintain an

average surface temperature near 500°C [20]. Firebrands that land on dry vegeta-

tion or inside homes can ignite areas of the WUI otherwise unaffected by the main

fire front. Although firebrand ignition is beyond the scope of this thesis, increased

temperature of siding and decking materials from radiative heat exposure may in-

crease the likelihood of firebrand ignition. Suzuki et al. found that in lower wind

speeds, radiative preheating of wooden boards significantly decreased the number
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of firebrands needed to cause ignition [52].

Weston-Dawkes used Eulerian Level set Method of Fire spread (ELMFIRE) in

an attempt to reconstruct the 2017 Tubbs Fire and show the production of firebrand

embers [53]. By inputting weather data, general topography, and vegetation, the

spread of a wildfire can be estimated. This model reproduced the relative density

of firebrands and the footprint of the wildland fire with relative accuracy. However,

this model underpredicted fire spread into the WUI. Despite the under-prediction,

firebrand and wind data indicated that spread into the WUI was likely, suggesting

that future reconstruction should holistically look at data when making conclusions

about wildfire spread [53].

Cohen noted that once a wildfire ignites part of a structure, it is likely that the

entire structure will be lost to fire [15]. Sunderland is currently researching firebrand

interaction with particular building materials to determine whether building codes

need to be changed to better resist firebrands [21]. Hasburgh et al. performed

experiments on firebrand deck ignition leading to structural ignition, and firebrand

ignition to debris beneath decks leading to eventual structural ignition [54]. In both

scenarios, the flames produced on decks from firebrands produced a high enough

heat release rate that could have ignited an adjacent wall. In these scenarios, it is

likely that once part of the wall ignited, the entire structure would have ignited.
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2.2.2 Radiant Heating

Radiation is believed to account for roughly 20% of heat transferred during

a wildfire [55]. However, it is believed that radiation may pose a higher risk for

structural ignitions within the WUI. Tran et al. found that ignition is a function of

exposure time, and that ignition of wood products will not occur after any period of

time below an exposure of 13 kWm−2 [56]. Cohen performed experiments on ignition

of structures due to incident radiation from flames by igniting plots of land to create

crown fires as part of the ICFME. The distances from the fire where structures

made of plywood and OSB would no longer ignite were observed [57]. These fires

transferred much higher peak heat fluxes at a distance of 10 m when compared to

the peak heat release rates at distances of 20 m and 30 m. The structures located

10 m from the fires ignited, whereas structures located 20 m and 30 m from the fires

exhibited minimal effects from the radiative heat [57]. This data helped support the

HIZ which was discussed in the Residential Fuel Mitigation section.

Australian wildfire researchers studied radiation effects in a more urban WUI

setting [58]. They found that radiation effects from the fire front may be blocked

by noncombustible obstacles causing the view factor to significantly decrease. The

equation for radiative heat flux is defined as:

q̇′′radiative = F12εσT
4 (2.1)

where q̇′′radiative is the radiative heat flux in Wm−2, F12 is the view factor, ε is the
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emissivity, σ is the Stefan-Boltzman-constant (5.67×10−8 Wm−2K−4), and T is the

temperature of the source in K. Reducing the view factor decreases the flux from

the fire to a source. This can be achieved by placing obstacles in front of a source,

or increasing the distance between a target and a source.

The variable and transient peak heat release rates from wildfires makes the

heat flux difficult to model. Additionally, complexities in characterizing the view

factor for a constantly changing fire limits radiation analyses to simple analyses.

Rough estimates of heat flux emitted by a wildfire can be calculated based on inputs

such as the land topography and the fuel type [59]. Additionally, it is often assumed

that wildfire flames act as a black body (ε = 1) [60], which means that wildfires act

as pure emitters.

Radiant panel testing has been used to investigate the manner in which dif-

ferent building materials respond to radiant heating. ASTM E162 uses a radiant

panel to measure the surface flammability of building products [61]. This method

was validated by McGuire and D’Souza by burning various foams [62]. Recently, the

use of radiant panels has helped advance the understanding of building materials in

the WUI. ASTM E1321 (also known as the Lateral Ignition and Flame Spread Test

(LIFT)) tests the ignition of materials exposed to a radiant heat panel [63]. Di-

etenberger used the LIFT to test ignition of several common siding materials found

in the WUI including various wood, composite wood, and vinyl sidings [24]. They

found that as irradiance decreases, TTI increases.

Quarles performed experiments on building vulnerability and found that when

exposed to a radiant heat source of 35 kWm−2, combustible siding, such as wood,
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ignited. When vinyl siding was exposed to the same radiant heat source, it melted,

exposing the oriented strand board (OSB) behind the siding [25]. Although this heat

source was likely greater than a sustained exposure during a wildfire, it represented

the worst case scenario of peak heating that can occur in the WUI.

Biswas performed tests using radiant heating, convective heating, and com-

bined radiative and convective heating [22]. This team measured the time dependent

radiant heat flux and the temperature of the siding materials. The radiant heating

tests utilized a heating panel. The equations for convective and total heat flux from

a source such as a wildland fire are shown.

q̇′′convective = h(Tflame − T0) (2.2)

q̇′′total = q̇′′radiative + q̇′′convective (2.3)

where q̇′′convective is the convective heat flux in Wm−2, h is the convective heat transfer

coefficient in Wm−2K−1, Tflame is the flame temperature in K, T0 is the surface

temperature in K, and q̇′′total is the total heat flux in Wm−2. Heating during a

wildfire is usually through a combination of radiative and convective heat flux. In

testing cedar, vinyl, and fiber cement siding, they found that the fiber cement boards

offered the best protection against ignition for homes in the WUI [22]. The data

from these tests was also used to validate and calibrate the SIAM, despite the SIAM

never being finalized.

Coronel also measured the effects of radiation on siding materials. The materi-
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als tested were cedar siding, vinyl siding, fiber cement board, and engineered wood.

OSB was used as the control material for these tests. The TTI and temperature of

the samples were measured throughout a 30 minute exposure to either a high heat

flux condition (50 kWm−2) or a low heat flux condition (20 kWm−2). Like Biswas

and Quarles, Coronel found that the vinyl siding melted instead of burning, and

that the fiber cement board was very difficult to ignite [23].

As can be seen, there are many areas of WUI research. Despite this, there

has yet to be any research solely focused on the temperature increase of building

materials when exposed to radiant heat from wildfires. Most studies on radiant

heating have been focused on whether something will ignite or TTI, not temperature

increase for these materials [22–25]. These previous studies focused only on heating

building materials using higher heat fluxes. Heating building materials at lower heat

fluxes would allow for a better understanding of how radiant heating affects these

materials before they ignite. Furthermore, there is no uniform model to estimate

temperature increase when exposed to a heat flux for common building materials.

Although radiation is only one portion of how wildfires spread in the WUI, having

a baseline of how temperature increases due to radiant heating can help further the

understanding of structural ignition and structure to structure spread in the WUI.
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Chapter 3: Materials and Methods

3.1 Materials

A wide variety of building materials are utilized throughout the WUI in the

United States and around the world. The building materials on the exterior of struc-

tures in the WUI are dependent on the region in which the structure is constructed.

In California, for example, new construction is limited to noncombustible and igni-

tion resistant materials [38]. In other western states, there are minimal restrictions

on building materials for structures in the WUI [32]. Additionally, many preexisting

structures built with combustible materials have not been retrofitted.

Previous radiant panel experiments have tested materials such as wood siding,

composite wood siding, vinyl siding, and fiber cement board [22–25]. Previous

experiments on deck ignition have tested wood, composite, and plastic decking [43,

54]. Evidence gathered from the Camp Fire in 2018 and San Diego County wildfires

of 2003 and 2007 found that WUI structures utilized siding materials such as wood,

stucco, metal, vinyl and masonry [42,64]. These materials are a mix of combustible,

non-combustible, and ignition resistant materials.

Based on previous experiments, data collected following wildfires, and the

broader UL FSRI Laboratory testing, the following materials were chosen for this
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project:

1. Composite Decking

2. Fiber Cement Board

3. Pine Siding

4. Pressure Treated Decking

5. Vinyl Siding

Pine siding and pressure treated decking are wood based products. Composite

decking consists of wood fibers encased in plastic. Vinyl siding is primarily made

from polyvinyl chloride (PVC) resin. Fiber cement board consists of cement with

cellulose fibers added for support. Pine siding, pressure treated decking, and com-

posite decking are primarily sold in 19 mm × 140 mm boards with lengths ranging

from 2.4 m - 4.9 m. Vinyl siding is often sold in 0.115 m × 3.7 m double lap pieces.

Fiber cement board is often sold in 1.2 m×1.8 m boards. In construction, the siding

materials are placed attached in a vertical orientation on the exterior of structures,

while the decking materials are primarily oriented horizontally adjacent to a struc-

ture.

These materials, although not completely representative of the commercial

choices available for siding and decking, provide a wide range of products with

varying chemical makeups and physical properties. They include several common

siding and decking materials found in the WUI [24], and are included within the

current UL FSRI project.
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3.2 Laboratory Apparatuses

The UL FSRI Laboratory contains several machines and apparatuses for mea-

suring various thermophysical properties. These machines, along with the properties

they were used to determine, are outlined in Table 3.1. Some thermophysical prop-

erties are measured in more than one machine.

Table 3.1: FSRI Laboratory Machines

Machine Properties Measured

STA 449 F3 Jupiter® Mass Loss Rate
Heat Flow

FTT FAA Micro Combustion Calorimeter Specific Heat Release Rate
Heat of Combustion

TA Instruments FOX 200 Heat Flow Meter Thermal Conductivity
Volumetric Specific Heat Capacity

C-Therm Trident MTPS Thermal Conductivity
Effusivity

C-Therm Trident TPS Thermal Conductivity
FTIR Attenuated Total Reflection Absorption

Reflection
FTIR Integrating Sphere Reflectivity

Absorptivity / Emissivity

3.2.1 Retsch® Mixer Mill MM301

The samples tested in the STA 449 F3 Jupiter® and the FTT FAA Microscale

Combustion Calorimeter are reduced to a fine powder prior to testing. The amount

of powder required per test is between 3 mg and 5 mg for these apparatuses. Re-

ducing the test samples into a fine powder is a multistep process. First, the sample

is cut into smaller pieces, roughly 6 mm in size. Depending on the hardness and

size of the material, the pieces are cut with scissors, wire cutters, or a hand saw.
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These pieces are then placed into a 25 mL stainless-steel grinding jar alongside a

20 mm diameter zirconium dioxide sphere grinding ball. Zirconium dioxide is a hard

ceramic often used in dentistry and joint implants. The grinding ball aids in the

process of reducing the samples into a powder due to its hardness.

Next, liquid nitrogen at a temperature of −196 °C is added to the grinding

jar. The grinding jar is then sealed and placed into a Styrofoam cup. More liquid

nitrogen is poured into the cup to submerge the jar which allows for the entire jar

and its contents to reach a uniform temperature. Reducing the material temperature

to this level causes it to become brittle, making it easier to grind into a powder,

while also preventing the material from undergoing thermal degradation. As some

liquid nitrogen boils off, additional liquid nitrogen is poured over the grinding jar

to keep it submerged.

Once the jar reaches equilibrium, it is taken out of the Styrofoam cup with

tongs and placed in the Retsch® Mixer Mill MM301. Two samples are prepared

simultaneously so that the device is symmetrically balanced. Once loaded, the

device vigorously shakes the samples for 10 minutes. As the samples are shaken,

the zirconium dioxide sphere moves around the jar breaking and grinding the brittle

test sample pieces into a fine powder. The sample is ground for a minimum of

10 minutes until the sample is a homogenous powder. Once the grinding process is

complete, the samples are placed in vials and held in a Secador Desiccator to remove

any moisture in the powder. A Retsch® Mixer Mill MM301 is shown in Figure 3.1.
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Figure 3.1: Retsch® Mixer Mill MM301 [65]

3.2.2 STA 449 F3 Jupiter®

The NETZSCH® Simultaneous Thermal Analyzer 449 F3 Jupiter® (STA)

measures mass loss (ṁloss) as a function of temperature in mg and heat flow to a

material (q̇) in mW/mg. For these tests, a 3 - 5 mg powder sample is placed in a

platinum crucible, and a pure nitrogen atmosphere is maintained in the STA. Once

a test begins, the temperature of the furnace increases at a well-defined constant

rate until it reaches the desired end temperature. Following each test, the STA

cools down naturally with the surrounding ambient air. The STA in the UL FSRI

Laboratory uses a silicon carbide furnace which has an upper temperature limit of

1600 °C.

The STA utilizes Thermogravimetry (TGA) and Heat-Flux Differential Scan-

ning Calorimetry (DSC) to perform these measurements. During each STA test,
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there are two crucibles tested. The crucible on the rear of the platform remains

empty, while the crucible on the front of the platform contains the sample being

tested. As the crucibles are heated, the temperature difference between the two

crucibles is recorded. This value is proportional to the heat flow to the sample

material [66]. An image of the two crucibles on the platform is shown in Figure 3.2.

Figure 3.2: STA Platinum Crucibles on Testing Platform

TGA is the measurement of the mass of a sample over time as the temperature

changes. Through this measurement, mass loss rate as a function of temperature

is recorded. Mass loss can be caused by phase changes, decomposition, or loss of

volatiles [67]. Since the atmosphere of the STA is pure nitrogen, no oxidation takes
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place; only heating of the sample takes place. DSC is the measurement of heat flow

through the sample. Heat flow consists of contributions from specific heat capacity

and heat of reaction. The equation for heat flow is shown:

q̇ = micpβ + ∆Hṁ (3.1)

where q̇ is the heat flow through the sample in mW, mi is the initial sample mass

in mg, cp is the specific heat capacity in J/gK, β is the heating rate in K/s, ∆H

is the heats of physical and chemical processes in J/g, and ṁ is the mass loss rate

in mg/s. For this project, positive heat flow indicates the material is undergoing

an endothermic reaction, whereas negative heat flow values indicate the material is

undergoing an exothermic reaction. An image of the STA is shown in Figure 3.3.

Figure 3.3: NETZSCH® STA 449 F3 Jupiter® [68]
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Before each sample test, a correction test is performed with an empty crucible.

This correction acts as a baseline that accounts for any atmospheric effects during

the tests. The results from the correction test are subtracted from the results of

the sample test to remove any results not caused by the sample itself. It is critical

that the crucible be placed in the exact same position for both the sample and

correction tests. This removes any potential effects of the crucible on the results.

To accomplish this, the position of the crucible is marked on the platform so it can

be placed in the same position after the sample was added. Before the actual tests

are performed, the mass of the sample in the crucible is recorded. Each material is

tested seven times. Three replicates are performed with heating rates of 10 Kmin−1

and 30 Kmin−1 respectively. One test is performed with a heating rate of 3 Kmin−1.

These heating rates were preselected by UL FSRI for the broader material property

laboratory testing. In total, 35 tests are performed for the five materials chosen.

Following the tests, the data is analyzed using Proteus® Software. This soft-

ware subtracts the baseline test from the actual test for each experiment performed

to remove any atmospheric effects during each test. This produces a corrected TGA

curve which show mass loss over time. This curve can be parameterized by a series

of successive first-order Arrhenius reactions. First-order Arrhenius reactions are re-

actions of the form k = Ai∗exp(Ei/RT ), where k is the mass loss constant, Ai is the

pre-exponential factor, Ei is the activation energy, R is the universal gas constant,

and T is the temperature. The TGA curve produced from Proteus® is analyzed

using NETZSCH® Kinetics Neo Software to define the parameters of the first-order

Arrhenius reactions. Through Kinetics Neo, the user defines the number of succes-
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sive first-order Arrhenius reactions and then attempts to fit a curve to match the

TGA data. Once an appropriate fit is determined, the software produces values

for the pre-exponential factor, activation energy, and contribution of each reaction

for each material at each heating rate. The contribution of each reaction is the

percentage of the total mass that is lost during the first-order Arrhenius reaction.

The DSC data can be used to determine the heat of reaction. To do this,

the heat flow is normalized by the initial mass. The normalized heat flow is then

divided by the heating rate. This heating rate can be the assumed heating rate for

the experiment or the instantaneous heating rate throughout the experiment. The

section of the DSC curve before any reaction takes place is then analyzed. This

section of the curve represents the specific heat capacity. The slope of this portion

of the DSC curve is recorded and input to a Fire Dynamics Simulator (FDS) code.

FDS, which will be discussed in greater detail later in this chapter in Section 3.4,

is a computational fluid dynamics (CFD) program used to model fire driven flow.

It incorporates material properties and other user inputs to model fire and smoke

behavior. FDS was chosen for this application since it can be used to model STA

data. Additionally, it was used later during this project to validate the data gathered

during the first phase of testing.

During STA heating, peaks on the curve consist of contributions from both

the specific heat capacity and the heat of reaction. This FDS code, which uses the

Arrhenius reactions parameters calculated from the TGA data, produces a curve

that represents the heat flow produced from the specific heat capacity over the

course of the entire experiment. By subtracting the specific heat capacity curve
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from the heat flow curve and integrating over the time of the reaction, a value for

heat of reaction is produced. The final step following this integration requires the

heat of reaction value to be multiplied by the initial mass and divided by the mass

lost during the reaction since the heat of reaction is in units of Joules per grams

lost.

3.2.3 FTT FAA Micro Combustion Calorimeter

The Fire Testing Technology (FTT) Federal Aviation Administration (FAA)

Micro Combustion Calorimeter (MCC) measures the specific heat release rate (HRR)

of a given sample in W/g and heat of combustion (∆Ho
c ) in kJ/g using oxygen con-

sumption calorimetry in accordance with ASTM D7309 [69]. For these tests, a 3 -

5 mg powder sample is placed in a ceramic crucible and raised into the MCC’s py-

rolizer. The mass of the sample is recorded before each test. Once a test begins, the

temperature of the pyrolizer increases at a well-defined constant rate (0.5 °C/s) until

it reaches 750 °C. During the heating phase of testing, any degradation products are

continuously purged from the pyrolizer by nitrogen. This stream of products and

nitrogen is mixed with oxygen in the combustor at 900 °C, which causes the sample

to undergo combustion [69]. Following the test, a fan quickly cools the MCC and

the remaining mass of the sample is recorded. An image of the MCC is shown in

Figure 3.4.

Each material was tested three times each for a total of 15 tests performed

using the MCC. Following these tests, the data is analyzed using the MCC Curve Fit
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Figure 3.4: FTT FAA Micro Combustion Calorimeter [69]

program. This LabVIEW software allows for data analysis of the heat release rate

curve. The user chooses upper and lower bounds on the “Specific Heat Release Rate

versus Temperature” curve. Then, a baseline is drawn between the defined upper

and lower bounds, and the curve is adjusted such that the upper and lower bounds

are set to a heat release rate of 0 Wg−1. By using the program to integrate and find

the area under the curve, the total specific heat released is calculated in kJ/g, which

is equal to the heat of combustion. In addition, the program also displays the peak

specific heat release rate of the sample in W/g. By multiplying the peak specific
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heat release rate or the total specific heat released by the mass burned (initial mass

- final mass), the peak heat release rate and total heat released are calculated on

a basis of heat released per mass lost.

3.2.4 TA Instruments FOX 200 Heat Flow Meter

The TA Instruments FOX 200 Heat Flow Meter (HFM) measures thermal

conductivity (k) in W/mK and volumetric specific heat capacity (ρc) in J/m3K in

accordance with ASTM C518 and ISO 8301 [70]. For the HFM, materials are tested

under normal conditions (wet) and after being oven dried for a week at 105 °C (dry).

After they are removed from the oven, the samples are held in a Secador Desiccator

at a relative humidity below 10% to maintain the “dry” condition. Three tests each

are run for thermal conductivity and specific heat capacity for each material under

“wet” and “dry” conditions for a total of 12 tests per material. Two materials (com-

posite decking and vinyl siding) did not lose any mass while drying and therefore

are only tested under “wet” conditions for a total of 6 tests per material. In all, a

total of 48 HFM tests were performed. An image of the HFM is shown in Figure 3.5.

The temperature sensors inside the HFM are 76.2 mm× 76.2 mm, so the mini-

mum sample size requirement is (76.2 mm + 2t) × (76.2 mm + 2t) where t is the

thickness of the material in mm. For the HFM tests, the ideal sample size is

200 mm × 200 mm because this completely fills the machine. For many materi-

als, the ideal size is not achievable. When the full 200 mm×200 mm cannot be met,

additional pieces of the same material are cut and placed in the heat flow meter
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Figure 3.5: TA Instruments FOX 200 Heat Flow Meter [70]

adjacent to the test sample to prevent heat loss.

The thermal conductivity tests utilize a simplified form of Fourier’s Law of

Heat Conduction for a one-dimensional object:

q̇′′ = −k (T2 − T1)

l
(3.2)

where q̇′′ is the conductive heat flux in W/m2, k is the thermal conductivity of the

material in W/mK, T2 and T1 are the temperatures of either side of the material in

K, and l is the thickness of the material in m. The HFM automatically measures

the thickness of the sample before each test and sends a defined steady state heat

flow (q̇′′) from the bottom plate to the top plate through the sample. The two plates

of the HFM are held at six different temperature set points to create a temperature

gradient through the sample. These temperature set points are outlined in Table 3.2.

The only unknown value from the simplified form of Fourier’s Law of Heat

Conduction for a one-dimensional object is the thermal conductivity (k). For each
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Table 3.2: HFM Thermal Conductivity Plate Temperatures

Test Upper Plate Temperature Lower Plate Temperature

1 5 °C 25 °C
2 35 °C 55 °C
3 5 °C 25 °C
4 35 °C 55 °C
5 5 °C 25 °C
6 35 °C 55 °C

of the six temperature set points, the HFM produces a value for thermal conductivity

For the volumetric specific heat capacity tests, the following equation is used:

q′′ = tρc∆T (3.3)

where q′′ is the total heat flow per square area from when thermal equilibrium of one

temperature arrangement is reached until thermal equilibrium of the next tempera-

ture arrangement is reached [70] in J/m2, t is the thickness of the sample in m, ρc is

the volumetric specific heat capacity in J/m3K, and ∆T is the temperature differ-

ence between two temperature arrangements in K. Thermal equilibrium is reached

when the temperature of one plate is equal to the temperature of the other plate.

The thickness is automatically measured by the HFM before each test. This leaves

volumetric specific heat capacity (ρc) as the only unknown. For these tests, the two

plates of the HFM are held at five temperature set points. Four volumetric heat

capacities are calculated. These temperature set points are outlined in Table 3.3.

Once the volumetric specific heat capacities are calculated, they are converted

into specific heat capacities. This is accomplished by dividing the volumetric spe-
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Table 3.3: HFM Volumetric Specific Heat Capacity Plate Temperatures

Test Upper Plate Temperature Lower Plate Temperature

1 5 °C 5 °C
2 15 °C 15 °C
3 25 °C 25 °C
4 35 °C 35 °C
5 45 °C 45 °C

cific heat capacities by the density of the material. The density of the material

is manually calculated by measuring the mass and volume of each sample. The

mass is measured using a Sartorius Laboratory Balance. Since all the samples are

rectangular prisms, their length, width, and thickness are measured using a Carrera

Precision digital caliper. The equations for calculating density and specific heat

capacity are shown:

ρ =
m

V
(3.4)

c =
(ρc)

ρ
(3.5)

where ρ is the density in kg/m3, m is the mass of the sample in kg, V is the volume

in m3, c is the specific heat capacity in J/kgK, and ρc is the volumetric heat capacity

in J/m3K.

3.2.5 C-Therm Trident Thermal Conductivity Analyzer

The C-Therm Trident Thermal Conductivity Analyzer offers multiple methods

for measuring thermal conductivity of materials including the Flex Transient Plane

Source (TPS) and Modified Transient Plane Source (MTPS). The TPS conforms
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to ISO 22007-2 and GB/T 32064; the MTPS conforms to ASTM D7984 [71]. Two

of the materials (pressure treated decking and pine siding) are tested under “wet”

and “dry” conditions. One material (composite decking) is tested only under “wet”

conditions. Two materials (vinyl siding and fiber cement board) are not tested using

TPS and MTPS methods due to being too thin. In total, six tests are performed

using TPS and MTPS for each condition for a total of 30 tests. The C-Therm

Trident is shown in Figure 3.6.

Figure 3.6: C-Therm Trident Thermal Conductivity Analyzer [71]

TPS sensor sizes vary based on the thickness of the materials being tested. For

these materials, the 13 mm sensor is chosen. The materials are cut into 100 mm ×

100 mm samples using a miter saw. The TPS tests utilize a sensor placed between

two pieces of the same material. One sample is placed beneath the sensor and

another is placed on top of the sensor. Different arrangements of samples of the

same material above and below the sensor are used for these tests. Once the sensor

is positioned, a 500 g weight is placed onto the top sample to hold it in place and

assure constant contact between the samples and the sensor. Power is then sent

to the TPS which generates heat through the sensor. The temperature increase on
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the surface is measured by the sensor [71]. The user then completes an iterative

process to produce a value for thermal conductivity. The standard requires the user

to select a range of data that is random, centered on zero, linear, and contains over

100 data points [72]. Once these conditions are met, the user verifies that the change

in temperature is less than or equal to 2°C. If any of these conditions cannot be met,

a new range of data is selected. Once all the criteria are met, a value for thermal

conductivity (k) in W/mK is produced. This iterative process is completed in a

spreadsheet provided by C-Therm.

For the MTPS tests, the sensor is placed on the work surface and one sample

is placed on top of the sensor [73]. Then the 500 g weight is placed on top of the

sample. Depending on the type of material being tested, a contact agent is applied

between the sample and the sensor. This contact agent can either be water or Type

120 Silicone. Power is then sent to the MTPS which generates a constant source

of heat. This causes a temperature increase on the surface which is measured by

the sensor [71]. The thermal conductivity is inversely proportional to the rate of

temperature increase at the point of contact [71]. Using the device calibration, the

MTPS produces a value of thermal conductivity (k) in W/mK and effusivity (e) in

Ws1/2/m2K.

3.2.6 Bruker Invenio® R FT-IR Spectrometer

The Bruker Invenio® R Fourier Transform Infrared Spectrometer (FTIR)

has several capabilities depending on which attachments are used. For these experi-
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ments, the Attenuated Total Reflection (ATR) and Integrating Sphere attachments

are utilized. The ATR method is used to calculate reflection and absorption. Ab-

sorption is the fraction of incident radiation absorbed by a material over a range of

frequencies of electromagnetic radiation [74]. Reflection is the fraction of incident

radiation not absorbed by a material over a range of frequencies of electromagnetic

radiation. For the ATR method, a sample is placed on the FTIR and held in place

with a locking-arm. Beneath the sample is a dense crystal with a high refractive

index. An infrared beam is split and bounces off mirrors before being sent through

the crystal and towards the sample. The beam then returns to the crystal and is

directed towards the detector. If the sample absorbs energy, the returning wave is

attenuated or reduced [75]. Mirrors within the FTIR automatically adjust in or-

der to measure the magnitude of each wavelength of infrared radiation reflected by

the sample material. Once the test is completed, the absorption for each material is

plotted against wave numbers for the range tested. Additionally, the plots produced

can be compared to an existing materials database to determine the makeup of the

materials if needed. The FTIR is shown in Figure 3.7.

The A562 Integrating Sphere is used to measure reflectivity which in turn is

used to calculate absorptivity and emissivity. Kirchoff’s law states that for gray

bodies, the absorptivity (α) is equal to the emissivity (ε) [76]. When radiation

falls onto an object, the radiation is divided into absorptivity, reflectivity (ρ), and

transmissivity (τ). The relationship between these three fractions is shown:

α + ρ+ τ = 1 (3.6)
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Figure 3.7: Bruker Invenio® R FT-IR Spectrometer [74]

Since the materials are non-transparent to visible light, it is likely they are non-

transparent to infrared light as well. Therefore, for these tests it is assumed that

transmissivity is equal to zero, which means that the interaction between thermal

radiation and the material surface is related to absorptivity and reflectivity.

For each test, infrared light is sent into the sphere. The Integrating Sphere

measures how much of the light is reflected by the sample. Some of the infrared

light reaches the sample directly, but the hemispherical shape of the device causes

some infrared light to diffuse before reaching the surface. Different testing options

are available based on sample size. Either the upper or lower port of the integrating

sphere can be used to hold the sample. The upper port is used to test items cut

with traditional tools into smaller shapes. The exact shape of the sample is incon-

sequential. The sample simply needs to cover the hole of the upper port. The lower

port is used for materials cut into a specific shape that fits into a holder. This can

be accomplished by using computer-based cutting machines such as a CNC router.
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For simplicity, the siding and decking materials are cut into 40 mm×40 mm pieces

to test in the upper port of the device.

Before these tests, two reference materials are tested. These materials are

black plastic and gold caps. The gold cap is specular and has a reflectivity nearly

equal to one, and the black plastic cap has a reflectivity nearly equal to zero. They

act as two extremes of full reflectivity and full absorptivity. Once these reference

tests are performed, each sample is tested five times for a total of 25 tests. The

reflectivity values of these materials fall between the reflectivity values of the gold

and black caps. The Integrating Sphere is shown in Figure 3.8

Figure 3.8: Bruker Invenio® R A562 Integrating Sphere

Following these tests, the results are run through a python code that integrates
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the reflectivity values over the full range of wave lengths tested. This code then

calculates the average reflectivity over the full range of wavelengths. The average

reflectivity values from each test are then combined into one average reflectivity. The

average emissivity is then calculated by performing 1 minus the average reflectivity.

Additionally, a standard deviation for the reflectivity is calculated.

3.3 Small-Scale Radiant Panel Testing

The next phase of testing involved exposing material samples to a radiant panel

and measuring temperature increase. This phase was conducted in the UL FSRI

Laboratory at the Delaware County Emergency Training Site (DelCo) in Delaware

County, PA. For these tests, a Deatak Radiant Panel Flame Spread Tester Model

RP-1A served as the radiant panel. This device conformed to ASTM E 162 and had

a panel sized 300 mm × 460 mm [77]. An image of the panel is shown in Figure 3.9.

Different heat fluxes could be attained depending on the distance between the

panel and the sample. For these experiments, heat fluxes of 5 kWm−2 and 15 kWm−2

were chosen. 5 kWm−2 was chosen as the lower heat flux for these experiments

because it represents the average incident heat flux from a wildfire at a distance

of 30 m between the wildfire and the target [57]. 15 kWm−2 was chosen as the

greater heat flux for these experiments because it represents a heat flux above the

minimum threshold for ignition for any exposure duration (13.1 kWm−2 [56, 57]).

Although wildfires can reach much greater incident heat fluxes, these experiments

were limited by the Deatak Radiant Panel Flame Spread Tester Model RP-1A, which
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had an upper limit of roughly 20 kWm−2. Each sample was cut into 100 mm ×

100 mm squares. This size was chosen to assure all materials could be tested at

these dimensions since some of the materials are only sold in widths slightly larger

than 100 mm. The vinyl siding samples were attached to 100 mm × 100 mm fiber

cement board samples using a staple gun since it was expected that the vinyl siding

would melt during testing.

Figure 3.9: Deatak Radiant Panel Flame Spread Tester Model RP-1A [77]

Two identical testing stands were built from 80/20 T-Slot Aluminum. A

schematic for the testing stand is shown in Figure 3.10. One testing stand was
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used to hold total and radiative heat flux gauges, and the other was used to hold

the test samples. Images of the heat flux gauge testing stand and the sample testing

stand are shown in Figures 3.11 and 3.12.

Figure 3.10: AutoCAD drawing of testing stand. Overall dimensions are included
for reference.

Figure 3.11: Heat flux gauge testing stand with the radiative gauge on top and total
gauge below.

Bearings were placed on top of a prebuilt table which allowed the two testing

stands to be easily changed during each test. For the sample testing stand, a piece

of 25 mm thick calcium silicate board was placed on the front and back of the sample

holder box. The piece on the front was flush with the 80/20 frame and had a 110 mm
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Figure 3.12: Sample testing stand shown with pine siding sample prepared for test-
ing.

× 110 mm square cut out for the sample. The piece on the back completely covered

the back side of the box. Calcium silicate was chosen for these experiments because

it provided insulation to the box and is flame resistant.

Ceramic fiber insulation was placed inside the box between the two pieces of

calcium silicate board. Additionally, a smaller piece of insulation was placed behind

the sample so that the thickness of the sample and this insulation would be equal

to the thickness of the calcium silicate board. The thickness of the insulation was

measured after each test. When the sample was placed inside the calcium silicate

board, the edges were wrapped in ceramic fiber pipe insulation. This eliminated any

potential gaps in the sample holder where heat could more easily enter, and allowed

for the sample to fit snugly within the sample holder. The insulated back and sides of

the sample were to ensure adiabatic boundary conditions and that one-dimensional
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heat transfer from the radiant panel was the only method of heat transfer for these

experiments.

Two type K bead 24 gauge thermocouples were used to measure temperature

during these tests. One thermocouple was placed on the back side of the sample

in the center, and the other was placed on the center of the inside face of the

back piece of calcium silicate board. The second thermocouple served to determine

whether adiabatic conditions were met for these experiments. The thermocouples

were applied to each surface using heat resistant polyester film tape. The position

of each thermocouple is shown in Figures 3.13 and 3.14.

Figure 3.13: Thermocouple application to fiber cement board sample prior to testing.

For the heat flux gauge testing stand, the gauges were inserted into calcium

silicate board. One Medtherm 50 kWm−2 total heat flux gauge and one Medtherm

50 kWm−2 radiative heat flux gauge were used to measure fluxes for the boundary

conditions on the panel side. The radiative heat flux was subtracted from the total
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Figure 3.14: Thermocouple application to calcium silicate board in back of sample
testing stand prior to testing

heat flux to calculate the convective heat flux on the test samples. The total heat

flux value would later be used in the FDS model to serve as the external flux. Tap

water was used to constantly cool the gauges during testing.

Both the thermocouples and heat flux gauges transmitted data to the Keysight

34972A LXI Data Acquisition / Switch Unit where it was recorded and saved. The

temperature data was measured in °C. The heat flux data measured DC voltage in V.

In order to determine the flux in kW/m2, the measured DC voltage was multiplied

by a conversion factor. Each heat flux gauge had its own unique conversion factor

that was calibrated and provided by Medtherm. These are shown in Table 3.4.

Table 3.4: Heat Flux Gauge Conversion Factors

Gauge Type Conversion Factor (kWm−2V−1)

Total Heat Flux Gauge 5774
Radiative Heat Flux Gauge 5981
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The testing procedure began by exposing the heat flux gauges to the radiant

panel. Depending on the parameters of the test, the testing stand position was

adjusted until the radiative gauge displayed the desired flux. The testing stand was

held in this position for a minimum of three minutes to ensure the flux was constant.

The radiative and total heat flux values were then recorded and the position of the

testing stand was noted. Then the heat flux gauge testing stand was removed and

the test sample testing stand was placed in front of the panel at the noted position.

To prevent preheating of the sample, a piece of calcium silicate board was

held between the sample and the radiant panel before the sample portion of the test

began. Tests performed with a radiant flux of 5 kWm−2 were run for 1800 seconds.

Tests performed with a radiant flux of 15 kWm−2 were run for 600 seconds. These

flux-time combinations provide the same magnitude of overall thermal insult. This

reduction in time for the greater heat flux tests was also out of an abundance

of caution due to the production of embers and smoke for some of the materials

tested. In the event of flaming combustion, the test was ended immediately. It is

assumed that the radiant heat flux is uniform over the sample surfaces since the

sample surfaces were smaller than the panel and aligned with the center of the

panel. It is likely that the outer edges of the samples received a lower heat flux than

the prescribed heat flux. This assumption allows for simpler FDS modeling of the

radiant panel testing.

Once a test was completed, the data logger was turned off. Then the propane

tank valve was closed and the radiant panel was powered off. The sample testing

stand was then taken off and placed in front of a 4’ diameter industrial fan to aid
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in the cooling process. The testing stand was able to cool to room temperature

within roughly 30 minutes after each test was completed. This phase of testing

was completed during August 2021 when temperatures regularly reached over 32°C

each day. There was no air conditioning in the UL FSRI laboratory which caused

the ambient temperature inside the laboratory to hover near 30°C. Following each

test, the testing stand was only able to cool down to roughly 30°C. The ambient

temperature in the laboratory was recorded before each test.

Each material was tested three times each at both heating rates for a total of

30 tests. The vinyl siding samples were stapled or taped to fiber cement board for

testing due to the likelihood of the vinyl melting. The other 4 materials were tested

independently. The results from these tests are detailed in Chapter 4.

3.4 One-Dimensional Heat Transfer Model

To validate the results of the Laboratory Testing section, Fire Dynamics Sim-

ulator (FDS) was used to model the small-scale radiant panel testing. FDS is a

computational fluid dynamics (CFD) model of fire-driven fluid flow originally devel-

oped by NIST that was first released to the public in 2000 [78]. This program solves

a form of the Navier-Stokes equations for low-speed, thermally-driven flow [78]. FDS

was designed for gas-phase modeling, but can be used to model materials in the solid

phase.

FDS is widely used in fire modeling and was chosen to model these radi-

ant panel tests for several reasons. FDS can utilize material properties to predict
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temperature increase throughout a room [79]. The measurements gathered in the

Laboratory Testing section of this thesis were input as the material properties for

the model. An exterior radiation source can be incorporated to provide heating to

the simulation without requiring combustion. Other heat transfer codes can also

simulate this behavior, but FDS also incorporates material degradation into its sim-

ulation. A simple heat transfer code may treat materials as inert, ignoring how they

break down during pyrolysis. FDS can model Arrhenius reactions to show how a

material decomposes when heated. Additionally, NIST provides free downloadable

access to FDS online, making the program widely accessible.

To simulate the panel experiments, a 3 m×3 m×3 m grid was created in FDS.

The mesh for this grid was spaced at 30 cm intervals. The atmospheric temperature

was assumed to be 30 °C, and the species gas was assumed to be methane. These

simulations were only conducted in the solid phase. The external flux for each

material was taken as the average of the total convective and radiative heat fluxes

measured before each panel experiment. The heat transfer coefficient was estimated

to be 15 Wm−2K−1 using Nusselt correlations for a vertical plate. The backing was

input as ‘insulated’ to ensure that the heat transfer to the material would be one

dimensional and there would be no heat loss through the back side of the sample.

Utilizing the ‘insulated’ condition creates an adiabatic back side to the sample,

leaving it perfectly insulated. When this parameter is used, no heat is lost from the

back side of the sample throughout the simulation [79].

The measured thickness of each material was input, and ‘thermocouples’ were

placed on the front and back side of the material. The back side thermocouple mea-
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sured the temperature that is compared to the temperature from the thermocouple

placed on the back side of the samples tested with the radiant panel. A ‘vent’ was

also included in the model. ‘Vents’ in FDS are boundary conditions attached to

solid surfaces that can serve multiple purposes. In this case, the vent is used as a

passive opening to the exterior for air and smoke to interchange to prevent gases

from building up and affecting the temperature. Other uses of vents include adding

a heat source or doubling the size of a domain [79].

These simulations required several material property inputs. These properties,

and the laboratory machines they were gathered from, are listed in Table 3.5. The

species and material coefficients are the portions of each material that react into

gasses and the next phase of material decomposition, respectively. These values are

derived from the char yield and contribution values produced by the STA. The pre-

exponential factor, activation energy, species coefficient, material coefficient, and

heat of reaction were all taken from the 10 Kmin−1 tests. The 3 Kmin−1 tests were

not performed in triplicate, and the 30 Kmin−1 heating rate was a much faster heat-

ing rate than the other two rates tested. Therefore, the 10 Kmin−1 tests provided

the best properties to be used. The values for emissivity, absorption, thermal con-

ductivity, specific heat, and density were assumed to not change as the materials

degraded. Although this is not typical of how materials react when heated, it was

a simplified assumption due to current material testing limitations. Since there are

multiple sources for thermal conductivity, an average of the values was taken. The

thermal conductivity value from the HFM was assumed to be at 30 °C and averaged

with the values produced by the TPS and MTPS.
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Table 3.5: FSRI Laboratory Machines

Property Source

Pre-Exponential Factor (A) STA 449 F3 Jupiter®
Activation Energy (E) STA 449 F3 Jupiter®

Species Coefficient νspecies STA 449 F3 Jupiter®
Material Coefficient νmaterial STA 449 F3 Jupiter®

Heat of Reaction (∆H) STA 449 F3 Jupiter®
Emissivity (ε) FTIR Integrating Sphere

Thermal Conductivity (k) TA Instruments FOX 200 Heat Flow Meter
C-Therm Trident TPS

C-Therm Trident MTPS
Specific Heat (c) TA Instruments FOX 200 Heat Flow Meter

Density (ρ) Carrera Precision Digital Caliper
Sartorius Laboratory Balance

FDS simulations were produced for the composite decking, fiber cement board,

pine siding, and pressure treated decking at both 5 kWm−2 and 15 kWm−2. The

simulations for fiber cement board were performed as an inert material. Due to the

low mass loss in the fiber cement board STA tests (explained in Chapter 4), the

FDS model was unable to accurately predict temperature behavior. Running the

simulations with fiber cement board as an inert material provided more accurate

results. When applicable, “dry” parameters were input to the FDS model in favor

of “wet” parameters. “Wet” values were only used when a material was not tested

in the “dry” condition. The results from these simulations are detailed in Chapter 4.

The FDS scripts are provided in Appendix C.

3.5 Large-Scale Radiant Panel Testing

The final phase of testing involved exposing larger material samples to a ra-

diant panel and measuring temperature increase of the samples. The differences
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between this phase and the previous radiant panel testing phase were sample size

and construction. The previous radiant panel phase tested samples that were cut

into 100 mm × 100 mm squares. This radiant panel testing phase involved larger

assemblies sized roughly 280 mm × 410 mm. These assemblies were placed in the

same testing stand used in the previous radiant panel testing phase, and ceramic

fiber insulation was again placed between the sample and a piece of calcium silicate

board to create an adiabatic back side condition. Additionally, ceramic fiber insula-

tion was placed around the edges of the siding and decking assemblies to eliminate

any potential gaps between the assemblies and the testing stand where heat could

penetrate and reach behind the assemblies.

Composite decking, fiber cement board, pressure treated decking, and pine

siding were again chosen for testing during this phase. Vinyl siding was not tested

during this phase since it rapidly melted during the previous radiant panel testing

phase and was expected to melt again during this phase of testing. To fit within

the testing assembly, composite decking, pressure treated decking, and pine siding

were cut into 280 mm × 140 mm pieces. Then, three pieces were screwed together

with furring strips sized 50 mm × 25 mm on the left and right back sides to hold

them together. The screws were inserted through the furring strips on the back

side so the heads did not interfere with the side exposed to the radiant panel. The

pine siding pieces were inserted into each other, while the composite decking and

pressure treated decking pieces were placed beside other pieces. The total size of

each assembly measured roughly 280 mm × 410 mm. An image of the back sides of

pine siding, pressure treated decking, and composite decking assemblies with furring
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strips attached is shown in Figure 3.15. For the tests involving fiber cement board,

a larger piece of fiber cement board was cut down into 280 mm × 410 mm pieces

and placed in the testing stand. An image of a fiber cement board assembly before

testing is shown in Figure 3.16.

Figure 3.15: Back Side of Pine Siding, Pressure Treated Decking, and Composite
Decking Assemblies

For the fiber cement board, pine siding, and pressure treated decking tests,

four small plates were used to hold the assemblies in the testing stand. For the

composite decking, two additional plates were used to ensure the composite decking

would not fall out of the testing stand as it expanded when exposed to the radiant

panel. An image of a pine siding assembly with four edge plates in the testing stand

is shown in Figure 3.17.

The same Deatak Radiant Panel Flame Spread Tester Model RP-1A from the

first phase of panel testing was again used for these tests. Two new type K bead

24 gauge thermocouples were used to measure temperature. These thermocouples

were placed in the same locations as the thermocouples from the first phase of

radiant panel testing were placed. One thermocouple was placed on the back side

of the assembly in the center, and the other was placed on the center of the inside
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Figure 3.16: Fiber Cement Board Assembly Before Testing

face of the back piece of calcium silicate board. The first thermocouple served to

measure temperature increase of the assemblies. The second thermocouple served

to determine whether adiabatic conditions were met for these experiments. The

thermocouples were applied to each surface using heat resistant polyester film tape.

An image of the thermocouple attached to the back side of a pine siding assembly

is shown in Figure 3.18.

Each material was tested in triplicate at both 5 kWm−2 and 15 kWm−2 for a

total of 24 tests. The composite decking was tested at 5 kWm−2 and 14 kWm−2

because the assembly height prohibited the testing stand from moving close enough

to the radiant panel to register a heat flux of 15 kWm−2. The ventilation system
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Figure 3.17: Pine Siding Assembly in the Testing Stand During a 5 kWm−2 Test

in the laboratory was used during the entirety of tests performed at the greater

heat flux due to higher offgassing. Like the previous testing procedure, these tests

began by exposing radiative and total heat flux gauges to the radiant panel. These

gauges were the same gauges used in the previous radiant panel tests. Depending

on the parameters of the test, the testing stand position was adjusted until the

radiative gauge displayed the desired flux. The heat flux gauge testing stand was

held in this position for a minimum of three minutes to ensure the flux was constant.

The radiative and total heat flux values were then recorded and the position of the

testing stand was noted. The heat flux gauge testing stand was then removed and the
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Figure 3.18: Thermocouple Attached to Back Side of Pine Siding Sample

assembly testing stand was placed in front of the radiant panel at the noted position.

Tests conducted at 5 kWm−2 were run for 1800 seconds, while tests conducted at

15 kWm−2 were run for 600 seconds. Once a test concluded, the radiant panel was

turned off and the testing stand cooled until it reached the ambient temperature.

This phase of testing was conducted in the UL FSRI Laboratory at the Delaware

County Emergency Training Site (DelCo) in Delaware County, PA in January 2022.

The outside temperatures were between -2°C and 2°C each day. The ambient tem-

perature inside the laboratory was roughly 15°C. Following each test, the testing

stand cooled down to roughly 17°C. The ambient temperature in the laboratory was

recorded before each test. The results from these tests are detailed in Chapter 4
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Chapter 4: Results

4.1 Laboratory Testing

The machines and apparatuses used to test materials in the Laboratory Testing

Phase produced results with varying degrees of complexity. Some machines such as

the TPS produced a singular value for thermal conductivity. Other machines such

as the MCC needed to be post processed in order to produce values for peak specific

heat release rate and heat of combustion. The final results from this section of

testing are described below and shown in Appendix A and Appendix B. For this

section, all plots are described, but only plots for pine siding are displayed. All

plots, including those for pine siding, can be found in Appendix B.

Plots containing the normalized mass versus temperature for a given material

are shown in Figure B.1. The values for the average standard deviation during

these experiments can be found in Table A.1. The normalized mass was calculated

by dividing the instantaneous mass by the initial mass. The results from all three

heating rates are shown on the same plot. The plot for pine siding STA data is

shown in Figure 4.1.

For the TGA tests, the data showed repeatability. Each material exhibited

the same general behavior, and tests conducted at the same heating rate overlap

57



Figure 4.1: STA Normalized Mass Versus Temperature Data for Pine Siding

each other. The pine siding and pressure treated decking both experienced one

continuous mass loss between 300°C and 400°C. The composite decking and vinyl

siding experienced two distinct mass loss events between 300°C and 500°C. The

fiber cement board experienced minimal mass loss during the STA experiments.

The experiments performed at 3 Kmin−1 are the leftmost curves on each plot. The

experiments performed at 10 Kmin−1 are the middle group of curves on each plot.

The experiments performed at 30 Kmin−1 are the rightmost curves on each plot. For

tests performed with greater heating rates, there was a slight delay in the tempera-

ture increase within the sample materials. The prescribed temperature was slightly

greater than the sample material temperature. This caused a delay in phase changes

since it took longer for the sample materials to reach the critical temperature re-

quired for vaporization. At the lower heating rate (3 Kmin−1) the temperature of

the sample materials was able to closely match the prescribed temperature. For

the greater heating rates (10 Kmin−1 and 30 Kmin−1), the atmospheric temperature

58



increased too fast for the sample material temperature to match.

The parametrized TGA values for pre-exponential factor (A), activation en-

ergy (E), and contribution are shown in tables A.2 to A.6. Plots containing the

measured normalized mass versus temperature and predicted normalized mass ver-

sus temperature are shown in figs. B.2 to B.6. For each material, the experiment

performed at 3 Kmin−1, the second experiment performed at 10 Kmin−1, and the

second experiment performed at 30 Kmin−1 are shown. Plots for pine siding STA

data are shown in Figure 4.2.

(a) Pine Siding at 3Kmin−1 (b) Pine Siding at 10Kmin−1

(c) Pine Siding at 30Kmin−1

Figure 4.2: Measured Versus Predicted Normalized Mass Versus Temperature Com-
parison for Pine Siding
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The parameterizations of the pine siding and pressure treated decking were the

most accurate. The parameterization of the fiber cement board produced a similar

shape at a slightly greater temperature. The parameterization for the composite

decking largely follows the mass loss curve before producing a greater char yield.

The vinyl siding parameterization appears largely inaccurate, resulting in a greater

char yield and not perfectly following the mass loss curve. The reason behind these

large differences is a result of the program used to reproduce these parameterizations.

The NETZSCH® Kinetics Neo Software allows for negative activation energy to be

used to model first-order Arrhenius reactions. FDS (the program used to recreate

these reactions) does not permit negative activation energy in first-order Arrhenius

reactions because negative activation energies are physically unrealistic. This would

result in a divergence for a given reaction. To combat this issue of instability, any

negative activation energy was input as ‘1’ in FDS. The results of this action were

worse parameterizations for the composite decking and vinyl siding.

The DSC values for heat of reaction are shown in Table A.7. Plots containing

the normalized heat flow versus temperature are shown in Figure B.7. The values for

the average standard deviation during these experiments can be found in Table A.8.

The normalized heat flow was calculated by dividing the heat flow by the initial

mass. The results from all three heating rates are shown on the same plot for each

material. The plot for pine siding DSC data is shown in Figure 4.3.

For the DSC data, the tests showed repeatability. Each material exhibited

the same general behavior at their respective heating rates. Tests conducted at the

same heating rates reach similar peaks at the same times. The tests conducted
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Figure 4.3: DSC Normalized Heat Flow Versus Temperature Data for Pine Siding

at 30 Kmin−1 had the highest and most defined peaks, whereas tests conducted at

3 Kmin−1 had the lowest and least defined peaks. The composite decking experi-

enced a small initial peak at 120°C, then two later, greater peaks at 370°C and

480°C. The fiber cement board experienced two small, gradual peaks at 150°C and

350°C. The pine siding experienced one distinct peak at 375°C. The pressure treated

decking experienced an initial gradual peak from 150°C - 300°C before a steeper peak

at 380°C. The vinyl siding experienced a distinct peak at 325°C before experiencing

several lower peaks at 420°C, 480°C, and 700°C.

The MCC values for peak specific heat release rate (Peak Specific HRR)

and heat of combustion (∆Ho
c ) are shown in Table A.9. The values for the average

standard deviation during these experiments can be found in Table A.10. Plots

containing analyzed MCC data for peak specific heat release rate are shown in

Figure B.8. The plot for the pine siding MCC data is shown in Figure 4.4.

For the MCC data, the tests were overall repeatable. For each group of ma-
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Figure 4.4: MCC Specific Heat Release Rate versus Time Data for Pine Siding

terials, the peak heat release rates were roughly equal, and the samples displayed

similar behavior. The fiber cement board, pine siding, and pressure treated decking

each had one distinct peak. The composite decking and vinyl siding each had two

distinct peaks. The first peak was much lower than the second peak for these two

materials. For all materials, the time at which the reactions began and ended were

also consistent. The composite decking had the highest peak specific heat release

rate, while the fiber cement board had the lowest peak specific heat release rate.

The lower peak specific heat release rate resulted in the plot for fiber cement board

appearing “less smooth” than the other plots.

The HFM coefficients for “wet” and “dry” thermal conductivity (k) are shown

in Table A.11 and Table A.12, respectively. The HFM coefficients for “wet” and

“dry” volumetric specific heat capacity (ρc) are shown in Table A.13 and Table A.14

respectively. The “wet” and “dry” MTPS values for thermal conductivity (k) and

effusivity (e) are shown in Table A.15 and Table A.16, respectively. The “wet”
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and “dry” TPS values for thermal conductivity (k) are shown in Table A.17 and

Table A.18, respectively. The FTIR integrating sphere values for reflectivity (ρ),

absorptivity (α) / emissivity (ε), and standard deviation are shown in Table A.19.

The “wet” and “dry” densities (ρ) for each material are shown in Table A.20 and

Table A.21, respectively.

4.2 Small-Scale Panel Testing

Each of the materials referenced in Chapter 3 were exposed to the radiant

panel at constant heat fluxes of 5 kWm−2 and 15 kWm−2. The temperature versus

time curves for composite decking, fiber cement board, pine siding, and pressure

treated decking are shown in Figures 4.5 and 4.6. There are no curves shown for

vinyl siding tests because this material rapidly melted when exposed to the radiant

panel, exposing the fiber cement board. It was concluded that this vinyl siding offers

limited protection from radiant heat.

In these figures, the “Back Side Temp” is the temperature measured on the

back side of the sample during each experiment. The “Adiabatic Temp” is the tem-

perature measured in the back of the sample holder under insulation throughout each

experiment to ensure each sample maintained adiabatic conditions. Triplicate test-

ing for each material is combined onto one plot for each heating rate. Note that for

the first fiber cement board sample tested at 5 kWm−2, the “Adiabatic Temp” ther-

mocouple was accidentally unplugged for approximately 120 seconds during testing.

For pressure treated decking tested at 15 kWm−2, the “Adiabatic Temp” thermocou-
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ple did not record any data during the third sample test. Additionally, fiber cement

board was the only material tested for 1800 seconds at 15 kWm−2. However, only

the first 600 seconds of these tests are reported. The other materials were tested at

15 kWm−2 for a maximum of 600 seconds.

(a) Composite Decking (b) Fiber Cement Board

(c) Pine Siding (d) Pressure Treated Decking

Figure 4.5: Temperature versus Time of Samples Exposed to 5 kWm−2 Radiant
Heat Flux

Composite decking exhibited similar temperature behavior across each sample

at either heat flux scenario. The samples tested at 5 kWm−2 (shown in Figure 4.5(a))

did not experience a temperature increase for the first 90 seconds. For the next 1200

seconds, the temperature gradually increased until it reached 120 °C. For the final
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(a) Composite Decking (b) Fiber Cement Board

(c) Pine Siding (d) Pressure Treated Decking

Figure 4.6: Temperature versus Time of Samples Exposed to 15 kWm−2 Radiant
Heat Flux

510 seconds, the temperatures started to increase at a faster rate. The tests ended

with the temperatures near 150 °C and still increasing.

The composite decking tested at 15 kWm−2 (shown in Figure 4.6(a)) did not

experience a temperature increase for the first 90 seconds. The temperature then

increased linearly for the next 450 seconds reaching roughly 90 °C. The temperature

increase began to show signs of slowing down during the last 60 seconds of each test.

The tests ended with temperatures near 100 °C and still increasing.

When exposed to the radiant panel, composite decking samples expanded out
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from the sample holder. An image of the composite decking expansion is shown in

Figure 4.7. The surface of the composite decking became sponge-like and malleable

as it expanded. Before cooling, the surface of the sample could be altered using a

tool such as a screwdriver. After cooling, the new expanded shape hardened.

Although only the surface of the material expanded and became sponge-like,

the expansion affected the entirety of the sample. These experiments brought the

entire composite decking sample above its softening temperature. Between a quar-

ter and halfway through the thickness of the material was affected by expansion.

The remainder of the sample that did not expand was still somewhat malleable.

Following testing, the samples appeared warped and were no longer flat. A cross

sectional image of the expanded region and warped shape is shown in Figure 4.8

with a square provided for scale. The darker region is the section of the composite

decking that expanded.

Figure 4.7: Composite Decking Expanded Beyond Sample Holder

For fiber cement board, there was little variation in temperature behavior be-

tween the samples tested. This behavior was expected since fiber cement board is a

66



Figure 4.8: Composite Decking Expanded with Scale Shown

uniform material. This homogenous, non-flammable material allowed for the most

repeatable tests. The samples tested at 5 kWm−2 (shown in Figure 4.5(b)) under-

went an initial rapid temperature increase to 150 °C during the first 300 seconds

of testing. For the next 900 seconds the rate of temperature increase slowed down

while the temperature increased beyond 200 °C. During the final 600 seconds of each

test, the sample temperatures slowly approached a final temperature just below 250

°C. The fiber cement board tested at 15 kWm−2 (shown in Figure 4.6(b)) underwent

a rapid initial temperature increase to 350 °C throughout each 600 second test. The

rate of increase began to slow towards the end of the tests. The tests concluded

with temperatures at roughly 375 °C. A fiber cement board sample exposed to the

radiant panel is shown in Figure 4.9.

For the pine siding samples tested at 5 kWm−2 (shown in Figure 4.5(c)), the

temperature remained constant for the first 120 seconds. Then the temperature

began to linearly increase for the next 600 seconds, reaching temperatures of roughly

100 °C. Then for the final 1080 seconds, the rate of temperature increase slowed

down. The tests concluded while the temperatures were still increasing near 160 °C.

The samples tested at 15 kWm−2 (shown in Figure 4.6(c)) maintained a constant
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Figure 4.9: Fiber Cement Board Exposed to Radiant Panel

temperature for the first 120 seconds, before increasing linearly for the remainder

of the tests. When the tests concluded, the temperatures of the samples were above

140 °C. A pine siding sample in the sample holder before a test began is shown in

Figure 4.10.

The pine siding samples exposed to 5 kWm−2 experienced slight darkening

on the face exposed to the radiant panel. The samples tested at 15 kWm−2 began

to off-gas and developed a char layer before cracking and alligatoring. Around

the 420 second mark, embers could be seen on the exposed side. An image of a
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Figure 4.10: Pine Siding Sample in Sample Holder Before Testing

cracked pine siding sample with embers is shown in Figure 4.11. Like the composite

decking samples, the char layer did not penetrate through the entire sample. For

pine siding, the char layer penetrated roughly three-quarters through the thickness

of each sample. Despite the heavy charring and embers, none of the pine siding

samples ignited during the 15 kWm−2 tests.

The pressure treated decking samples tested at 5 kWm−2 exhibited a more

uniform temperature increase than the sample tested at 15 kWm−2. The samples

tested at 5 kWm−2 (shown in Figure 4.5(d)) maintained a constant temperature
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Figure 4.11: Pine Siding Sample exposed to 15 kWm−2 Heat Flux

for the first 120 seconds. The temperatures then increased linearly for the next

480 seconds, reaching roughly 100 °C. For the final 1200 seconds, the temperature

increased at a slower rate. The tests ended with temperatures between 200 - 220 °C

while still increasing.

The first two pressure treated decking samples tested at 15 kWm−2 (shown in

Figure 4.6(d)) experienced similar temperature increases. The third sample tested

experienced a different trajectory altogether and reached a significantly lower final

70



temperature. The first two samples experienced minimal temperature increases dur-

ing the first 120 seconds. Then for the next 120 seconds, the temperatures rapidly

increased, reaching 100 °C. Following this increase, the temperature remained con-

stant for 60 seconds before rapidly increasing again for the remainder of the test.

The final temperatures for these two tests reached 315 and 370 °C. The third sample

experienced minimal temperature increase during the first 120 seconds. For the final

480 seconds, it underwent a lesser rapid temperature increase. The third test ended

with a final temperature of 220 °C.

All three samples tested at 15 kWm−2 produced embers within 180 seconds

of being exposed to the radiant panel. For the first two samples, the second rapid

increase coincided with the samples blackening and cracking from the heat flux. An

image of a pressure treated decking sample tested at 15 kWm−2 exhibiting cracking

behavior is shown in Figure 4.12. This lighting of this image has been edited to

allow for the cracked surface to be easily identified. The third sample tested did

not experience any cracking during testing. This may explain why the third sample

exhibited different behavior compared to the first two samples.

The difference in final temperature between the first and second test may be

explained by post test behavior. Unlike the first sample, the second sample ignited

into flaming combustion following the conclusion of the test. This took place after

the data logger was turned off, while the gas system was being shut down. Due to

the location of the gas valve, a photograph was not taken to capture the combustion.

The second sample was the only sample for pressure treated decking that ignited.

The greater final temperature was likely correlated to the imminent ignition of the
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Figure 4.12: Pressure Treated Decking Cracking While Exposed to 15 kWm−2 Heat
Flux

sample.

Data from vinyl siding testing was not included since the vinyl siding melted

almost immediately during tests at both 5 kWm−2 and 15 kWm−2, leaving fiber

cement board exposed to the radiant panel. These data were effectively a duplicate

of the fiber cement board tests that were already performed. An image of a melting

vinyl siding sample is shown in Figure 4.13.
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Figure 4.13: Vinyl Siding Melting While Exposed to 5 kWm−2 Heat Flux

4.3 One-Dimensional Heat Transfer Model Results

The FDS model predicted temperature increase on the sample materials with

varying degrees of accuracy. For the 5 kWm−2 simulations, the FDS predictions

were relatively accurate for the first 600 - 1000 seconds of the simulation period

when compared to the small-scale radiant panel testing results. For the 15 kWm−2

simulations, the FDS predictions were relatively accurate for at least half of the

simulation period when compared to the small-scale radiant panel testing results.

In both scenarios, the curve shape of the temperature data for FDS simulations
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resembled the same general temperature curve shape during the small-scale radiant

panel experiments at a greater temperature. A comparison of simulation tempera-

tures and experiment temperatures at 450, 900, 1350, and 1800 seconds for all four

materials tested at 5 kWm−2 is shown in Table 4.1. A comparison of simulation

temperatures and experiment temperatures at 150, 300, 450, and 600 seconds for

all four materials tested at 15 kWm−2 is shown in Table 4.2. The simulation re-

sults compared with the small-scale radiant panel testing results are displayed in

Figure 4.14 and 4.15.

Table 4.1: 5 kWm−2 FDS Model and Panel Experiment Temperature Comparison

Material 450 s 900 s 1350 s 1800 s

Composite Decking (FDS) 58.0 °C 106.2 °C 142.7 °C 167.3 °C
Composite Decking (Panel) 62.0 °C 97.2 °C 123.5 °C 148.6 °C
Fiber Cement Board (FDS) 163.4 °C 222.3 °C 240.3 °C 245.7 °C
Fiber Cement Board (Panel) 173.2 °C 214.1 °C 232.0 °C 240.9 °C

Pine Siding (FDS) 85.8 °C 140.4 °C 163.2 °C 174.9 °C
Pine Siding (Panel) 67.8 °C 114.6 °C 143.2 °C 161.9 °C

Pressure Treated Decking (FDS) 89.4 °C 155.7 °C 190.0 °C 204.5 °C
Pressure Treated Decking (Panel) 75.7 °C 123.1 °C 163.2 °C 208.3 °C

Table 4.2: 15 kWm−2 FDS Model and Panel Experiment Temperature Comparison

Material 150 s 300 s 450 s 600 s

Composite Decking (FDS) 33.3 °C 58.7 °C 94.8 °C 129.7 °C
Composite Decking (Panel) 36.3 °C 60.4 °C 82.9 °C 100.6 °C
Fiber Cement Board (FDS) 121.6 °C 238.7 °C 312.1 °C 356.1 °C
Fiber Cement Board (Panel) 172.2 °C 260.0 °C 326.9 °C 376.2 °C

Pine Siding (FDS) 39.3 °C 88.6 °C 138.9 °C 176.8 °C
Pine Siding (Panel) 35.6 °C 68.2 °C 108.7 °C 148.8 °C

Pressure Treated Decking (FDS) 40.5 °C 93.0 °C 150.7 °C 198.0 °C
Pressure Treated Decking (Panel) 35.1 °C 99.1 °C 161.0 °C 297.7 °C

The composite decking simulated at 5 kWm−2 (shown in Figure 4.14(a)) re-

mained at a constant temperature for the first 180 seconds. The temperature then
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(a) Composite Decking (b) Fiber Cement Board

(c) Pine Siding (d) Pressure Treated Decking

Figure 4.14: FDS Predictions vs Panel Testing Results for 5 kWm−2 Radiant Heat
Flux

linearly increased for the next 1200 seconds reaching 130 °C. For the final 420 sec-

onds, the rate of temperature increase slowed down. The final temperature at the

end of the simulation was just below 170 °C. The composite decking simulated at

15 kWm−2 (shown in Figure 4.15(a)) remained at a constant temperature for the

first 120 seconds. Then the temperature rapidly increased for the remainder of the

simulation. The final temperature at the end of the simulation was just below 130

°C.

For the simulations performed at 5 kWm−2, the results closely matched the
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(a) Composite Decking (b) Fiber Cement Board

(c) Pine Siding (d) Pressure Treated Decking

Figure 4.15: FDS Predictions vs Panel Testing Results for 15 kWm−2 Radiant Heat
Flux

radiant panel test results for the first 900 seconds. For the remaining 900 seconds,

the simulation temperature continued to increase at a faster rate than the radiant

panel test temperatures. The FDS model predicted a final temperature roughly 20

°C greater than the radiant panel test results. For the simulations performed at

15 kWm−2, the results closely matched the radiant panel test results for the first

360 seconds. For the remaining 240 seconds, the simulation temperature continued

to increase at a faster rate than the radiant panel test temperatures. The FDS

model predicted a final temperature roughly 30 °C greater than the radiant panel
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test results.

The fiber cement board simulated at 5 kWm−2 (shown in Figure 4.14(b)) began

to increase in temperature almost immediately. The temperature increased rapidly

for the first 600 seconds reaching nearly 200 °C. The temperature increase then

slowed down. During the final 600 seconds, the temperature approached a plateau

of 250 °C. The fiber cement board simulated at 15 kWm−2 (shown in Figure 4.15(b))

rapidly increased for the first 300 seconds, reaching 240 °C. For the remaining 300

seconds, the rate of temperature increase slowed down. The final temperature at

the end of the simulation was roughly 355 °C.

For the simulations performed at 5 kWm−2, the results closely matched the

radiant panel test results for the entire test. For the first 600 seconds, the model

slightly underpredicted the temperature. For the final 1200 seconds, the model

slightly overpredicted the final temperature. After 1800 seconds, the FDS model

predicted a final temperature within 5 °C of the final temperature of the radiant

panel tests. For the simulations performed at 15 kWm−2, the results also closely

matched the radiant panel results. For the entirety of the simulation, the model

slightly underpredicted temperatures. Towards the end of the simulation, the differ-

ence between the panel test temperatures and simulation temperatures decreased.

After 600 seconds the FDS model predicted a final temperature 20 °C lower than

the radiant panel test results.

The pine siding simulated at 5 kWm−2 (shown in Figure 4.14(c)) showed no

temperature increase for the first 180 seconds. For the next 600 seconds, the temper-

ature rapidly increased, reaching roughly 140 °C. For the remaining 1020 seconds,
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the rate of temperature increase slowed down. The final temperature at the end of

the simulation was roughly 175 °C. The pine siding simulated at 15 kWm−2 (shown

in Figure 4.15(c)) showed no temperature increase for the first 120 seconds. For the

remaining 480 seconds the temperature rapidly increased. The simulation ended

with a final temperature just below 180 °C.

The simulations performed at 5 kWm−2 predicted a greater temperature than

the radiant panel tests throughout most of the 1800 second simulation. Despite the

greater temperature predictions, the model follows the same general behavior as

the radiant panel tests. The temperature remains constant, then increases rapidly

before increasing at a slower rate. After 1800 seconds, the FDS model predicted a

final temperature 15 °C greater than the radiant panel tests. For the simulations

performed at 15 kWm−2, the results closely match the radiant panel test results for

the first 300 seconds. For the remaining 300 seconds, the simulation temperature

increased at a faster rate than the radiant panel test temperatures. After 600 sec-

onds, the FDS model predicted a final temperature roughly 30 °C greater than the

radiant panel tests.

The pressure treated decking simulated at 5 kWm−2 (shown in Figure 4.14(d))

showed no temperature increase for the first 180 seconds. The temperature then

rapidly increased for the next 720 seconds reaching nearly 160 °C. For the remaining

900 seconds, the rate of temperature increase slowed down. The final temperature at

the end of the simulation was roughly 205 °C. The pressure treated decking simulated

at 15 kWm−2 (shown in Figure 4.15(d)) also showed no temperature increase for the

first 180 seconds. The temperature then began to increase for the remaining 420
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seconds. The final temperature at the end of the simulation was roughly 200 °C.

The simulations performed at 5 kWm−2 predicted a greater temperature and

different temperature behavior than the radiant panel tests. After the 360 second

mark, the FDS model temperature continued to rapidly increase while the radiant

panel test temperature rate of increase slowed. Despite these differences in curve

shapes, the final temperature prediction closely matched the final radiant panel

test temperatures between 200 °C and 220 °C. For the simulations performed at

15 kWm−2, the results fell between the two extremes exhibited by the radiant panel

tests. Radiant panel tests 1 and 2 experienced cracking and had higher temperatures

throughout most of the tests, while test 3 did not experience cracking. The FDS

model temperature was greater than the panel test 3, but less than or equal to panel

tests 1 and 2 throughout the 600 second simulation. The final temperature of the

FDS model fell slightly below the final temperature of panel test 3 at roughly 200

°C.

4.4 Large-Scale Radiant Panel Testing

Each of the materials referenced in Chapter 3 were assembled and exposed

to the radiant panel at constant heat fluxes of 5 kWm−2 and 15 kWm−2. The tem-

perature versus time curves for composite decking, fiber cement board, pine siding,

and pressure treated decking are shown in Figures 4.16 and 4.17. In these figures,

the “Back Side Temp” is the temperature measured on the back side of the sample

during each experiment. The “Adiabatic Temp” is the temperature measured in the
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back of the sample holder under insulation throughout each experiment to ensure

each sample maintained adiabatic conditions. Triplicate testing for each material is

combined onto one plot for each heating rate. Note that the composite decking was

exposed to heat fluxes of 5 kWm−2 and 14 kWm−2 due to the restrictive height of

the composite assembly.

(a) Composite Decking (b) Fiber Cement Board

(c) Pine Siding (d) Pressure Treated Decking

Figure 4.16: Temperature versus Time of Assemblies Exposed to 5 kWm−2 Radiant
Heat Flux

Composite decking exhibited similar temperature behavior across each sam-

ple at either heat flux scenario. The samples tested at 5 kWm−2 (shown in Fig-

ure 4.16(a)) did not experience a temperature increase for the first 60 seconds of
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(a) Composite Decking (b) Fiber Cement Board

(c) Pine Siding (d) Pressure Treated Decking

Figure 4.17: Temperature versus Time of Assemblies Exposed to 15 kWm−2 Radiant
Heat Flux

testing. Then, the temperature began to increase linearly for the next 600 seconds

reaching roughly 70 °C. For the final 1140 seconds, the rate of temperature increase

slowed down. The tests concluded with temperatures beginning to plateau between

115 - 125°C.

The composite decking tested at 14 kWm−2 (shown in Figure 4.17(a)) did not

experience a temperature increase during the first 60 seconds. The temperature then

increased linearly for the next 480 seconds reaching roughly 80 °C. The temperature

increase began to show signs of slowing down during the last 60 seconds of each test.
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The tests ended with temperatures near 85 °C and still increasing.

When exposed to the radiant panel, composite decking assemblies expanded

out from the sample holder. Due to this expansion, two additional braces were

added to the assembly to prevent the composite decking from falling out of the

assembly. Similarly to the small-scale panel testing, the composite decking became

sponge-like and malleable. During all tests, miniature air bubbles began to form

and pop, leaving behind small holes on the surface. An image of the composite

decking with miniature holes formed is shown in Figure 4.18.

Figure 4.18: Composite Decking Forming Air Bubbles While Exposed to 14 kWm−2

Heat Flux

For fiber cement board, there was little variation in temperature behavior
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between the assemblies tested. The assemblies tested at 5 kWm−2 underwent an

initial rapid temperature increase to 125 °C during the first 480 seconds. For the

next 480 seconds, the temperature increased at a much lower rate, reaching roughly

135 °C. For the remaining 840 seconds, the temperature increased at a greater rate.

The tests concluded with final temperatures between 205 - 215 °C. The assemblies

tested at 15 kWm−2 underwent an initial rapid temperature increase to roughly 140

°C during the first 180 seconds. Then for the next 240 seconds, the temperature

remained relatively constant at roughly 140 °C. For the final 180 seconds of each

test, the temperature increased linearly. The tests concluded with temperatures

near 220 °C and still increasing. An image of a fiber cement board assembly is

shown in Figure 4.19.

For the pine siding assemblies tested at 5 kWm−2 (shown in Figure 4.16(c)),

the temperature remained constant for the first 180 seconds. Then the temperature

increased linearly for the next 600 seconds, reaching roughly 80 °C. For the final

1020 seconds, the rate of temperature increase slowed down. The tests concluded

while the temperatures were still increasing near 115 °C. The assemblies tested at

15 kWm−2 (shown in Figure 4.17(c)) maintained a constant temperature for the first

120 seconds before increasing linearly for the remainder of the tests. When the tests

concluded, the temperatures of the assemblies were between 90°C and 105°C. A pine

siding assembly during testing is shown in Figure 4.20.

The pine siding assemblies exposed to a heat flux of 5 kWm−2 experienced

slight darkening on the face exposed to the radiant panel. For assemblies that

contained boards with knots, the sap located in the knots could be seen bubbling
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Figure 4.19: Fiber Cement Board Assembly Exposed to 5 kWm−2 Heat Flux

before dripping down over the face of the siding exposed to the panel. The assemblies

tested at 15 kWm−2 began to offgas and developed a char layer. Some embers

developed in the knots of the wood during these tests. This behavior was not seen

in the previous radiant panel experiments because the samples chosen for testing in

those experiments did not contain any knots. An image of a pine siding assembly

with a char layer and small embers in the knots is shown in Figure 4.21.

The pressure treated decking assemblies tested at 5 kWm−2 (shown in Fig-
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Figure 4.20: Shiplap Pine Siding Assembly Exposed to 15 kWm−2 Heat Flux

ure 4.16(d)) maintained a constant temperature for the first 120 seconds of testing.

Then for the next 600 seconds, the temperature rapidly increased, reaching roughly

80 °C. For the next 300 seconds, the rate of temperature increase slowed down. For

the remaining 780 seconds, the temperature remained constant between 90°C and

95°C. The assemblies tested at 15 kWm−2 (shown in Figure 4.17(d)) also maintained

a constant temperature for the first 120 seconds of testing. For the next 300 sec-

onds, the temperature rapidly increased, reaching roughly 90 °C. For the next 60

seconds, the rate of temperature increase slowed down. For the final 120 seconds,
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Figure 4.21: Shiplap Pine Siding Assembly Developing a Char Layer and Embers

the temperature remained constant just below 100 °C.

The pressure treated decking assemblies exposed to a heat flux of 5 kWm−2

experienced slight darkening and offgassing towards the end of each test. Like the

pine siding, sap could be seen boiling and eventually dripped down from knots in

the boards of the assemblies. The pressure treated decking tested at 15 kWm−2

began to offgas and developed a char layer. Embers developed on the face of the

decking near some of the knots. Additionally, small cracks developed near some of

the knots in the wood. The heat also caused the wood to slightly warp and curl
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toward the panel. An image of the pressure treated decking during testing is shown

in Figure 4.22.

Figure 4.22: Pressure Treated Decking Assembly Cracking and Displaying Embers

The “Adiabatic Temp” thermocouple measured much greater temperatures for

the pressure treated decking than for the other materials. This is likely due to the

gaps between individual pressure treated decking boards. As the temperature of the

assemblies increased, the individual boards began to curl and warp. This formed

a void where the heat from the panel was directly reaching the insulation behind

the assembly. This direct exposure likely led to the greater “Adiabatic Temp” when

compared to the other materials tested.
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Chapter 5: Discussion of Testing and Modeling Results

5.1 Laboratory Testing

Both the TGA and DSC tests performed using the STA 449 F3 Jupiter® ex-

hibited a high degree of repeatability. The tests performed in triplicate at 10 Kmin−1

and 30 Kmin−1 were analyzed to determine the repeatability of each test. With the

exception of composite decking tested at 10 Kmin−1, the average relative standard

deviations for the TGA curves (listed in Table A.1) are all less than 4%. This

low average relative standard deviation shows the low variability of the TGA data.

With the exception of pressure treated decking, the 30 Kmin−1 tests were less vari-

able than the 10 Kmin−1 tests. Plots containing the average TGA data with error

bars are not included due to the small error range.

For the DSC tests, the fiber cement board had much larger heat of reaction

values than the other four materials tested. This was likely due to the makeup of

fiber cement board which renders the material largely inert. The relative standard

deviation for the DSC heat of reaction values (listed in Table A.8) are all less than

25%. Of the materials tested, vinyl siding was the least variable, while composite

decking was the most variable. With the exception of fiber cement board, the

30 Kmin−1 tests were less variable than the 10 Kmin−1 tests.
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One potential source of error for the TGA and DSC tests can be attributed to

not placing the sample crucible in the same location as the baseline test. This can

lead to differences in heat flow through the crucible. Another potential source of

error can be attributed to the furnace used in the STA located in the UL Laboratory.

This STA utilized a silicon carbide furnace. This type of furnace is not as sensitive

to heat flow as other types of furnaces such as platinum. This lower sensitivity can

lead to measurements with larger uncertainty. An additional potential source of

error can be attributed to possible water content in the samples prior to testing.

Although the samples were held in the Secador Desiccator to eliminate water before

testing, some water may have still remained in the material powder. This water,

which evaporated at the beginning of testing, may have affected the heat flow of the

DSC and mass loss of the TGA. This could have led to inaccurate heat flow DSC

data and lower char yields for the TGA data.

Once materials tested in the MCC reached a critical temperature, they py-

rolyzed and entered the combustion chamber where they mixed with oxygen and

underwent a combustion reaction. Pine siding and pressure treated decking under-

went one large reaction, while fiber cement board underwent one small reaction.

Composite decking and vinyl siding first underwent a small reaction before under-

going a second, larger reaction. Although the triplicate testing did not undergo

reactions at identical times, the general shape, peak heat release rate, and heat of

combustion were similar across all tests for a given material. With the exception of

fiber cement board, the relative standard deviations are all less than 5% for the peak

heat release rate, and less than 3% for the heat of combustion. The greater relative
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standard deviation for fiber cement board can be attributed to the limited reac-

tion undergone by the inert fiber cement board. These reactions followed the same

general path, reached the same peaks, and had similar areas underneath the heat

release rate versus time curve. The low standard deviations and similar reaction

paths confirmed the validity of this data.

One potential source of error for the MCC tests can be attributed to possible

water content in the samples prior to testing. Like the STA tests, some water may

have remained in the material powder prior to testing. This small amount of water

could have affected the heat of combustion. The small amount of water would not

have affected the heat release rate, but it may have added to the initial mass. This

mass difference may have resulted in greater values for total heat released and peak

heat release rate. Another potential source of error can be attributed to the MCC

Curve Fit program. The manual selection of bounds may affect the results produced

by the LabVIEW software, resulting in greater or lower Peak Specific Heat Release

Rate or Heat of Combustion values.

The time and temperature at which the MCC combustion reactions took place

also roughly lined up with the time and temperature at which the TGA reactions

took place. The pine siding, pressure treated decking, and fiber cement board that

exhibited one reaction during MCC tests also exhibited one reaction during the TGA

tests. The composite decking and vinyl siding exhibited two reactions during both

the MCC and TGA tests. This behavior was expected, since both the TGA and

the MCC experiments heat material powder in a nitrogen atmosphere at a defined

heating rate. The TGA tests were limited to pyrolysis since these tests only involved
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nitrogen. Once the MCC tests pyrolyzed the samples, they entered the combustion

chamber where they mixed with oxygen and underwent a combustion reaction. The

mass loss during both tests took place at the same time, which allows for the results

from these two experiments to be compared.

The property of thermal conductivity was produced by the HFM, the TPS,

and the MTPS. The materials tested in the “wet” condition had greater values

for thermal conductivity than materials tested in the “dry” condition across all

machines. Removing the water content from these materials decreased the thermal

conductivity values. In general, the value produced by the HFM fell between the

values produced by the MTPS and the TPS. The MTPS values fell below the HFM

values, and the TPS values fell above the HFM values.

The thermal conductivity for the composite decking was the greatest, while

pine siding and pressure treated decking had the lowest values for thermal conduc-

tivity. The fiber cement board had a greater thermal conductivity than pine siding

and pressure treated decking, but much less than composite decking. Although

fiber cement board has some insulative properties, its lack of thickness increased its

thermal conductivity value.

The specific heat capacity was also measured by the HFM. The materials

tested in the “wet” condition had greater values for specific heat capacity than

materials tested in the “dry” condition. Pine siding had the greatest value for

specific heat capacity, while fiber cement board had the lowest value. The greater

values represent better insulative properties, which was expected for pine siding and

pressure treated decking. The fiber cement board and vinyl siding had the lowest
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specific heat capacity values. The composite decking had the second greatest specific

heat capacity of these materials.

One potential source of error for the HFM stems from experiments where

samples did not fill the entirety of the HFM. In the event that a sample was sized

less than 200 mm × 200 mm, additional pieces of the material were inserted to the

HFM adjacent to the main sample on both sides to act as a boundary. More heat

may have escaped from these samples than from samples that properly filled the

HFM, leading to inaccurate results.

For the MTPS, a possible error source stems from the contact agents used

during testing. Some materials did not definitively fall into the category of insulator

or polymer. This difficulty in classification may have led to an incorrect contact

agent being used to measure the properties of the samples, which would lead to

an incorrect calibration for measuring thermal conductivity, resulting in inaccurate

values being produced. Another potential error which may have affected both the

MTPS and TPS tests can be attributed to issues with physical contact between the

samples and the sensors. A 500 g weight was used to maintain contact between the

sample and the surfaces, but curves in the wood may have inhibited this full contact

during testing, potentially resulting in inaccurate results.

All materials tested in the FTIR integrating sphere exhibited an absorptivity

greater than 0.9. Composite decking and vinyl siding were the most absorptive,

while pine siding was the least absorptive. Composite decking and vinyl siding

were the darkest materials so they were expected to have the greatest absorptivity.

The other materials were lighter which led to their slightly lower absorptivity when
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compared to composite decking and vinyl siding. The relative standard deviation

for each material tested in the integrating sphere was less than 0.12%. These low

relative standard deviations indicate that the tests were repeatable and that there

was little variation between samples of the same material.

One potential source of error for this test involves the upper port of the inte-

grating sphere. Some materials tested may not have covered the port completely,

allowing some light to enter and exit. Depending on how much additional light en-

tered and how much light escaped through the port, the values for reflectivity and

absorptivity may be inaccurate. Another potential error involving the port stems

from the likelihood that dust entered into the sphere. If some sawdust fell into the

sphere, this dust may have absorbed some of the infrared light, leading to inaccurate

final values.

5.2 Small-Scale Panel Testing

The small-scale radiant panel tests showed overall repeatability for back sur-

face temperature measurements while highlighting some of the material properties

determined during the laboratory testing phase. To demonstrate this repeatability,

the average standard deviation for back surface temperature measurements across

each experiment was calculated. With the exception of the pressure treated deck-

ing tested at 15 kWm−2, the average standard deviations for each material at each

heating rate are relatively low, and the triplicate back surface temperature measure-

ments stayed within 2 standard deviations of the average temperature throughout
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the tests. Given the small sample size, general material variability between individ-

ual samples, and inconsistencies with the radiant panel, these tests were expected to

show some temperature disparities. The small variability between tests emphasizes

the repeatability of this testing method. The average standard deviations for the

small-scale radiant panel testing are listed in Table 5.1.

Fiber cement board back surface temperature exhibited the lowest variability

at 5 kWm−2, while the composite decking back surface temperature experienced

the lowest variability at 15 kWm−2. The pressure treated decking back surface

temperature experienced the greatest variability at both heat fluxes. Plots showing

the small-scale radiant panel test temperature data and the average temperature

± 2σ are illustrated in Figures 5.1 and 5.2.

Table 5.1: Small-Scale Panel Testing Average Standard Deviation

Material σ̄ (5 kWm−2) σ̄ (15 kWm−2)

Composite Decking 3.8 °C 1.5 °C
Fiber Cement Board 0.4 °C 4.9 °C

Pine Siding 3.6 °C 3.5 °C
Pressure Treated Decking 5.9 °C 23.6 °C

Of all the small-scale panel tests, the fiber cement board tests conducted at

5 kWm−2 were the most repeatable. The temperature range for these tests is so

small that it is barely seen in Figure 5.1(b). The other 3 materials tested have

similar temperature ranges to each other at this heat flux throughout their tests.

Although these ranges are greater than the range for fiber cement board, they are

still relatively low. For all four materials, the triplicate testing results stay within 2

standard deviations for the entirety of testing. Because of the relatively low variance
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(a) Composite Decking (b) Fiber Cement Board

(c) Pine Siding (d) Pressure Treated Decking

Figure 5.1: Small-Scale Panel Testing ± 2σ

seen among experiments, and since the triplicate testing always stays within the

error range, it can be concluded that these tests are repeatable.

For the tests conducted at 15 kWm−2, composite decking, fiber cement board,

and pine siding exhibited a relatively low variability. The pressure treated decking

had a much larger temperature range than the other materials. This large variability

can be seen in Figure 5.2(d), where the error range is much greater than the error

range for other materials. Furthermore, unlike the other 3 materials tested, the

triplicate testing for pressure treated decking does not stay within the error range
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(a) Composite Decking (b) Fiber Cement Board

(c) Pine Siding (d) Pressure Treated Decking

Figure 5.2: Small-Scale Panel Testing ± 2σ

for the entirety of the time period. Test 2 exceeds the upper error bound, while test

3 exceeds the lower error bound, in the latter part of these tests.

One reason why the 15 kWm−2 pressure treated decking results vary greatly

between tests is due to the cracking and alligatoring exhibited by tests 1 and 2. For

these two tests, the greater heat flux caused the samples to break down and crack.

These deformations to the samples resulted in a reduction in thermal protection

from the radiant heat source, causing the back side temperature of the samples to

increase at a much faster rate. The third sample tested did not crack, and as a
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result, the back side temperature of the sample was much lower than the other two

tests. There was greater thermal protection during this test compared to the other

two pressure treated decking tests.

Fiber cement board samples reach the greatest temperature when exposed to

either heat flux. This is mostly due to fiber cement board being the thinnest of

all materials tested. The other thicker materials offer more thermal insulation than

the thinner fiber cement board. The pressure treated decking reaches a greater

final temperature than the pine siding despite having a similar thickness because

the pressure treated decking has a greater thermal conductivity and a lower specific

heat capacity. It takes less energy to raise the back side temperature of the pressure

treated decking than it does to raise the back side temperature of the pine siding.

Another factor that may have led to this difference in temperature increases was the

chemicals used to pressure treat the decking. These chemicals, which are not present

in pine siding, may have led to a larger temperature increase for pressure treated

decking. The composite decking reaches a lower final temperature than the other

materials due to its high specific heat capacity and density. These properties allow

for the material to absorb more energy without experiencing a greater temperature

increase.

Some additional material effects altered the results of the panel testing. As

was mentioned previously, cracking and alligatoring in pressure treated decking led

to lower thermal protection which can increase the back side temperature of the

samples. The pine siding and pressure treated decking developed a char layer after

being exposed to the radiant panel. These char layers acted as insulative barriers
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that provided an extra layer of thermal protection, lowering the potential temper-

ature increase for these materials. The composite decking expanded outward and

became malleable when heated by the panel. This expansion likely increased the

thermal insulation of the material, limiting the back side temperature increase for

these experiments.

One potential source of error in these tests can be attributed to the panel

itself. Over the course of a test, the radiant flux given off by the panel can slightly

drift, resulting in either an increase or decrease in the heat flux. A change in the

heat flux can result in either greater or lower final temperatures measured by the

thermocouple attached to the back side of the sample. Since the heat flux was only

determined before each test began, it is not known whether there were any changes

in flux during the tests, and whether these changes had any effect on the back side

temperature readings.

Another potential source of error was in the materials themselves. The wood-

based materials (pine siding and pressure treated decking) can vary naturally. Indi-

vidual samples of these materials can have different densities or deformations. The

engineered materials (composite decking and fiber cement board) are much more

uniform and contain identical density and makeup. These differences in material

can lead the wood-based materials to exhibit a greater variance between samples

than the engineered materials.

An additional potential source of error in these tests stems from the sensitivity

of the view factor during the 15 kWm−2 tests. As the distance between the panel

and the sample decreases, the incident flux increases at a faster rate. Moving the
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testing rig a small distance during a 15 kWm−2 test has a much greater effect on

the magnitude of the incident flux than moving the testing rig the same distance

during a 5 kWm−2 test. The position of the testing rig during the 15 kWm−2 tests

was much more sensitive and required more precision than the 5 kWm−2 tests. The

exact placement of the testing rig may have led to some variation in the results for

the greater heat flux experiments.

5.3 Large-Scale Radiant Panel Testing

The large-scale radiant panel tests showed overall repeatability for most ma-

terials tested. The assembly temperatures of each material follow the same general

path during these tests. Like the small-scale radiant panel testing, these tests high-

light some of the differences in material properties determined during the laboratory

testing phase. To demonstrate the repeatability of these tests, the average standard

deviation across each experiment was calculated. In general, the average standard

deviation for each material at either heat flux was relatively low. There was greater

variance with these tests when compared to the small-scale radiant panel tests.

Some material tests exhibited temperatures beyond 2 standard deviations from the

average temperature during parts of these tests. Some variability in temperature

between tests was expected due to the small sample size, individual sample differ-

ences, and inconsistencies with the radiant panel. The average standard deviations

for the large-scale radiant panel testing are listed in Table 5.2.

The fiber cement board exhibited the greatest variability at 5 kWm−2, while
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Table 5.2: Large-Scale Radiant Panel Testing Average Standard Deviation

Material σ̄ (5 kWm−2) σ̄ (15 kWm−2)

Composite Decking 2.8 °C 1.8 °C
Fiber Cement Board 7.9 °C 2.6 °C

Pine Siding 2.0 °C 4.9 °C
Pressure Treated Decking 3.5 °C 5.2 °C

the pine siding experienced the lowest variability at 5 kWm−2. The pressure treated

decking exhibited the greatest variability at 15 kWm−2, while the composite decking

experienced the lowest variability at 15 kWm−2. Plots showing the large-scale radi-

ant panel test temperature data and the average temperature ± 2σ are illustrated

in Figures 5.3 and 5.4.

For these experiments, the fiber cement board and composite decking exhibited

a greater variability at 5 kWm−2 than at 15 kWm−2. This behavior is the opposite

of pine siding and pressure treated decking. These two materials exhibited a lower

variability at 5 kWm−2 than at 15 kWm−2. The pressure treated decking test 1

at 5 kWm−2 and test 2 at 15 kWm−2 briefly exhibit temperatures greater than 2

standard deviations from the average. This behavior is not seen with the other

materials tested.

At both heat fluxes, the fiber cement board reached the greatest tempera-

tures. This is likely due to the thin nature of fiber cement board. The lack of

thermal protection allowed for the fiber cement board to undergo the greatest tem-

perature increase of the materials tested. The second temperature increase of the

fiber cement board experienced at both heat fluxes may have been a function of

when some degradation occurred. As the fiber cement board degraded, the fiber
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(a) Composite Decking (b) Fiber Cement Board

(c) Pine Siding (d) Pressure Treated Decking

Figure 5.3: Large-Scale Panel Testing ± 2σ

cement board broke down, leaving it with less thermal protection than before. This

allowed the back side temperature of the assemblies to begin increasing again. The

increased variability in the fiber cement board may have been caused by one outlier.

The first sample tested experienced a different temperature path than the other 2

samples, likely caused by the radiant panel producing a greater heat flux than ini-

tially measured during the experiment. If this sample was retested, the variability

would likely decrease.

The pressure treated decking tested at 5 kWm−2 plateaued at the lowest tem-
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(a) Composite Decking (b) Fiber Cement Board

(c) Pine Siding (d) Pressure Treated Decking

Figure 5.4: Large-Scale Panel Testing ± 2σ

perature among the four materials tested. It is unclear why this material did not

increase to a greater temperature, but the early temperature plateau is likely at-

tributed to gaps in the decking assembly. As the boards were heated, they began

to curl inwards towards the panel, exposing a gap between boards where radiant

heat could penetrate. This likely caused the back side temperature to increase more

rapidly and reach its maximum temperature before the end of each experiment.

Composite decking reached a greater temperature than pine siding when ex-

posed to a heat flux of 5 kWm−2. This may be due to the construction of the
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assemblies. The composite decking has a greater density and specific heat capac-

ity which should have led to a lower final temperature. The shiplap pine siding

boards were inserted into each other whereas the composite decking boards were

abutted against each other. The insertion of the pine siding boards may have of-

fered additional thermal protection from the radiant panel when compared to the

composite decking. These two materials cannot be directly compared at the greater

heat flux because composite decking was tested at 14 kWm−2 due to height re-

strictions. However, at these two different heat fluxes, the pine siding reached a

slightly greater temperature than the composite decking. If composite decking was

tested at 15 kWm−2 instead of 14 kWm−2, it is likely that the results would mimic

the 5 kWm−2 results, with composite decking experiencing a slightly greater final

temperature than the pine siding.

Some material effects also likely altered the results of these tests. The wood-

based materials (pine siding and pressure treated decking) developed char layers on

the exterior. These char layers may have served as an insulative barrier and led

to lower temperatures on the back side of the assemblies. The composite decking

expanded and formed a malleable front layer when exposed to the radiant panel.

This expanded front layer may have altered the back side temperature increase for

these assemblies. Knots in the wood led to an increase in embers during testing,

which could have affected the back side temperature of the assemblies.

For these large-scale panel tests, the sources of error described in Section 5.2

are also applicable. In addition to these, another source of error stems from the size

of the panel relative to the assemblies. The center of each assembly was aligned with
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the center of the radiant panel during testing. The heat flux was only measured at

the center of the panel. The heat flux at the edges was not measured. Although

the magnitude of any difference in heat flux between is unknown, the center of the

assemblies likely received a greater heat flux than the edges of the assemblies. This

can be seen in Figure 5.5, which shows a composite decking assembly following a

test conducted at 14 kWm−2. The center of the assembly developed a “heat circle”

due to a greater heat flux in this location. The edges of the assembly likely received

a lower heat flux and as a result, did not undergo the same material deformation

as the center of the assemblies. The differences in radiant heat intensity between

the center and edges of the assemblies caused a temperature gradient to develop.

This temperature gradient resulted in heat loss from the center of the assemblies

towards the top, bottom, and sides of the assemblies. Instead of one-dimensional

heat transfer, this large-scale radiant panel testing may be better described as three-

dimensional heat transfer, due to the loss of heat perpendicular to the direction of

the radiant heat from the panel.

An additional source of error for these tests can be attributed to the potential

gaps in the composite and pressure treated decking assemblies. Although the decking

boards were assembled with no gaps, exposure to the radiant panel may have led

to the development of gaps. These gaps then could have allowed for radiant heat

to more easily penetrate beyond the boards and increase the temperature of the

thermocouples attached to the back side of the assemblies.
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Figure 5.5: Composite Decking Assembly Displaying “Heat Circle” Post-Test

5.4 Panel Testing Analysis

There are some similarities and some stark contrasts between the two radi-

ant panel testing experiments. Some material properties such as the effect of the

thickness of a sample carry over between both experiments. The fiber cement board

exhibits the greatest temperature increase during both the small and large-scale ra-

diant panel experiments. Other properties such as thermal conductivity and specific

heat had a greater impact on the small-scale panel experiments than the large-scale

radiant panel experiments. The largest contrast between the two experiments is seen
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in the final temperature readings. Across all materials and at both heat fluxes, the

temperature increase measured during the small-scale radiant panel experiments was

greater than the temperature increase measured during the large-scale panel testing.

A comparison between the average temperature increase during each experiment is

shown in Table 5.3 for 5 kWm−2 tests, and Table 5.4 for 15 kWm−2 tests.

Table 5.3: 5 kWm−2 Panel Testing Average Temperature Increase Comparison

Material Small-Scale Panel Testing Large-Scale Panel Testing

Composite Decking 119 °C 100 °C
Fiber Cement Board 211 °C 188 °C

Pine Siding 132 °C 95 °C
Pressure Treated Decking 178 °C 77 °C

Table 5.4: 15 kWm−2 Panel Testing Average Temperature Increase Comparison

Material Small-Scale Panel Testing Large-Scale Panel Testing

Composite Decking 71 °C 66 °C
Fiber Cement Board 346 °C 208 °C

Pine Siding 119 °C 79 °C
Pressure Treated Decking 268 °C 81 °C

As can be seen by these temperature values, the small-scale panel testing mea-

sured temperatures much greater than the large-scale radiant panel testing across

all materials. The disparity in final temperature between the two testing methods

can largely be attributed to the effects of sample and assembly size. The samples

tested during the small-scale panel testing were 100 mm × 100 mm. This was much

smaller than the size of the panel, which was 300 mm × 460 mm. The center of the

test samples were aligned with the center of the radiant panel, which is the loca-

tion of the greatest heat flux. This setup created a more uniform heat flux since
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the distance from the center of each sample to the edge of each sample was much

smaller than the distance from the center of the panel to the edge of the panel. As a

result, there was a minimal difference in the incident heat flux on the center and the

edges of the samples. This relative uniformity across the sample surface prevented

a temperature gradient from forming. As a result, the heat transfer was limited to

one-dimensional through the surface.

As was detailed in Section 5.3, the incident heat flux for the large-scale radiant

panel testing was not uniform. Since the assemblies were as large as the panel, there

was a difference between the incident flux at the center of the assemblies and the

edges of the assemblies. The incident heat flux at the center was much greater than

the incident heat flux at the edges. This caused a temperature gradient within the

assemblies since the greater heat flux led to greater temperatures. This gradient

caused heat to dissipate towards the top, bottom, and sides of the assemblies. This

three-dimensional heat transfer likely resulted in the lower temperatures exhibited

during the large-scale panel testing when compared to the small-scale panel testing.

5.5 FDS Modeling

Due to the difference in heat transfer between the small-scale radiant panel

testing and large-scale radiant panel testing, only the small-scale radiant panel test-

ing was compared to the FDS model. The FDS model simulated one-dimensional

heat transfer, so the results were not comparable to the three-dimensional large-

scale radiant panel testing results. Plots comparing the FDS model results with the

107



small-scale radiant panel testing, and the average temperature ± 2σ are shown in

Figures 5.6 and 5.7.

(a) Composite Decking (b) Fiber Cement Board

(c) Pine Siding (d) Pressure Treated Decking

Figure 5.6: FDS Model Compared to Small-Scale Panel Testing ± 2σ

As can be seen from these results, there are some discrepancies between the

FDS modeling results and the small-scale panel testing results. Generally, the FDS

model overpredicts temperature throughout the experiments. The simulations fall

within the range for the first few minutes of testing before increasing to a greater

temperature than the radiant panel test temperatures. Of the materials tested,

composite decking was the most comparable to the small-scale panel testing. For
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(a) Composite Decking (b) Fiber Cement Board

(c) Pine Siding (d) Pressure Treated Decking

Figure 5.7: FDS Model Compared to Small-Scale Panel Testing ± 2σ

the first half of both the 5 kWm−2 and 15 kWm−2 tests, the model falls within 2

standard deviations of the average temperature. At about the halfway point, the

temperature increases beyond the upper bound temperature. Although the fiber

cement board model results seem fairly accurate for a portion of the simulation,

there is minimal overlap within 2 standard deviations of the average due to small

standard deviations for this material.

For pine siding, the model is largely inaccurate when compared to the small-

scale panel testing results. Although the general shape is the same, at 5 kWm−2
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the model does not fall within 2 standard deviations of the average temperature for

most of the simulation. For the tests conducted at 15 kWm−2, the simulation falls

within 2 standard deviations of the average temperature for the first third of testing

before increasing beyond the upper bound temperature. Pine siding developed a

char layer on the exposed surface during the radiant panel tests. Properties of the

charred material were not defined during the laboratory testing phase or input as

parameters for the model. As a result, the FDS simulation did not properly model

the decomposition of the pine siding when exposed to a radiant heat flux. This

likely explains some discrepancies between the small-scale radiant panel test results

and the model results.

For pressure treated decking at 5 kWm−2, despite not following the same path

for second half of the simulation, the final temperature of both the panel tests

and the simulation are roughly equal. No real conclusions can be drawn regarding

the pressure treated decking tests conducted at 15 kWm−2. The wide range of data

allowed for the simulation results to fall within 2 standard deviations of the average.

It is unclear whether these simulation results would have fallen within this range if

the tests were more repeatable for this scenario.

Due to the inaccuracies shown by these simulations, there are several likely

sources of error. The most prominent source of error is due to currently unknown

material properties at higher temperatures. Several properties such as thermal con-

ductivity and specific heat capacity are functions of temperature. Currently, thermal

conductivity can only be quantified at lower temperatures. The values for thermal

conductivity at higher temperatures are unknown. Specific heat capacity can be de-
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termined at higher temperatures using STA data, but charring affects the accuracy

of these values. If these higher temperature properties were known, they could have

been input to the FDS simulation in order to more accurately reflect the behavior of

these materials when exposed to a radiant heat flux. Without any knowledge of these

parameters and how they affect heat transfer, the model consistently overpredicts

the back side temperature increase of the samples.

Another source of error may be attributed to individual material property

accuracy. Most of the material properties measured in Section 5.1 showed high

repeatability. One material property input that may likely be inaccurate is the heat

of reaction. As described in Section 5.1, the silicon carbide furnace used in these STA

measurements is less sensitive than a platinum furnace. This lower sensitivity may

have inaccurately measured the heat of reaction for these materials. To determine

whether this error played a large role, FDS simulations were run with an increased

heat of reaction value. These secondary simulations led to a lower final temperature

that more closely matched the radiant panel test temperatures. A greater heat of

reaction value likely increases the thermal protection offered by these materials.

An additional source of error is based on some of the initial FDS model param-

eters. The model was assumed to be adiabatic throughout the simulation. Although

the radiant panel tests consisted of calcium silicate board and ceramic fiber insula-

tion to prohibit heat losses, the boundaries may not have been perfectly adiabatic.

Some heat may have dissipated through the sides of the samples. This dissipation

may have led to lower temperatures and explained why the model overpredicted the

final temperature.
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Another source of error can be attributed to the model inputs for the fiber

cement board simulations. Fiber cement board was not modeled as an Arrhenius

reaction like the other three materials. It was instead modeled as an inert material.

This decision may have neglected some minor material degradation that occurs as

fiber cement board is heated. Any breakdown of the fiber cement board was not

reflected in this model.
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Chapter 6: Conclusions and Future Work

6.1 Summary

A multi-phase experimental series was conducted to study the impact of ra-

diant heating on siding and decking materials common in WUI wildfire scenarios.

During the first phase, thermophysical properties of decking and siding materials

were measured and a thermal decomposition model derived. In the second phase, the

decking and siding materials were cut into 100 mm × 100 mm samples and exposed

to a radiant panel at constant heat fluxes of 5 kWm−2 and 15 kWm−2 to mimic the

incident heat flux from a wildfire. 5 kWm−2 was chosen as the lower heat flux for

these experiments because it represents the average incident heat flux from a wildfire

at a distance of 30 m between the wildfire and the target [57]. 15 kWm−2 was chosen

as the greater heat flux for these experiments because it represents a heat flux above

the minimum threshold for ignition for any exposure duration (13.1 kWm−2 [57]).

The back and sides of these samples were insulated using ceramic fiber insula-

tion and calcium silicate board to promote one-dimensional heat transfer from the

radiant panel. The temperature on the back side of each sample was measured over

the course of each experiment using a 24-gauge thermocouple. In the third phase of

testing, the materials were constructed into larger 280 mm×410 mm assemblies and
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exposed to the same heat fluxes to mimic full scale exterior walls and decks in the

WUI. As in the previous phase, the back and sides of the assemblies were insulated,

and the temperature of the back side of the assemblies was measured throughout

each experiment using a 24-gauge thermocouple.

In addition to the experiments, numerical simulations were performed using

Fire Dynamics Simulator (FDS). The purpose of these simulations was to assess the

utility of the model for predicting the temperature rise of materials in WUI exposure

scenarios. The experimental configuration from the second phase of testing was

simulated, using the thermophysical properties of materials determined from the

first phase. A simplified one-dimensional model was adopted, in which materials

were assumed to be homogenous and isotropic, and heat transfer was assumed to

occur only in the depth of the sample.

Both the small and large-scale radiant panel experiments showed strong re-

peatability. Each material had its own distinct back side temperature versus time

shape when exposed to either heat flux. These behaviors reflected the material

properties measured during the laboratory testing phase. Materials with lower ther-

mal conductivity and greater specific heat capacity generally experienced a lower

magnitude back side temperature increase. Materials with greater thermal conduc-

tivity and lower specific heat capacity generally experienced a greater back side

temperature increase. The differences in back side temperature between the small-

scale radiant panel experiments and the large-scale radiant panel experiments were

caused by a temperature gradient that developed due to assembly size. The smaller

samples from the small-scale testing experienced mostly uniform one-dimensional

114



heat transfer, while the larger assemblies experienced a greater incident heat flux at

the center of the assemblies than the edges. This difference in incident flux resulted

in heat losses and lower back side temperatures in the large-scale assemblies.

The FDS model accurately estimated back side temperature behavior during

the early stages of the panel tests before overpredicting the back side temperature

during the latter part of tests. These temperature overpredictions were largely at-

tributed to simplifications in the model which neglected temperature dependent

thermophysical properties and surface degradation over the course of these exper-

iments. Despite these overpredictions, the FDS model offered some insight into

temperature behavior in siding and decking materials in the WUI when exposed

to a radiant heat source. As thermophysical measurement capabilities at elevated

temperatures improve, the back side temperature predictions from this model will

more closely match the results of the radiant panel experiments.

Although fiber cement board showed the greatest temperature increase for

both heat fluxes in both panel experiments due to its thickness and thermophysical

properties, it likely offers the most protection for a home located in the WUI. Since

fiber cement board is an inert material, it does not ignite or support flame spread

when exposed to increasing heat fluxes. Adding an insulative layer behind the fiber

cement board can slow the temperature increases exhibited during these experiments

due to a larger thickness. Pine siding developed embers, a char layer, and offgassed

during these experiments. If exposed to greater heat fluxes for a longer period of

time, pine siding is likely to undergo flaming combustion. Vinyl siding melted when

exposed to both heat fluxes during these experiments. It offered limited protection
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while also exposing the backing material to the heat flux. Fiber cement board

coupled with non-flammable insulation can withstand material degradation while

also preventing a high temperature increase of the structure interior.

Composite and pressure treated decking had different flaws when exposed to

the radiant panel. Pressure treated decking developed embers, a char layer, and

offgassed during these experiments. At the conclusion of one experiment conducted

at 15 kWm−2, one pressure treated decking sample underwent flaming combustion.

Composite decking expanded and melted during these experiments. Although it

did not ignite, composite decking exhibited a much greater heat release rate during

MCC experiments. If the composite decking were to ignite, it would release much

more energy than the pine siding, resulting in a larger fire. More research is needed

regarding time to ignition and minimum flux required for ignition for these materials

before making a recommendation on a better decking product for homes in the WUI.

6.2 Future Work

The WUI will continue to increase in size, and the western United States will

continue to face issues brought on by drought and climate change. More research

is needed to increase the understanding of WUI heat transfer and the likelihood

of structure survival during a wildfire. For future advancements, the radiant panel

experiments can be expanded to other WUI building materials, such as exterior roof-

ing, to measure temperature increase from an approaching wildfire. Additionally,

the decking boards can be placed in a horizontal plane and exposed to a vertical
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radiant panel to more accurately represent their assembly in the WUI.

These experiments were limited by the output of the Deatak Radiant Panel

Flame Spread Tester Model RP-1A. This panel does not provide a uniform heat

flux across its surface. For future experiments, the heat flux at different locations

on the panel should be measured in order to calculate the true incident heat flux

instead of assuming a uniform heat flux from the panel. Another way the radiant

panel experiments can be expanded is through alterations to the incident flux. The

output of this panel limited these experiments to heat fluxes of roughly 20 kWm−2.

An approaching wildfire can produce heat fluxes as large as 40 kWm−2 [59]. Radiant

heat flux experiments involving larger heat fluxes can offer greater insight into WUI

heat transfer.

In addition, these radiant panel experiments were limited to constant radiant

heat fluxes. In reality, wildfires vary in heat flux as they move across the landscape.

An advancement for this research may involve varying the heat flux throughout a

radiant panel experiment. The heat flux during these tests may first increase to

mimic an approaching wildfire, before decreasing to mimic a wildfire that is moving

away from a structure. Using an apparatus such as the Fire Propagation Appara-

tus to test these materials could incorporate greater heat fluxes into testing [80].

Anecdotally, wildfire spread is often coupled with strong convective driven flow [10].

Conducting experiments with varying fluxes coupled with convective flow will lead

to a better understanding of temperature increase for building materials currently

present in the WUI. Furthermore, measuring the time to ignition for different WUI

building materials at different heat fluxes could lead to a better understanding of
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WUI wildfire safety.

For the experimental procedure, it may be beneficial in future work to measure

the total and radiative heat flux without embedding the gauges in calcium silicate

board. Embedding the gauges in calcium silicate board may have created artificial

convective heat transfer, which led to greater heat flux readings from the total heat

flux gauge. Eliminating this calcium silicate board may lead to more accurate heat

flux readings. In turn, this would lead to a lower average total heat flux input for the

FDS model, which may lead to more accurate model predictions. Another poten-

tial benefit for altering this procedure would be to measure the temperature using

multiple thermocouples on the back side of the samples. Additional thermocouples

would help correct extreme temperature measurements brought about by samples

cracking and exposing a particular thermocouple.

Shortfalls of modeling were related to limits of one-dimensional modeling and

unknown thermophysical properties for WUI building materials at elevated temper-

atures after they had undergone thermal decomposition. Modeling the heat transfer

in three dimensions would incorporate heat losses seen during the large-scale radiant

panel experiments. Knowledge of properties such as thermal conductivity and spe-

cific heat capacity at increased temperatures could allow for more accurate modeling

to better match the results of the radiant panel experiments. Additionally, quan-

tifying thermophysical properties after decomposition such as charring may better

model the temperature behavior as opposed to disregarding any effects of thermal

decomposition on the experiments. Furthermore, including the actual boundary

conditions of the calcium silicate board and ceramic fiber insulation in the model as
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opposed to assuming adiabatic conditions would likely lead to more realistic results

for back side temperature increase.
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Chapter A: Laboratory Results

The average relative standard deviation (σ̄) for each set of TGA curves at

10 Kmin−1 and 30 Kmin−1 for each material are shown in Table A.1. The pre-

exponential factors (Ai), activation energies (Ei), contributions of each reaction,

and char yield for each material at each heating rate are shown in tables A.2 to A.6.

Table A.1: TGA Average Relative Standard Deviation

Material 10 K/min 30 K/min

Composite Decking 7.54% 1.62%
Fiber Cement Board 0.61% 0.29%

Pine Siding 1.62% 0.69%
Pressure Treated Decking 1.36% 3.22%

Vinyl Siding 1.61% 1.14%

The values for Heat of Reaction (J/g) calculated from DSC curves are shown

in Table A.7. The relative standard deviation (σ̄) for each set of DSC curves at

10 Kmin−1 and 30 Kmin−1 for each material are shown in Table A.8.

The MCC values for Peak Specific Heat Release Rate (HRR) and Heat of

Combustion (∆Ho
c ) are shown in Table A.9. The average standard deviations (σ̄)

for these properties are shown in Table A.10.

The Heat Flow Meter produced values for thermal conductivity (k) at tem-

peratures of 15 °C and 45 °C. The value of thermal conductivity increased linearly
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Table A.2: TGA 449 F3 Jupiter® Composite Decking Parameters

Parameter 3 K/min 10 K/min 30 K/min

Log(A1) 5.168 Log(1/s) 4.232 Log(1/s) 7.203 Log(1/s)
E1 86.693 kJ/mol 74.266 kJ/mol 98.949 kJ/mol

Contribution 1 0.261 0.260 0.122
Log(A2) 27.603 Log(1/s) 18.278 Log(1/s) 6.131 Log(1/s)
E2 86.693 kJ/mol 242.485 kJ/mol 92.584 kJ/mol

Contribution 2 0.138 0.133 0.122
Log(A3) -1.624 Log(1/s) -1.574 Log(1/s) 10.520 Log(1/s)
E3 14.410 kJ/mol 8.358 kJ/mol 151.652 kJ/mol

Contribution 3 0.130 0.116 0.264
Log(A4) 22.240 Log(1/s) 22.243 Log(1/s) 20.178 Log(1/s)
E4 344.821 kJ/mol 346.484 kJ/mol 318.566 kJ/mol

Contribution 4 0.241 0.249 0.251
Log(A5) -1.156 Log(1/s) -3.385 Log(1/s) -2.400 Log(1/s)
E5 13.397 kJ/mol -24.058 kJ/mol -15.957 kJ/mol

Contribution 5 0.230 0.242 0.241
Char Yield 0.174 0.117 0.120

Table A.3: TGA 449 F3 Jupiter® Fiber Cement Board Parameters

Parameter 3 K/min 10 K/min 30 K/min

Log(A1) -3.012 Log(1/s) -1.472 Log(1/s) -2.057 Log(1/s)
E1 3.510 kJ/mol 12.034 kJ/mol 5.159 kJ/mol

Contribution 1 0.467 0.472 0.194
Log(A2) 3.917 Log(1/s) 9.247 Log(1/s) 2.364 Log(1/s)
E2 75.878 kJ/mol 135.149 kJ/mol 33.395 kJ/mol

Contribution 2 0.291 0.246 0.393
Log(A3) -2.702 Log(1/s) -1.123 Log(1/s) 6.151 Log(1/s)
E3 10.791 kJ/mol 26.576 kJ/mol 97.002 kJ/mol

Contribution 3 0.241 0.284 0.413
Char Yield 0.840 0.838 0.852

with temperature in the form k = A ∗ T +B where k is the thermal conductivity in

W/mK, T is the temperature in °C, and A and B are coefficients unique to each ma-

terial. These coefficients are shown in Table A.11 for “wet” samples and Table A.12

for “dry” samples.

The Heat Flow Meter produced values for volumetric specific heat capacity (ρc)
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Table A.4: TGA 449 F3 Jupiter® Pine Siding Parameters

Parameter 3 K/min 10 K/min 30 K/min

Log(A1) 1.573 Log(1/s) 0.397 Log(1/s) 4.345 Log(1/s)
E1 49.581 kJ/mol 32.693 kJ/mol 65.940 kJ/mol

Contribution 1 0.099 0.102 0.097
Log(A2) 3.697 Log(1/s) 6.121 Log(1/s) 9.243 Log(1/s)
E2 73.188 kJ/mol 98.762 kJ/mol 135.607 kJ/mol

Contribution 2 0.747 0.746 0.750
Log(A3) -3.421 Log(1/s) -3.756 Log(1/s) -2.166 Log(1/s)
E3 -0.558 kJ/mol -11.838 kJ/mol 1.426 kJ/mol

Contribution 3 0.154 0.152 0.153
Char Yield 0.174 0.203 0.203

Table A.5: TGA 449 F3 Jupiter® Pressure Treated Decking Parameters

Parameter 3 K/min 10 K/min 30 K/min

Log(A1) 1.645 Log(1/s) 4.866 Log(1/s) 2.959 Log(1/s)
E1 50.894 kJ/mol 78.819 kJ/mol 57.106 kJ/mol

Contribution 1 0.239 0.289 0.284
Log(A2) 9.934 Log(1/s) 8.619 Log(1/s) 8.760 Log(1/s)
E2 138.485 kJ/mol 128.381 kJ/mol 124.847 kJ/mol

Contribution 2 0.624 0.591 0.594
Log(A3) -2.727 Log(1/s) -0.171 Log(1/s) -0.690 Log(1/s)
E3 9.536 kJ/mol 37.494 kJ/mol 24.407 kJ/mol

Contribution 3 0.137 0.120 0.121
Char Yield 0.266 0.231 0.251

at temperatures of 10 °C, 20 °C, 30 °C, and 40 °C. The value of volumetric specific

heat capacity increased linearly with temperature in the form ρc = A∗T +B where

ρc is the volumetric specific heat capacity in J/m3K, T is the temperature in °C,

and A and B are coefficients unique to each material. These coefficients are shown

in Table A.13 for “wet” samples and Table A.14 for “dry” samples.

The C-Therm Trident Modified Transient Plane Source values for thermal

conductivity (k) and effusivity (e) are shown in Table A.15 for “wet” results and

Table A.16 for “dry” results.
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Table A.6: TGA 449 F3 Jupiter® Vinyl Siding Parameters

Parameter 3 K/min 10 K/min 30 K/min

Log(A1) 13.057 Log(1/s) 8.141 Log(1/s) 12.060 Log(1/s)
E1 163.872 kJ/mol 111.411 kJ/mol 150.523 kJ/mol

Contribution 1 0.252 0.126 0.126
Log(A2) 19.037 Log(1/s) 18.755 Log(1/s) 28.319 Log(1/s)
E2 221.050 kJ/mol 220.924 kJ/mol 329.017 kJ/mol

Contribution 2 0.125 0.152 0.122
Log(A3) -4.692 Log(1/s) -2.744 Log(1/s) 13.963 Log(1/s)
E3 -23.605 kJ/mol -8.415 kJ/mol 176.352 kJ/mol

Contribution 3 0.123 0.376 0.239
Log(A4) -4.585 Log(1/s) 11.841 Log(1/s) -2.996 Log(1/s)
E4 -17.783 kJ/mol 190.936 kJ/mol -11.459 kJ/mol

Contribution 4 0.245 0.112 0.268
Log(A5) 9.751 Log(1/s) -4.029 Log(1/s) 12.933 Log(1/s)
E5 170.425 kJ/mol -22.590 kJ/mol 209.629 kJ/mol

Contribution 5 0.256 0.234 0.246
Char Yield 0.271 0.249 0.256

Table A.7: DSC Heat of Reaction Results

Material 3 K/min 10 K/min 30 K/min

Composite Decking 671 (J/g) 414 (J/g) 402 (J/g)
Fiber Cement Board 3476 (J/g) 1833 (J/g) 1449 (J/g)

Pine Siding 721 (J/g) 352 (J/g) 423 (J/g)
Pressure Treated Decking 269 (J/g) 187 (J/g) 208 (J/g)

Vinyl Siding 563 (J/g) 353 (J/g) 370 (J/g)

Table A.8: DSC Heat of Reaction Relative Standard Deviation

Material 10 K/min 30 K/min

Composite Decking 16.58% 14.77%
Fiber Cement Board 9.89% 17.18%

Pine Siding 22.31% 6.38%
Pressure Treated Decking 14.63% 11.45%

Vinyl Siding 14.04% 3.76%

The C-Therm Trident Transient Plane Source values for thermal conductivity

(k) are shown in Table A.17 for “wet” results and Table A.18 for “dry” results.

The Bruker Invenio® R Fourier Transform Infrared Spectrometer values for
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Table A.9: FTT FAA Micro Combustion Calorimeter Results

Material Peak Specific HRR (W/g) ∆Ho
c (kJ/g)

Composite Decking 205.57 23.20
Fiber Cement Board 4.11 0.47

Pine Siding 74.79 11.79
Pressure Treated Decking 60.96 9.99

Vinyl Siding 61.97 10.51

Table A.10: FTT FAA Micro Combustion Calorimeter Standard Deviation

Material Peak Specific HRR σ̄ ∆Ho
c σ̄

Composite Decking 0.86% 0.91%
Fiber Cement Board 6.25% 21.70%

Pine Siding 3.50% 0.75%
Pressure Treated Decking 4.39% 3.00%

Vinyl Siding 2.20% 1.96%

Table A.11: Heat Flow Meter “Wet” Thermal Conductivity Coefficients

Material A B

Composite Decking 0.0005 0.2109
Fiber Cement Board 0.0006 0.1397

Pine Siding 0.0003 0.1024
Pressure Treated Decking 0.0002 0.0962

Vinyl Siding 0.0004 0.0792

Table A.12: Heat Flow Meter “Dry” Thermal Conductivity Coefficients

Material A B

Composite Decking - -
Fiber Cement Board 0.0004 0.1260

Pine Siding 0.0002 0.0882
Pressure Treated Decking 0.0002 0.0895

Vinyl Siding - -

reflectivity (ρ), absorptivity (α) / emissivity (ε), and standard deviation are shown

in Table A.19

The densities (ρ) for the materials tested are shown in Table A.20 for “wet”

materials and Table A.21 for “dry” materials.
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Table A.13: Heat Flow Meter “Wet” Volumetric Specific Heat Capacity Coefficients

Material A B

Composite Decking 7,504 1,430,296
Fiber Cement Board 3,687 1,172,875

Pine Siding 2,569 499,968
Pressure Treated Decking 2,916 442,963

Vinyl Siding 4,870 1,319,150

Table A.14: Heat Flow Meter “Dry” Volumetric Specific Heat Capacity Coefficients

Material A B

Composite Decking - -
Fiber Cement Board 3,125 966,144

Pine Siding 1,819 415,200
Pressure Treated Decking 1,837 397,359

Vinyl Siding - -

Table A.15: Modified Transient Plane Source “Wet” Results

Material k (W/mK) e (Ws1/2/m2K)

Composite Decking 0.39075 734.22
Fiber Cement Board - -

Pine Siding 0.08752 230.60
Pressure Treated Decking 0.08384 220.88

Vinyl Siding - -

Table A.16: Modified Transient Plane Source “Dry” Results

Material k (W/mK) e (Ws1/2/m2K)

Composite Decking - -
Fiber Cement Board - -

Pine Siding 0.06544 178.01
Pressure Treated Decking 0.06409 173.10

Vinyl Siding - -

Table A.17: Flex Transient Plane Source “Wet” Results

Material k (W/mK)

Composite Decking 0.39273
Fiber Cement Board -

Pine Siding 0.12223
Pressure Treated Decking 0.16770

Vinyl Siding -
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Table A.18: Flex Transient Plane Source “Dry” Results

Material k (W/mK)

Composite Decking -
Fiber Cement Board -

Pine Siding 0.10313
Pressure Treated Decking 0.12347

Vinyl Siding -

Table A.19: FTIR Integrating Sphere Results

Material ρ α / ε Relative Standard Deviation

Composite Decking 0.0359 0.9641 0.07%
Fiber Cement Board 0.0726 0.9274 0.04%

Pine Siding 0.0857 0.9143 0.13%
Pressure Treated Decking 0.0709 0.9291 0.06%

Vinyl Siding 0.0434 0.9566 0.12%

Table A.20: “Wet” Material Densities

Material ρ (kg/m3)

Composite Decking 1103
Fiber Cement Board 1333

Pine Siding 328
Pressure Treated Decking 403

Vinyl Siding 1377

Table A.21: “Dry” Material Densities

Material ρ (kg/m3)

Composite Decking -
Fiber Cement Board 1279

Pine Siding 302
Pressure Treated Decking 372

Vinyl Siding -
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Chapter B: Additional Figures and Plots

STA normalized mass versus temperature for a given material are shown in

Figure B.1. Plots containing the measured normalized mass versus temperature

and predicted normalized mass versus temperature are shown in figs. B.2 to B.6.

Plots containing the DSC normalized heat flow versus temperature are shown in

Figure B.7. Plots containing analyzed MCC data for peak specific heat release rate

are shown in Figure B.8.
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(a) Composite Decking (b) Fiber Cement Board

(c) Pine Siding (d) Pressure Treated Decking

(e) Vinyl Siding

Figure B.1: STA Normalized Mass Versus Temperature Data
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(a) Composite Decking at 3Kmin−1 (b) Composite Decking at 10Kmin−1

(c) Composite Decking at 30Kmin−1

Figure B.2: Measured Versus Predicted Normalized Mass Versus Temperature Com-
parison for Composite Decking
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(a) Fiber Cement Board at 3Kmin−1 (b) Fiber Cement Board at 10Kmin−1

(c) Fiber Cement Board at 30Kmin−1

Figure B.3: Measured Versus Predicted Normalized Mass Versus Temperature Com-
parison for Fiber Cement Board
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(a) Pine Siding at 3Kmin−1 (b) Pine Siding at 10Kmin−1

(c) Pine Siding at 30Kmin−1

Figure B.4: Measured Versus Predicted Normalized Mass Versus Temperature Com-
parison for Pine Siding
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(a) Pressure Treated Decking at 3Kmin−1 (b) Pressure Treated Decking at 10Kmin−1

(c) Pressure Treated Decking at 30Kmin−1

Figure B.5: Measured Versus Predicted Normalized Mass Versus Temperature Com-
parison for Pressure Treated Decking
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(a) Vinyl Siding at 3Kmin−1 (b) Vinyl Siding at 10Kmin−1

(c) Vinyl Siding at 30Kmin−1

Figure B.6: Measured Versus Predicted Normalized Mass Versus Temperature Com-
parison for Vinyl Siding
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(a) Composite Decking (b) Fiber Cement Board

(c) Pine Siding (d) Pressure Treated Decking

(e) Vinyl Siding

Figure B.7: DSC Normalized Heat Flow Versus Temperature Data
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(a) Composite Decking (b) Fiber Cement Board

(c) Pine Siding (d) Pressure Treated Decking

(e) Vinyl Siding

Figure B.8: MCC Specific Heat Release Rate versus Time Data
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Chapter C: FDS Temperature Prediction Model Scripts

C.1 Composite Decking Low Heat Flux

&HEAD CHID = ’Composite_5’ /

&MESH IJK = 3, 3, 3, XB = -0.15, 0.15, -0.15, 0.15, 0.0, 0.3 /

&TIME T_END=1800., WALL_INCREMENT = 1., DT = 0.05 /

&MISC SOLID_PHASE_ONLY=.TRUE., TMPA = 30, ASSUMED_GAS_TEMPERATURE = 110. /

&SPEC ID = ’METHANE’ /

&SPEC ID = ’WATER VAPOR’ /

&MATL ID = ’COMP_A’,

N_REACTIONS = 1,

A(1) = 17060.8,

E(1) = 74266.0,

EMISSIVITY = 0.9641,

DENSITY = 1103,

SPEC_ID = ’METHANE’,

NU_SPEC = 0.229580,

NU_MATL = 0.770420,
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MATL_ID = ’COMP_B’,

HEAT_OF_REACTION = 414,

CONDUCTIVITY = 0.33646,

SPECIFIC_HEAT = 1.501,

ABSORPTION_COEFFICIENT = 10000 /

&MATL ID = ’COMP_B’,

N_REACTIONS = 1,

A(1) = 1896705921000000000.0,

E(1) = 242485.0,

EMISSIVITY = 0.9641,

DENSITY = 1103,

SPEC_ID = ’METHANE’,

NU_SPEC = 0.152435,

NU_MATL = 0.847565,

MATL_ID = ’COMP_C’,

HEAT_OF_REACTION = 414,

CONDUCTIVITY = 0.33646,

SPECIFIC_HEAT = 1.501,

ABSORPTION_COEFFICIENT = 10000 /

&MATL ID = ’COMP_C’,

N_REACTIONS = 1,
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A(1) = 0.026669,

E(1) = 8358.0,

EMISSIVITY = 0.9641,

DENSITY = 1103,

SPEC_ID = ’METHANE’,

NU_SPEC = 0.120850,

NU_MATL = 0.879150,

MATL_ID = ’COMP_D’,

HEAT_OF_REACTION = 414,

CONDUCTIVITY = 0.33646,

SPECIFIC_HEAT = 1.501,

ABSORPTION_COEFFICIENT = 10000 /

&MATL ID = ’COMP_D’,

N_REACTIONS = 1,

A(1) = 17498466890000000000000.0,

E(1) = 346484.0,

EMISSIVITY = 0.9641,

DENSITY = 1103,

SPEC_ID = ’METHANE’,

NU_SPEC = 0.250090,

NU_MATL = 0.749910,

MATL_ID = ’COMP_E’,
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HEAT_OF_REACTION = 414,

CONDUCTIVITY = 0.33646,

SPECIFIC_HEAT = 1.501,

ABSORPTION_COEFFICIENT = 10000 /

&MATL ID = ’COMP_E’,

N_REACTIONS = 1,

A(1) = 0.000412,

E(1) = 1.0,

EMISSIVITY = 0.9641,

DENSITY = 1103,

SPEC_ID = ’METHANE’,

NU_SPEC = 0.284949,

NU_MATL = 0.715051,

MATL_ID = ’COMP_char’,

HEAT_OF_REACTION = 414,

CONDUCTIVITY = 0.33646,

SPECIFIC_HEAT = 1.501,

ABSORPTION_COEFFICIENT = 10000 /

&MATL ID = ’COMP_char’,

EMISSIVITY = 0.9641,

DENSITY = 1103,
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CONDUCTIVITY = 0.33646,

SPECIFIC_HEAT = 1.501,

ABSORPTION_COEFFICIENT = 10000 /

&SURF ID = ’SAMPLE’,

EXTERNAL_FLUX = 5.7,

MATL_ID = ’COMP_A’,

THICKNESS = 0.019,

HEAT_TRANSFER_COEFFICIENT = 15,

BACKING = ’INSULATED’,

CELL_SIZE_FACTOR = 0.1,

STRETCH_FACTOR(1) = 1. /

&VENT XB = -0.05, 0.05, -0.05, 0.05, 0.0, 0.0, SURF_ID = ’SAMPLE’ /

&VENT MB = ’XMIN’, SURF_ID = ’OPEN’ /

&VENT MB = ’XMAX’, SURF_ID = ’OPEN’ /

&VENT MB = ’YMIN’, SURF_ID = ’OPEN’ /

&VENT MB = ’YMAX’, SURF_ID = ’OPEN’ /

&VENT MB = ’ZMAX’, SURF_ID = ’OPEN’ /

&DUMP DT_DEVC = 1, SUPPRESS_DIAGNOSTICS = .TRUE. /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =
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’WALL TEMPERATURE’, ID = ’front_surface_temp’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’BACK WALL TEMPERATURE’, ID = ’back_surface_temp’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’MASS FLUX’, SPEC_ID = ’METHANE’, ID=’MF’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’WALL THICKNESS’, ID = ’thick’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’NORMALIZED MASS’, ID = ’mass’ /

&TAIL /

C.2 Composite Decking High Heat Flux

&HEAD CHID = ’Composite_15’ /

&MESH IJK = 3, 3, 3, XB = -0.15, 0.15, -0.15, 0.15, 0.0, 0.3 /

&TIME T_END=600., WALL_INCREMENT = 1., DT = 0.05 /

&MISC SOLID_PHASE_ONLY=.TRUE., TMPA = 30, ASSUMED_GAS_TEMPERATURE = 110. /

&SPEC ID = ’METHANE’ /

&SPEC ID = ’WATER VAPOR’ /

&MATL ID = ’COMP_A’,

N_REACTIONS = 1,
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A(1) = 17060.8,

E(1) = 74266.0,

EMISSIVITY = 0.9641,

DENSITY = 1103,

SPEC_ID = ’METHANE’,

NU_SPEC = 0.229580,

NU_MATL = 0.770420,

MATL_ID = ’COMP_B’,

HEAT_OF_REACTION = 414,

CONDUCTIVITY = 0.33646,

SPECIFIC_HEAT = 1.501,

ABSORPTION_COEFFICIENT = 10000 /

&MATL ID = ’COMP_B’,

N_REACTIONS = 1,

A(1) = 1896705921000000000.0,

E(1) = 242485.0,

EMISSIVITY = 0.9641,

DENSITY = 1103,

SPEC_ID = ’METHANE’,

NU_SPEC = 0.152435,

NU_MATL = 0.847565,

MATL_ID = ’COMP_C’,
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HEAT_OF_REACTION = 414,

CONDUCTIVITY = 0.33646,

SPECIFIC_HEAT = 1.501,

ABSORPTION_COEFFICIENT = 10000 /

&MATL ID = ’COMP_C’,

N_REACTIONS = 1,

A(1) = 0.026669,

E(1) = 8358.0,

EMISSIVITY = 0.9641,

DENSITY = 1103,

SPEC_ID = ’METHANE’,

NU_SPEC = 0.120850,

NU_MATL = 0.879150,

MATL_ID = ’COMP_D’,

HEAT_OF_REACTION = 414,

CONDUCTIVITY = 0.33646,

SPECIFIC_HEAT = 1.501,

ABSORPTION_COEFFICIENT = 10000 /

&MATL ID = ’COMP_D’,

N_REACTIONS = 1,

A(1) = 17498466890000000000000.0,
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E(1) = 346484.0,

EMISSIVITY = 0.9641,

DENSITY = 1103,

SPEC_ID = ’METHANE’,

NU_SPEC = 0.250090,

NU_MATL = 0.749910,

MATL_ID = ’COMP_E’,

HEAT_OF_REACTION = 414,

CONDUCTIVITY = 0.33646,

SPECIFIC_HEAT = 1.501,

ABSORPTION_COEFFICIENT = 10000 /

&MATL ID = ’COMP_E’,

N_REACTIONS = 1,

A(1) = 0.000412,

E(1) = 1.0,

EMISSIVITY = 0.9641,

DENSITY = 1103,

SPEC_ID = ’METHANE’,

NU_SPEC = 0.284949,

NU_MATL = 0.715051,

MATL_ID = ’COMP_char’,

HEAT_OF_REACTION = 414,
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CONDUCTIVITY = 0.33646,

SPECIFIC_HEAT = 1.501,

ABSORPTION_COEFFICIENT = 10000 /

&MATL ID = ’COMP_char’,

EMISSIVITY = 0.9641,

DENSITY = 1103,

CONDUCTIVITY = 0.33646,

SPECIFIC_HEAT = 1.501,

ABSORPTION_COEFFICIENT = 10000 /

&SURF ID = ’SAMPLE’,

EXTERNAL_FLUX = 16.3,

MATL_ID = ’COMP_A’,

THICKNESS = 0.019,

HEAT_TRANSFER_COEFFICIENT = 15,

BACKING = ’INSULATED’,

CELL_SIZE_FACTOR = 0.1,

STRETCH_FACTOR(1) = 1. /

&VENT XB = -0.05, 0.05, -0.05, 0.05, 0.0, 0.0, SURF_ID = ’SAMPLE’ /

&VENT MB = ’XMIN’, SURF_ID = ’OPEN’ /
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&VENT MB = ’XMAX’, SURF_ID = ’OPEN’ /

&VENT MB = ’YMIN’, SURF_ID = ’OPEN’ /

&VENT MB = ’YMAX’, SURF_ID = ’OPEN’ /

&VENT MB = ’ZMAX’, SURF_ID = ’OPEN’ /

&DUMP DT_DEVC = 1, SUPPRESS_DIAGNOSTICS = .TRUE. /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’WALL TEMPERATURE’, ID = ’front_surface_temp’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’BACK WALL TEMPERATURE’, ID = ’back_surface_temp’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’MASS FLUX’, SPEC_ID = ’METHANE’, ID=’MF’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’WALL THICKNESS’, ID = ’thick’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’NORMALIZED MASS’, ID = ’mass’ /

&TAIL /

C.3 Fiber Cement Board Low Heat Flux

&HEAD CHID = ’FCB_5’ /

&MESH IJK = 3, 3, 3, XB = -0.15, 0.15, -0.15, 0.15, 0.0, 0.3 /
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&TIME T_END=1800., WALL_INCREMENT = 1., DT = 0.05 /

&MISC SOLID_PHASE_ONLY=.TRUE., TMPA = 30, ASSUMED_GAS_TEMPERATURE = 110. /

&SPEC ID = ’METHANE’ /

&SPEC ID = ’WATER VAPOR’ /

&MATL ID = ’FCB_A’,

EMISSIVITY = 0.9274,

DENSITY = 1279,

CONDUCTIVITY = 0.138,

SPECIFIC_HEAT = 0.829,

ABSORPTION_COEFFICIENT = 10000 /

&SURF ID = ’SAMPLE’,

EXTERNAL_FLUX = 5.9,

MATL_ID = ’FCB_A’,

THICKNESS = 0.0081,

HEAT_TRANSFER_COEFFICIENT = 15,

BACKING = ’INSULATED’,

CELL_SIZE_FACTOR = 0.1,

STRETCH_FACTOR(1) = 1. /

&VENT XB = -0.05, 0.05, -0.05, 0.05, 0.0, 0.0, SURF_ID = ’SAMPLE’ /
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&VENT MB = ’XMIN’, SURF_ID = ’OPEN’ /

&VENT MB = ’XMAX’, SURF_ID = ’OPEN’ /

&VENT MB = ’YMIN’, SURF_ID = ’OPEN’ /

&VENT MB = ’YMAX’, SURF_ID = ’OPEN’ /

&VENT MB = ’ZMAX’, SURF_ID = ’OPEN’ /

&DUMP DT_DEVC = 1, SUPPRESS_DIAGNOSTICS = .TRUE. /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’WALL TEMPERATURE’, ID = ’front_surface_temp’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’BACK WALL TEMPERATURE’, ID = ’back_surface_temp’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’MASS FLUX’, SPEC_ID = ’METHANE’, ID=’MF’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’WALL THICKNESS’, ID = ’thick’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’NORMALIZED MASS’, ID = ’mass’ /

&TAIL /
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C.4 Fiber Cement Board High Heat Flux

&HEAD CHID = ’FCB_15’ /

&MESH IJK = 3, 3, 3, XB = -0.15, 0.15, -0.15, 0.15, 0.0, 0.3 /

&TIME T_END=600., WALL_INCREMENT = 1., DT = 0.05 /

&MISC SOLID_PHASE_ONLY=.TRUE., TMPA = 30, ASSUMED_GAS_TEMPERATURE = 110. /

&SPEC ID = ’METHANE’ /

&SPEC ID = ’WATER VAPOR’ /

&MATL ID = ’FCB_A’,

EMISSIVITY = 0.9274,

DENSITY = 1279,

CONDUCTIVITY = 0.138,

SPECIFIC_HEAT = 0.829,

ABSORPTION_COEFFICIENT = 10000 /

&SURF ID = ’SAMPLE’,

EXTERNAL_FLUX = 17.4,

MATL_ID = ’FCB_A’,

THICKNESS = 0.0081,

HEAT_TRANSFER_COEFFICIENT = 15,

BACKING = ’INSULATED’,
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CELL_SIZE_FACTOR = 0.1,

STRETCH_FACTOR(1) = 1. /

&VENT XB = -0.05, 0.05, -0.05, 0.05, 0.0, 0.0, SURF_ID = ’SAMPLE’ /

&VENT MB = ’XMIN’, SURF_ID = ’OPEN’ /

&VENT MB = ’XMAX’, SURF_ID = ’OPEN’ /

&VENT MB = ’YMIN’, SURF_ID = ’OPEN’ /

&VENT MB = ’YMAX’, SURF_ID = ’OPEN’ /

&VENT MB = ’ZMAX’, SURF_ID = ’OPEN’ /

&DUMP DT_DEVC = 1, SUPPRESS_DIAGNOSTICS = .TRUE. /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’WALL TEMPERATURE’, ID = ’front_surface_temp’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’BACK WALL TEMPERATURE’, ID = ’back_surface_temp’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’MASS FLUX’, SPEC_ID = ’METHANE’, ID=’MF’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’WALL THICKNESS’, ID = ’thick’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’NORMALIZED MASS’, ID = ’mass’ /

&TAIL /
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C.5 Pine Siding Low Heat Flux

&HEAD CHID = ’pine_5’ /

&MESH IJK = 3, 3, 3, XB = -0.15, 0.15, -0.15, 0.15, 0.0, 0.3 /

&TIME T_END=1800., WALL_INCREMENT = 1., DT = 0.05 /

&MISC SOLID_PHASE_ONLY=.TRUE., TMPA = 30, ASSUMED_GAS_TEMPERATURE = 110. /

&SPEC ID = ’METHANE’ /

&SPEC ID = ’WATER VAPOR’ /

&MATL ID = ’PINE_A’,

N_REACTIONS = 1,

A(1) = 2.495,

E(1) = 3.27e+4,

EMISSIVITY = 0.914,

DENSITY = 302,

SPEC_ID = ’METHANE’,

NU_SPEC = 0.081294,

NU_MATL = 0.918706,

MATL_ID = ’PINE_B’,

HEAT_OF_REACTION = 352,

CONDUCTIVITY = 0.08759,

SPECIFIC_HEAT = 1.556,

ABSORPTION_COEFFICIENT = 2870 /
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&MATL ID = ’PINE_B’,

N_REACTIONS = 1,

A(1) = 1.321e+6,

E(1) = 9.88e+4,

EMISSIVITY = 0.914,

DENSITY = 302,

SPEC_ID = ’METHANE’,

NU_SPEC = 0.64717,

NU_MATL = 0.35283,

MATL_ID = ’PINE_C’,

HEAT_OF_REACTION = 352,

CONDUCTIVITY = 0.08759,

SPECIFIC_HEAT = 1.556,

ABSORPTION_COEFFICIENT = 2870 /

&MATL ID = ’PINE_C’,

N_REACTIONS = 1,

A(1) = 1.753e-4,

E(1) = 1,

EMISSIVITY = 0.914,

DENSITY = 302,

SPEC_ID = ’METHANE’,
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NU_SPEC = 0.34335,

NU_MATL = 0.65665,

MATL_ID = ’PINE_char’,

HEAT_OF_REACTION = 352,

CONDUCTIVITY = 0.08759,

SPECIFIC_HEAT = 1.556,

ABSORPTION_COEFFICIENT = 2870 /

&MATL ID = ’PINE_char’,

EMISSIVITY = 0.914,

DENSITY = 302,

CONDUCTIVITY = 0.08759,

SPECIFIC_HEAT = 1.556,

ABSORPTION_COEFFICIENT = 2870 /

&SURF ID = ’SAMPLE’,

EXTERNAL_FLUX = 6.17,

MATL_ID = ’PINE_A’,

THICKNESS = 0.0181,

HEAT_TRANSFER_COEFFICIENT = 15,

BACKING = ’INSULATED’,
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CELL_SIZE_FACTOR = 0.1,

STRETCH_FACTOR(1) = 1. /

&VENT XB = -0.05, 0.05, -0.05, 0.05, 0.0, 0.0, SURF_ID = ’SAMPLE’ /

&VENT MB = ’XMIN’, SURF_ID = ’OPEN’ /

&VENT MB = ’XMAX’, SURF_ID = ’OPEN’ /

&VENT MB = ’YMIN’, SURF_ID = ’OPEN’ /

&VENT MB = ’YMAX’, SURF_ID = ’OPEN’ /

&VENT MB = ’ZMAX’, SURF_ID = ’OPEN’ /

&DUMP DT_DEVC = 1, SUPPRESS_DIAGNOSTICS = .TRUE. /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’WALL TEMPERATURE’, ID = ’surface_temp’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’BACK WALL TEMPERATURE’, ID = ’adiabatic_temp’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’MASS FLUX’, SPEC_ID = ’METHANE’, ID=’MF’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’WALL THICKNESS’, ID = ’thick’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’NORMALIZED MASS’, ID = ’mass’ /

&TAIL /
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C.6 Pine Siding High Heat Flux

&HEAD CHID = ’pine_15’ /

&MESH IJK = 3, 3, 3, XB = -0.15, 0.15, -0.15, 0.15, 0.0, 0.3 /

&TIME T_END=600., WALL_INCREMENT = 1., DT = 0.05 /

&MISC SOLID_PHASE_ONLY=.TRUE., TMPA = 30, ASSUMED_GAS_TEMPERATURE = 110. /

&SPEC ID = ’METHANE’ /

&SPEC ID = ’WATER VAPOR’ /

&MATL ID = ’PINE_A’,

N_REACTIONS = 1,

A(1) = 2.495,

E(1) = 3.27e+4,

EMISSIVITY = 0.914,

DENSITY = 302,

SPEC_ID = ’METHANE’,

NU_SPEC = 0.081294,

NU_MATL = 0.918706,

MATL_ID = ’PINE_B’,

HEAT_OF_REACTION = 352,

CONDUCTIVITY = 0.08759,

SPECIFIC_HEAT = 1.556,

ABSORPTION_COEFFICIENT = 2870 /
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&MATL ID = ’PINE_B’,

N_REACTIONS = 1,

A(1) = 1.321e+6,

E(1) = 9.88e+4,

EMISSIVITY = 0.914,

DENSITY = 302,

SPEC_ID = ’METHANE’,

NU_SPEC = 0.64717,

NU_MATL = 0.35283,

MATL_ID = ’PINE_C’,

HEAT_OF_REACTION = 352,

CONDUCTIVITY = 0.08759,

SPECIFIC_HEAT = 1.556,

ABSORPTION_COEFFICIENT = 2870 /

&MATL ID = ’PINE_C’,

N_REACTIONS = 1,

A(1) = 1.753e-4,

E(1) = 1,

EMISSIVITY = 0.914,

DENSITY = 302,

SPEC_ID = ’METHANE’,
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NU_SPEC = 0.34335,

NU_MATL = 0.65665,

MATL_ID = ’PINE_char’,

HEAT_OF_REACTION = 352,

CONDUCTIVITY = 0.08759,

SPECIFIC_HEAT = 1.556,

ABSORPTION_COEFFICIENT = 2870 /

&MATL ID = ’PINE_char’,

EMISSIVITY = 0.914,

DENSITY = 302,

CONDUCTIVITY = 0.08759,

SPECIFIC_HEAT = 1.556,

ABSORPTION_COEFFICIENT = 2870 /

&SURF ID = ’SAMPLE’,

EXTERNAL_FLUX = 17.5,

MATL_ID = ’PINE_A’,

THICKNESS = 0.0181,

HEAT_TRANSFER_COEFFICIENT = 15,

BACKING = ’INSULATED’,
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CELL_SIZE_FACTOR = 0.1,

STRETCH_FACTOR(1) = 1. /

&VENT XB = -0.05, 0.05, -0.05, 0.05, 0.0, 0.0, SURF_ID = ’SAMPLE’ /

&VENT MB = ’XMIN’, SURF_ID = ’OPEN’ /

&VENT MB = ’XMAX’, SURF_ID = ’OPEN’ /

&VENT MB = ’YMIN’, SURF_ID = ’OPEN’ /

&VENT MB = ’YMAX’, SURF_ID = ’OPEN’ /

&VENT MB = ’ZMAX’, SURF_ID = ’OPEN’ /

&DUMP DT_DEVC = 1, SUPPRESS_DIAGNOSTICS = .TRUE. /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’WALL TEMPERATURE’, ID = ’surface_temp’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’BACK WALL TEMPERATURE’, ID = ’adiabatic_temp’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’MASS FLUX’, SPEC_ID = ’METHANE’, ID=’MF’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’WALL THICKNESS’, ID = ’thick’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’NORMALIZED MASS’, ID = ’mass’ /

&TAIL /
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C.7 Pressure Treated Decking Low Heat Flux

&HEAD CHID = ’PT_5’ /

&MESH IJK = 3, 3, 3, XB = -0.15, 0.15, -0.15, 0.15, 0.0, 0.3 /

&TIME T_END=1800., WALL_INCREMENT = 1., DT = 0.05 /

&MISC SOLID_PHASE_ONLY=.TRUE., TMPA = 30, ASSUMED_GAS_TEMPERATURE = 110. /

&SPEC ID = ’METHANE’ /

&SPEC ID = ’WATER VAPOR’ /

&MATL ID = ’PT_A’,

N_REACTIONS = 1,

A(1) = 73451.4,

E(1) = 78819.0,

EMISSIVITY = 0.9291,

DENSITY = 372,

SPEC_ID = ’METHANE’,

NU_SPEC = 0.222241,

NU_MATL = 0.777759,

MATL_ID = ’PT_B’,

HEAT_OF_REACTION = 187,

CONDUCTIVITY = 0.0943,

SPECIFIC_HEAT = 1.216,

ABSORPTION_COEFFICIENT = 10000 /
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&MATL ID = ’PT_B’,

N_REACTIONS = 1,

A(1) = 415910610.5,

E(1) = 128381.0,

EMISSIVITY = 0.9291,

DENSITY = 372,

SPEC_ID = ’METHANE’,

NU_SPEC = 0.584344,

NU_MATL = 0.415656,

MATL_ID = ’PT_C’,

HEAT_OF_REACTION = 187,

CONDUCTIVITY = 0.0943,

SPECIFIC_HEAT = 1.216,

ABSORPTION_COEFFICIENT = 10000 /

&MATL ID = ’PT_C’,

N_REACTIONS = 1,

A(1) = 0.674528,

E(1) = 37494.0,

EMISSIVITY = 0.9291,

DENSITY = 372,

SPEC_ID = ’METHANE’,
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NU_SPEC = 0.222011,

NU_MATL = 0.777989,

MATL_ID = ’PT_char’,

HEAT_OF_REACTION = 187,

CONDUCTIVITY = 0.0943,

SPECIFIC_HEAT = 1.216,

ABSORPTION_COEFFICIENT = 10000 /

&MATL ID = ’PT_char’,

EMISSIVITY = 0.9291,

DENSITY = 372,

CONDUCTIVITY = 0.0943,

SPECIFIC_HEAT = 1.216,

ABSORPTION_COEFFICIENT = 10000 /

&SURF ID = ’SAMPLE’,

EXTERNAL_FLUX = 5.9,

MATL_ID = ’PT_A’,

THICKNESS = 0.0185,

HEAT_TRANSFER_COEFFICIENT = 15,

BACKING = ’INSULATED’,
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CELL_SIZE_FACTOR = 0.1,

STRETCH_FACTOR(1) = 1. /

&VENT XB = -0.05, 0.05, -0.05, 0.05, 0.0, 0.0, SURF_ID = ’SAMPLE’ /

&VENT MB = ’XMIN’, SURF_ID = ’OPEN’ /

&VENT MB = ’XMAX’, SURF_ID = ’OPEN’ /

&VENT MB = ’YMIN’, SURF_ID = ’OPEN’ /

&VENT MB = ’YMAX’, SURF_ID = ’OPEN’ /

&VENT MB = ’ZMAX’, SURF_ID = ’OPEN’ /

&DUMP DT_DEVC = 1, SUPPRESS_DIAGNOSTICS = .TRUE. /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’WALL TEMPERATURE’, ID = ’front_surface_temp’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’BACK WALL TEMPERATURE’, ID = ’back_surface_temp’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’MASS FLUX’, SPEC_ID = ’METHANE’, ID=’MF’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’WALL THICKNESS’, ID = ’thick’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’NORMALIZED MASS’, ID = ’mass’ /

&TAIL /
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C.8 Pressure Treated Decking High Heat Flux

&HEAD CHID = ’PT_15’ /

&MESH IJK = 3, 3, 3, XB = -0.15, 0.15, -0.15, 0.15, 0.0, 0.3 /

&TIME T_END=600., WALL_INCREMENT = 1., DT = 0.05 /

&MISC SOLID_PHASE_ONLY=.TRUE., TMPA = 30, ASSUMED_GAS_TEMPERATURE = 110. /

&SPEC ID = ’METHANE’ /

&SPEC ID = ’WATER VAPOR’ /

&MATL ID = ’PT_A’,

N_REACTIONS = 1,

A(1) = 73451.4,

E(1) = 78819.0,

EMISSIVITY = 0.9291,

DENSITY = 372,

SPEC_ID = ’METHANE’,

NU_SPEC = 0.222241,

NU_MATL = 0.777759,

MATL_ID = ’PT_B’,

HEAT_OF_REACTION = 187,

CONDUCTIVITY = 0.0943,

SPECIFIC_HEAT = 1.216,

ABSORPTION_COEFFICIENT = 10000 /
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&MATL ID = ’PT_B’,

N_REACTIONS = 1,

A(1) = 415910610.5,

E(1) = 128381.0,

EMISSIVITY = 0.9291,

DENSITY = 372,

SPEC_ID = ’METHANE’,

NU_SPEC = 0.584344,

NU_MATL = 0.415656,

MATL_ID = ’PT_C’,

HEAT_OF_REACTION = 187,

CONDUCTIVITY = 0.0943,

SPECIFIC_HEAT = 1.216,

ABSORPTION_COEFFICIENT = 10000 /

&MATL ID = ’PT_C’,

N_REACTIONS = 1,

A(1) = 0.674528,

E(1) = 37494.0,

EMISSIVITY = 0.9291,

DENSITY = 372,

SPEC_ID = ’METHANE’,
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NU_SPEC = 0.222011,

NU_MATL = 0.777989,

MATL_ID = ’PT_char’,

HEAT_OF_REACTION = 187,

CONDUCTIVITY = 0.0943,

SPECIFIC_HEAT = 1.216,

ABSORPTION_COEFFICIENT = 10000 /

&MATL ID = ’PT_char’,

EMISSIVITY = 0.9291,

DENSITY = 372,

CONDUCTIVITY = 0.0943,

SPECIFIC_HEAT = 1.216,

ABSORPTION_COEFFICIENT = 10000 /

&SURF ID = ’SAMPLE’,

EXTERNAL_FLUX = 17.5,

MATL_ID = ’PT_A’,

THICKNESS = 0.0185,

HEAT_TRANSFER_COEFFICIENT = 15,

BACKING = ’INSULATED’,
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CELL_SIZE_FACTOR = 0.1,

STRETCH_FACTOR(1) = 1. /

&VENT XB = -0.05, 0.05, -0.05, 0.05, 0.0, 0.0, SURF_ID = ’SAMPLE’ /

&VENT MB = ’XMIN’, SURF_ID = ’OPEN’ /

&VENT MB = ’XMAX’, SURF_ID = ’OPEN’ /

&VENT MB = ’YMIN’, SURF_ID = ’OPEN’ /

&VENT MB = ’YMAX’, SURF_ID = ’OPEN’ /

&VENT MB = ’ZMAX’, SURF_ID = ’OPEN’ /

&DUMP DT_DEVC = 1, SUPPRESS_DIAGNOSTICS = .TRUE. /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’WALL TEMPERATURE’, ID = ’front_surface_temp’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’BACK WALL TEMPERATURE’, ID = ’back_surface_temp’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’MASS FLUX’, SPEC_ID = ’METHANE’, ID=’MF’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’WALL THICKNESS’, ID = ’thick’ /

&DEVC XYZ = 0.0, 0.0, 0.0, IOR = 3, QUANTITY =

’NORMALIZED MASS’, ID = ’mass’ /

&TAIL /
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