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The frequencyand severity of WildlandUrban Interface (WUI) firegontinueto rise
globally. Firebrands are smoldering embemsneratedrom vegetative or structural materials
during a WUI fire, lofting up to severakilometersand travelling ahead of the main fire front.
Firebrandsserve as pilot ignitiorsourcesand contribute to the spread wildland fires into
communities However, complex ignition processand response ofstructural materials to
firebrand exposurbaveyet to be fully understood
In this work, representative building materialsegsure treated wood (PT)\&nd wood
plastic composite (Trexvere exposed to glowing firebrand piles in a beschle wind tunnel.
The air flow velocity was 0.9 2.7 m &', the firebrand coverage densities were 0.06 and 0.16 g
cmi?, and the pile footprint was %10 cnf with either the 1&m or 5cm sides perpendicular to
the incident air flow. Several types of flaming ignition events were observed including flames
attached to the substrate surface in front of the pile (preleading zone ignition), and flames attached
to the pile that sometimes spread onto the substrate downstream of the pile (downstream ignition).

The most frequent and lo#gsting flaming combustion occurr@dexperiments performed at 2.4

—2.7 m st using 0.16 g cm firebrand coverage density piles with-&® sides perpendicular to



the air flow. Trexwas less prone to preleading zone ignition but was more prone to downstream
ignition. Unlike Trex, PTW exhibited a propensity for sustained smoldering fode range of
air flows.

To furtheranalyze the ignition processgsyrolysis propertysets werebtainedfor PTW
and Trex followinga wellestablished hierarchical approach wheétrermogravimetric analysis,
differential scanning calorimetryand microscale combustion calorimetiyere used to
parametrize kinetics and thermodynamics of the thermal decomposition and combustion, while
controlled atmosphere pyrolysis and cone calorimetry tests performed on «oppdrsamples
were used to parameterize thermal transport propertiesaitthte performance of the fully
parametrized pyrolysis models.

The developed pyrolysis models were used to simulate the preleading zone igoitions
PTW and Trex observed in the wind tunnel experimehtsempiricalmodel of firebrand heat
flux developed in an earlier work was employed to model boundary conditions for the combustible
substrates in the preleading zone and dependence of these conditions on the air flow velocity and
firebrand coverage density. It was determined thatcritical value of the peak average heat
release rate, HRRa = 120 kW m?2, computed in these simulations successfully delineated
between the low ignitiorprobability, < 05, and high ignition probability, > 0.5, firebrand

deposition saearios
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1 I ntroducti on

1.1 Wildland-Urban Interface Fires

In recentdecadesdevastatingwildland fires, causinginjuries, fatalities and loss of
property,have becoma greaiconcernand threatcross the globawildland fires have increased
in number and sizeadriven largely by climate change, human activity, and changes iruknd
patterngPandeyet al, 2023) Many countriedike the Unitel StatesCanadaAustralia,Greece,
Indonesiaand South Koredave been experiencing increasegjuencyand severityf large and
extreme firefChang et al., 2024&amborska and Ritchi2024). Wildland-urban interface areas
are where houses and other developrsaneet or mix with undeveloped natural aréaisS.
Department of Agriculture=orest Service2025). According to US wiltend fire statistics

(National Interagency Fire Cent@025; U.S. Fire Administration 2024, the number ofinnual

SRS i o I ] S et SO

Acres Burned

A
———
N
2114 JO JAquInN
14 1ad pawing

IVINIERE
| H

2001-2020 Average: 7,000,513.55 Acres 68,707.25 Fires 103.92 Acres/Fire

Source: National Interagency Fire Center(NIFC)

Figure 1.1. U.S. wildland fire statisticsover the past 20 yearReproduced from (&tional

Interagency Fire Cente202%5).



wildlandfire occurrences does not shaveleartrend but burned areaandwildland fire severity

which is theburned areas divideloy the number of annuatildland fires, have increased since

2001, as shown ifrigurel.1 (National Centers for Environmental Informatj@025). Theaverage

burned area per year lyildland fireis 7 million acres, with an annual numbenafdland fires

at 69,000, resulting in an average of 104 acres per fire over the past 20 years. In the early days of
August 2023, a series of devastatimiddland fires broke out in Hawaii, primarilin Maui. It is
estimated that over 2,200 buildings were destroyed, resulting in $ 5.5 billion in economic losses.
The most significantly impacted area was the historic district of Laliséedigure1.2), where

more than 100 lives welest (U.S. Fire Administration 2024)

Figure 1.2. Aftermath of devastatingvildland fire in Lahaina, Hawaii, Aug. 22, 202:
Reproduced fromRhan 2023)



1.2 Motivation

Understanding how wildlandrban interface fires sprealan important consideratian
preventing and mitigating the wildlangban interfacefires, which can causkss of lives and
property Threemechanisms o#VUI fire spread have been identified: direct flame impingement,
thermalradiation, and firebran(Hakeset al, 2019 Suzukiand Manzellp202]. Among the three
main mechanisms of WUI spread, firebrands have bemsgnizedhs one of the primary sources
of ignition in the WUI(Caton et al.2017 MeerpoeiPietri et al, 2021, BouvetandKim, 2024).

Firebrands are defined as airborne smoldering embvkish areprimarily produced from
burning vegetations (grasses, shrubs, bark, learestwigs) and wooden building materials
(timber, roof shingles, deckingnd fences)(Suzuki et al., 20L4Manzello et al. 2020) The
characteristics of the firebrands depend upon the fuel type (vegetation or structure), its morphology
(geometry, size, porosityand density) and the intensity of the fire and buoyant fire plume
(Manzello et al.2020) Generated firebrands can be lofted by buoyant convective wildland fire
plume and then transported far ahead of the fire ffdradhwani et aJ.2022) Most spdtiing
distances of them are lower than 500 m, but a combination of high wind speeds and considerable
fire growth increases the possibility of spotting distatmcenore than 1 kn{Cruz et al., 2012
Filkov et al, 2023) Spotting distance is generally considered to be a function of firetsizad
the local conditions, and the ignition potential of the area where the firebrand (Matedghides
et al, 2015)

Numerical simulationgKoo et al, 2010 Matvienkoand Filkoy 2015 Cervantes2023)
as well as experimental studi@Sruz et al. 2012 Maranghides et gl2015 Filkov et al., 2023

wereemployed to resolve firebrand transport. Plume models were applied to capture the flow field



generated by the interaction between fire and ambient wind. Lofted firebrands travel downwind
and upon landing eventually ignite spot fires far ahead of the fire(Kowt et al, 2010)

Based on poswildfire investigations and laboratory studies, combustible decks have been
identified as being among the most vulnerable components of a residential structure (Hedayati et
al., 2022. Pressure treated wood and wptdstic composite are considered to be the most popular
choices for deck constructidiecks.com, 202). However, no complete pyrolysis sets that can
be used to simulate fire growth on these materials are currently avaflabtedingly, pessure
treated wood and woeplastic compositevere selected due tbheircommon use as decking.

PTW for this studywasmanufactured byreating Southern Pine with micronizedpper
azole preservativ€YellaWood, 2025)The Southern Pine species consists of four major groups:
loblolly, longleaf, shortleafand slash(U.S. Department of Agriculture Forest Servi@010)

Southern Pine’'s superior treatability makes i
wood preservatives is required.i§ls why nearly 85% of all pressure treated wood used in the
U.S. is Southern Yellow Pin&outhernForestProduction Associatior2019). TrexCompanyinc.

is oneof the key market players the woodplastic composite market of the USAccordingly,

their product was selectedgmaterialfor experiments.

1.3 Literature Review

A considerablemount of workhasbeenconductedo understandirebrand behaviofThe
proceses associated witlirebrard behaviorcan be broken down into three areas: firebrand
generation, firebrand transport, aheignition of vegetation and building materials tisebrands
(Koo et al, 201Q Suzuki et al., 2014; Manzello et al., 2020@adhwaniet al, 2022 Filkov et al,
2023 Manzelloand Suzuki2023. Figure 1.3 shows the firebrand behavior and phenomenon

(Manzello and Suzuki 2023) The research approactorf the processes dfrebrandscan be
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categorized as laboratory experiments, field experiments, and modethgalogies (Filkov et
al., 2023)

There have been some effortsqueantify thefirebrandgeneratiorthrough analyzing the
morphology,mass and size distribution of firebrand® collect and quench firebrandsater
filled pans havebeen usedManzello et al., 2008a,kzhou et al., 2015)The quantity and
characteristics (mass, size) of firebrands generated by the wildland firesxaermed Manzello
and Foote2014).Houssamiet al analyzedmass and size distribution of firebranmbllected in
New Jersey Pine Barrensildland firesfield (Houssami et al., 2@). More than 70% othe
collected particlesn the fieldwere barkslices with substantial amounts of pine and shrub twigs.
Bark consumptionwas studied by measuring the circumference variadbeeveralheights on
each of three differeritark thicknesges The variation wa®f the same order of magnitude as the

bark thickness (b mm).

Wind Transport by wind Flaming firebrand or Smouldering firebrand
Heating from flame or smouldering reaction

{ . . ° . " Drag force based
g oD e b on moving and

N shapeof a

/ B ' | firebrand

Lofted by buoyant fire plume or pyrocumulus

Gravity Convective and radiative cooling
M

o ) $

. s B
.
B
” Firebrands generated
\ - houses/trees burning,
] : &- ‘ ¢ pieces broken off from
ﬁj l ’ houses or trees by

wind, buoyant fire
plume or some force

Firgbrands depositing, accumulating, then igniting
(smouldering ignition or flaming ignition)

Figure 1.3. Schematicof firebrandbehavior and phenomenoReproduced fronfManzello
and Suzuki2023).



The mass and size distribution of firebrands were investigated thriaginatory
experiments as well agildland fire field experimentsManzello et alconducted experiments to
generate a repeatalfileebrandmass distributiomsingafirebrand generatqiNIST dragon) Two
differentsized cylinders and one diskaped firebranderefed into the firebrand generatdiis
accuratelyrepresergdthe range of firebrands produced up to the mass class g{El&nzello et
al., 2008)).

Wildland fuels have a variety of morphologieangingfrom powder to thin pieces such as
duff and grass. The fuel state can also vary from moist to dry and live to dead (Manzello et al.,
2020).The minimum required firebrand size to represent the charactedttie population and
a framework to facilitatéhefirebrandmeasurement process were proposed (Hedayati et al., 2019).
Firebrands obtained from burning strucemere collected in 46 strategically located water pans
and the minimum required sample size was 1,400 for each test. To facilitate clmtdmbeof
such a large sample of firebrands, an automated image processing algorithm to measure the
projected area of the firebrands was developed.réud mass estimatiom Gaussian process
regression was performed to predict the mass based on projected area, traveling distance and wind
speed.The influence of firebrand diameter, pile mass, and wind on heating from firebrand piles
wasinvestigated. Firebrands with various diameters (6.35, ars12.7 mm) were manufactured
from 25.4 mmlong cylindrical birch dowels for experiments. Firebrands vdithmetersof 6.35
mm were found to have the highest peak heat flux and longer heating durations thanitinose
9.52 mm and 12.7 mifiHakes et al., 2019).

Extensive research fdeencarried outon firebrand generation as well &sebrand
transport(Koo et al., 2012Zhou et al. 2015; Tohidi and Kaye 2017;Wadhwani et al.2022.

Tohidi et al.proposed a 6 DegreesFreedom (DOF) rodike debris transport mod@r firebrand



aerodynamic¢Tohidi and Kaye 2017) Their studyshowsthat a transport modshould havehe
completes-DOF aerodynamics of the debris for estimating the flight characteristidchermore
failure to include lift and rotational forceamlead to underestimation of the firebrand flight
distanceFirebrand transport was studied for diand cylindricalshapedirebrandsby modeling
their trajectories witta fire modeing tool HIGRAD/FIRETEC (Koo et al., 2012)Trajectories
were modeledoth with and without the assumption tlia¢brands relative velocitiesequal to
their terminalelocities Firebrand trajectories without terminal velocity aosberthan those from
models with terminal Mecity. Discs travedd further than cylinderspecause idcs were
aerodynamically moréavorable Thin discs burning on thegurfaces and tall cylinders burning
around their circumference have shorter lifetimes than thin discs burning from their circumference
or longer cylinders burning from their ends.

A growing number of studies have evaluated the response of various building materials
and assemblies to laborateggnerated firebrand showers. Manze#ibal. and Suzukiet al.
examined the exposure of Cedar, Douglas Fir, and Redwood decking assembtiestioumus
firebrand attackManzelloand Suzuki2017; Manzelleand Suzuki2023). It was observed that
ignition occurred at locations where firebrands accumulated in groups or piles. It was also noted
that the mass direbrandsrequired for flamingdnition at a wind speed of 8 nt was significantly
lower than that required for flaming ignition at a wind speed of 6.nviere recently, Suzuki and
Manzelloanalyzed a combined impact of a firebrand shower and radiant heat flux on the ignition
of a fuel bed consisting of-dm-sized wood block¢Suzukiand Manzellp 2021) It was found
that, at a wind speed of 6 rit,sthe addition of a radiant heat flux of 8.5 kW?meduced the
ignition time. However, at a wind speed of 8 ™) the impact of the additional radiant heat flux

on ignition was negligible.



Several studies focused on exposure of building materials to glowing firebrands have been
performed using benescale setupéSalehizadeh et al., 2021; Richter et al., 2022; De Beer et al.,
2023a,b) In these studies, a glowing firebrand pile was deposited onto the substrate surface at the
beginning of each experiment. Salehizadeh et al. examined Cedar, oriented strand board (OSB)
and plywood susceptibility to firebrand ignitig8alehizadeh et al., 202I)hey found that the
ignition probability increasednd time to ignition decreased with increasing air flow velocity,
which varied between 0.5 and 1.5 m Richter et al. found that the ignition of a horizontal
buildingmaterial surface was significantly affected by the presence of a crevice and the orientation
of the crevice with respect to the direction of the air f{Richter et al., 2022)Building material
samples containing a crevice aligned with the air flow direction were found to have the highest
susceptibility to ignition.

De Beer et al(De Beer et al., 2023ajpgraded the experimental setup previously used by
Salehizadeh et al. and Richter ettalenable detailed flame formation observations and spatially
resolved substrate temperature, heat release rate (HRR), and combustion efficiency measurements
(Salehizadeh et al., 202Richter et al., 2022 This upgraded setup was used to analyze firebrand
pile-induced flaming ignition of Ceddbe Beer et aJ.2023a)and OSB(De Beer2023) Both air
flow velocity and firebrand average densityariedin these experiments between 0.9 and 2.7 m s
1 and 0.06 and 0.16 g ¢t respectively. The ignition probability increased with increasing
firebrand coverage density. The ignition probability also increased with the air flow velocity up to
2.4 m s'. The ignition probability decreased upon further increase in the air flow velocity. This
non-monotonic trend was explained by a competition between increasing oxygen supply and

increasing convective cooling associated with the increasirtpai velocity. It was speculated



that above 2.4 m’s the cooling effect begins to dominate aeduces the temperature of the
firebrands thus reducing ignitiggromoting heat feedback from the firebrands to the substrate.

The majority of experiments performed by De Beer et al. were carried out using firebrand
piles deposited onto a 5 x 10 trectangular surface area of the substrate, where the sherter, 5
cm sides were perpendicular to the direction of the air fl@evBeer 2023 De Beer et a)2023a)
Several additional tests werenductedvith the firebrand pile rotated 980 that the longer, 10
cm side of the pile was exposed to the incoming air flow. These tests revealed that this change in
the pile orientation (without any changes in the deposition surface area or firebrand coverage
density) produced a significant inceeain the overall HRR of the system and nearly doubled the
probability of flaming ignition of the substrate surface. This effect clearly warrants further study

and, therefore, iene of the focal points of this work.

1.4 ResearclObjectives

There is a need for improved physiaaiderstanding of firebrand ignition behavior,
especially fodecking material§PTW, Trex) Specifically, previous studies on firebrand ignition
have not described the thermal conditions at ignition of dense WUI fuels, conditions which are
needed to determine critical ignition criteria for firebrand expodure minimumconditions that
can cause ignition are unknown, although the importance of wind in contributing to ignition has
been highlighted extensively. Additionally, it is necessary to understand the heating expected
under worstcase firebrand loading scenarios.

Thus, theprimary objectiveof this study is to determinge mechanism of ignition for
PTW and Trexy firebrands and to identifheir properties that define their propensity to ignite
when subjected to firebrand showers. A seeoyndbjective is to characterize the thermal and

gaseougnvironmentgfirebrand loadingair flow velocities external radiative heat flux, and time)
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with the exposuref PTW and Trexsurfaces to firebrand#\n empirical model of firebrand
exposurewill be formulated based on the results of this characterization and coupled with a
detailed pyrolysis model to create a numerical tooprediction of firebrand induced ignition.

The main expected outcomes of this study are as fallows
1. Develop research infrastructure festingPTWand Trek s r esponse to firebra
infrastructure will form a foundation fahe developmertf a standard test method for measuring
material's propensity to ignite when exposed to firebrand showers.
2. Quantify thermal and gaseous environments associated with the exposUr&/odind Trex
surfaces to firebrands as a function of firebrand loadiinglow velocity, external radiative heat
flux, time,and scale.
3. Determine e physical mechanism governing ignition BTW and Trexby firebrands This
mechanism will acuratelydescribethe ignition of PTW and Trexand can be used within the
framework of computationdluid-dynamicsbased fire growth simulations.
4. Complete pyrolysis models for PTW and Trex. These models, which are necessary for accurate
prediction of fire growth irthe built environment, are currently available for only a few common
building products.
5. Develop a model that predicts ignition of PTW and Trex by firebrands from their pyrolysis

properties.
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2 Fir ebDegpmd EXpemi ment s

2.1 ExperimentalSetup andProcedure

2.1.1 Building Materials under Study

PTW and Trex were purchased in the form ehdong and 14cmwide decking boards.
Representative sections of these boardshavn in Figure2.1. PTW boards were manufactured
by Great Southern Wood Preserving,. log treating Southern Pine with micronized copper azole
preservative, which was retained at a level of 2.4 Rgancording to the manufacturer. The PTW
boards were about 1.9 cm thidktior to each test, the samples weoaditionedin a desiccator
for at least 48 hThe moisture content d¢iie conditionedPTW samplesvas determined to be 8 +
1% (dry massbasig. The moisture content of each material was obtained from three measurements

and then average moisture content were obtained usin@.gq.

06 ———h (2.1)

whereld Ois the moisture contend, is thedry massand0d  is the oven dried specimen
massPTW boards were homogeneous in terms of composition. However, their density, measured
using multiplesamplegrom multiple boardsiried in a convection oven at 104, varied between

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

samples with dried density of 49835 kg m? were selected to be studied.
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The woodplastic compositeTrex, was manufactured by Trecompany The particular
product used iEnhance in Rocky Harbor colgkccording to the manufacturer (Trex, Z)2this
composite was produced from saw dust eexycledPE, but the proportions of each were not
specified. The Trex boards wegeooved (as showm Figure2.1) andthus varied in thickness
between 1.5 and 2.5 cm. The boards are typically installed with the grooved side facing the ground.
Trex boards had a visually identifiable outer layer referred to héferas shell and the internal
portion referred to asTrex coré, asillustratedin Figure2.2. Thethickness of Texshell varied
between 0.15 and 1.07 mm with the mean value of 0.4 mm. Drying Trex board at diddnot
produce any significant changes in mass indicating less thandi8&ure(on dry mass basis).
The densities of Trex shell and Trex core measured separately and were found te: B 88d
1046+ 20 kg m®, respectively. The uncertaintiestiieseand all other quantities measured in the

work were computed from the scatter of the data as two stadewiations of the mean

12



Figure 2.1. Representative sections of pressure treated wood (PTW) and-phasiid

composite (Trex) boards studied in this work.

Figure 2.2. Images of arex board cross section showing a distinct olagerreferred to as

“ Trex shell. The internal portion of the board is referred t6 Bex coré.
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PTW product tag is shown Figure2.3, andTable2.1 describes each item printed ibdend tag.

Figure 2.3. PTW productiendtag: (a) front side and (b) back side.

Table 2.1. Description ofPTW productend tag(a) front side and (b) back side

No. Item Description

1 Yellawood Brand

2 APP GRADE WS Appearance Grade Water Shield
Preservation retention levels

3 0.15 pcf .
(pcf : Pounds per cubic foot)

MCA .
4 Preservative type

(Micronized Copper Azole)
American Wood Production Associatio

5 AWPA U1l UC4A

Standard U1 and Use Category
6 Check Checkmark of Quality (AWPA)
7 TP Third-party inspection company

14



Trex product tag is shown Figure2.4, andTable2.2 describes each item printed on its end tag.

Figure 2.4. Trex product end taga) frontsideand (b) back side.

Table 2.2. Description ofTrex productendtag: (a) front side and (b) back side

No. Item Description
1 Trex Brand
2 Enhance G2 Appearance Grade Water Shield
3 TP Third-party inspection company
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2.1.2 Wind Tunnel Apparatus

All firebrand depositiorexperiments were performed using a bescalewind tunnel
apparatusin anearlierstudy, wind tunnel apparatus had been usti firebrand pilegAlascio,
2021;De Beer et a).2023). Figure2.5 showsthe benckscale wind tunnel apparatused in this

study. The apparatus consssif three main sections: a contraction cone, test sectiongxéhaust.

Gas Analyzer Probe

Booster fan

Top view
DSLR camera

Reflective mirror

Gold Mirror

Mirror

* FLIREYS IR camera

@ Contraction cone
Side view © Firebrand

DSLR camera Pile (2) Test section
@ Exhaust

(a) (b)

Figure 2.5. (a) Benchscale wind tunnel apparatus used in this study drawn to scale; (oué
of the test section and thermal imaging portion ofdjpisaratus. Reproduc&om (De Beer et
al., 2023).
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The contraction cone contained a nHdifer honeycomb with several mesh screens to
ensure straightened, laminarized, and spatially uniform air flow within the test section of the wind
tunnel (Alascio, 2021) The substrate sample (PTW or Trex) was loaded, and the firebrand pile
was deposited within the test section, which was 37 cm long and had & @&n? rectangular
cross sectionThis test section included an aluminum sample holder that accommodated
rectangular substrate samples up to 18.5 x 18%5rtsize. The samples were installed such that
their top surface was flush with the bottom interior wall of the test section.

The sample holder contained an opening at the bottom to provide optical access for the
infrared (I R) ther mal i mahg therrgal imdgingtsystem iactuded | e ' s
an IR FLIR E95 camera with 464 x 384 pixel resolution and a square gold mirror with constant
0.96reflectanceat wavelength 700 to 10,000 nm (EdmuB@25) overthe spectral range of the
IR cameraThe square gold mirror was manufactured by Edmunidh had a 10x 10cn? area.

During the experiment, the FLIR E95 IR camera detkitfrared energy (heat distributioop

the back surface of the specimevhich wasredirectedvia a gold mirror. The total distance
between the FLIR E95 IR camera lens and the back surface of the specimen via the gold mirror
was 0.4 m. The frame for the temperature measurement system was constructedslsting T
aluminum extrusion profil€80/20 incorporation)This system was used to measure the back
surface temperature of the Kaowool PM board. Borosilicate glass windows were located at the top
and one side of the test section to allow for video recording with two high resolution DSLR
cameras.

A 0.152 m diameter, TerraBloom DBF6 hitgmperature boostéasn was installed at the
entrance of the exhaust. The f awhichsconinalledthe was

air flow velocity within the test section over a range of-059 m s. The air flowvelocity was

17



verified before the start of each experiment using a calibrated OmegaSBHFMot wire
anemometerA 72-orifice gas analyzer probe of 0.95 cm outer diameter was installed 23 cm
downstream of the booster fan with the orifices facing the flow. The probe was connected to a
California Analytical Instruments (CAIl) ZPA netlispersive infrared gas analyzer amasused

for time-resolved CO and C{volumetric concentration measuremef@snsidering the previous
study (Said et al2019) asimilar sampling probe was employed. All holes were in the center of
the exhaust duct and directed downwards for better Isagnpf CO and CQ@ from pyrolyzate

gases. The gas sampling probe location and dimensions are displ&yjgpar@?.6.

Figure 2.6. Gas sampling probe location and dimensi@ssnpling probe was installed for tt
holes to facelownward
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2.1.3 Gas Analyzer System

This system consists aktainlesssteel smootibore seamlessampling probénserted into
theexhaustind aCalifornia Analytical InstrumentGAl) ZPA nondispersive infrare@NDIR) gas
analyzer.The ampled flow vas carriedthrough a tubeo a soot filter (Headline Filters Model
126)by avacuumpump(8 SLPM)connected to thine. Only 1.5 SLPMwas drected to the CAI
ZPA NDIR gas analyzerwhile the remainder was purgdardugha needle valveTo remove
moisture from sampled gasssmpled gapasséd throughatubefilled with desiccant(Drierite).

The NDIRgasanalyzer has been widely used to meagaseconcentrationsuch asCO
andCQg. Infrared radiation pasdehrougha measurement cell containiggsCO andCO,, and
the gas molecules absotbe infrared light at a specific wavelengtiRor exampleCO2 absorbs
infraredradiation at a specific wavelengthf 4 . (Bl@igkimson et al., 2033odgkinson and
Tatam 2013. A massflow sensor measuseéhe amount of infraredbsorbedn a measurement
cell and conves it into electrical signalsThe National Instruments 9215 analog voltage input
module generagevoltage output corresponding to CO and G®@olumetric concentrations at a
frequency of 10 HzThese voltage signals are then converted tocgasentrationsusing a

MATLAB script.
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2.1.4 Gas Analyzer Calibration

Gas analyzer calibratiar(zero, span, and multipoint) were perfornmmtbr to firebrand
depositiorexperimentsOn theday of the experimentgero calibration was performeding99.99%
nitrogen which established a zereference pointin addition, span calibratioasing a0.8230%

CO and 7.981% Cg@was conductedallowing he gas analyzer to adjust its sensitititythese
gaseqCTi CALIBRATION TECHNOLOGIES 2023).

The multipointcalibrationof the gas analyzeatescribeghe voltage outputorresponding
to volumetric concentration for gas mixtur€@as mixtures with known volumetric concentration
of CO, CQ and N at a constant flow rate (3 SLPM) passed through a 1 L plastic chamaber
nylon tube connected to the gas pump and sampling probe. Thigaalseveral metersvhich
allowed forcomplete mixing of the gases before entering the chamber and samplingfpgaise.
mixture containing.8230%CO and7.981%CO; wassuppliedfrom a cylinder andegulated by
an Alicat Scientific MG500SC@/-D/5M mass flow controllerit was mixed with91.2% No,
regulated by an Alicat Scientific MAOSLPMD/5M mass flow controllerto achieve thelesired
volumetric concentrations of each gas. The gas mixturesddmge O to 0.02%C0O and 0 to 0.20%
CQOzin volumetric concentration. To verify the flow rates regulated by the mass flow controllers,
a MesalLabs Definer 220 series air flow calibrator wasdfor MC-500 SCCMD/M, and a
MesalLabs DefenderTM 530+ series air flow calibrator was used fetAELPMD/5M. The gas
analyzer was calibrated periodically with 12 different mixture compositions corresponding to those
measured during the firebrand depositi@periments. Eacimultipoint calibration process began
with the supply of Minto the gas analyzer for 40 s to purge the gas analyzer and then COand CO
were introduced for 90 s to obtain a voltage outputs Tinocess was repeated with different

mixture compositions.
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Figure 2.7 showsthe mostrecentgas analyzemultipoint calibration curves, which
describe the relationship betweenlumetric concentrations and voltages for CO and.d®e
third calibration curve (yellow linels based on the average values of the first (blue line) and
second(green line)curves, and it was used fwocess the data obtained from the firebrand
deposition experiments. The last calibration (red line) vaasex! outto verify the gas analyZer
performanceThe dtained multipoint calibration curvdésr CO andCO;, were used to calculate

HRR and MCE irmMATLAB script.
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Figure 2.7. Gas analyzer multipointatibration curves based on the relationship betw

volumetricconcentrations and voltages for CO ancCO
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2.1.5 Firebrand Piles

The firebrands were generated from owkied 6.35 mm diameter and 25.4 miong
cylindrical birch dowels.The mean mass and projected area of each firebrand were 44.5 + 10.8
mg and 0.63 * 0.11 cinrespectively, similar in size to firebrands produced by burning Douglas
fir trees(Manzello et al., 2027Birch dowels were oven dried at40 f o r in 2cdorddnce
with ASTM D4442(ASTM D4442 2024) After drying the dowels, they wepaced in a plastic
bag withfour silica gelpacketgo maintainlow moisture contenh the plastic bag.

Birch dowelswere deposited in a wire mesh pan and then exposed to an ignited propane
burneroperating at @aonstanflow rate of1.85 SLPM for 4G (seeFigure2.8). Thisflow rate was
controlled using Alicat Scientific MQOSLPM-D/5M mass flow controller. Athe birch dowels
burned theywereconvertednto firebrand piles and kept in place until visible flame on the surface
of firebrand piles disappesat After 140 £ 20 sand210 + 20 §rom the start of ignition of birch
dowels,108 g andt8 gof birch dowelswvere completelyconvertednto firebrandpiles8 and 3 g
respectively The mesh parcontainingglowing firebrand pilesvas placedon a mass balance to
confirm whether produced firebrand pile massese within 10% ofthe desired massBirch
dowels and firebrand piles correspondinditebrand coverage denisis of 0.06 g cnt and 0.16

g cni? areshownin Figure2.8.
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0.06 g cn? 0.16 g cn?

Dried birch dowels

(0s) (0s)

Burning birch dowels

(40 ) (40 s)

Firebrand piles

(140 £ 20 3 (210 £ 20 3

Figure 2.8. Birch dowels andirebrandpiles corresponding 10.06 g cnif and 0.16 g cm

coverage density.
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Two glowing firebrand pile sizes, characterizeddmyeragedensity, were used in this
study. The firebrand pile coverage density was defined as the mass of glowing firebrands at the
time of deposition per unit area of the 50°@urface they were deposited on. The two firebrand
pile coverage densities used in this study were 0.06 and 0.16.§°bm0.06 g crifirebrand pile
corresponded to a single layer of firebrands (approximately 7 mm high) deposited onto the surface
of a test substrate. The 0.16¢cgi? firebrand pile (about 20 mm high) corresponded to the
maximum pile size that could be maintained on a flat horizontal surface at the maximum forced
air flow velocity (2.7 m 3) employed in this studyFigure2.9 indicateshe height of the firebrand

coverageadensity of 0.06 g crhand 0.16 g cm, respectively.

Figure 2.9. Heightof firebrandcoveragedensites of 0.06 g crif and 0.16 g cri placed in the
deposition area 50 cinReproduced from (Alascio, 2021; De Beer, 2023).
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2.1.6 Experiment Matrix and Procedures

Earlier result§De Beer et al., 2023andicated that the firebrand pile orientation where the
longer, 16cm sides of the 5 x 10 énfootprint pile are perpendicular to the direction of the air
flow (10-cm orientation) maximizes the probability of flaming ignition of a combustible substrate.
Therefore, in the current study, most experiments were performed using tois pie
orientation. The experimenbn PTW and Trex were performed at firebrand coverage densities of
0.06 and 0.16 g cthand air flow velocities ol.4, 2.4, and 2.7 m's Additional experiments on
Trex were performed at a firebrand coverage density of 0.16%gochair flow velocityof 0.9 m
st. For PTW, this set of conditions was not studied because it was apparent from the data collected
at other conditions that no substrate flaming ignitions would be observed.

To examine the impact of the pile orientation, the experiments performed on PTW and
Trex at a 0.16 g crifirebrand coverage density and 2.7 hag flow velocity were repeated using
a pile orientation where the shorterch sides were perpendicular to the direction of the air flow
(5-cm orientation). For each set of conditions and pile orientation, the experiment was repeated
between 9 and 13nies to accumulate necessary statistics. Corresponding Kaowool PM (baseline)
experiments were also run for eaggt of conditbons and were repeated between 9 and 15 times.
The temperature and relative humidity of the air in the laboratory were maintained 2820
and 30-50%, respectively.

The experimental procedure followed was essentially the same as described in an earlier
publication (De Beer et al., 2023a). For the preparation of substrate samples, PTW and Tgex board
were cut to have an 18 cm streamwise direction and 14 cmstressn direction, which enalle
substrates to fit into the sample holder.éfsure accurate placement of the firebrand pitbeat

centerof the substrate, rectangulamtliineswith 10-cm width by 5cm height were drawn on the
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substrate surfac€&igure2.10represents PTW and Trex substrates with drauthnesfor proper

pile depositionAs was discussed iBection2.1.4 zero andspan gas analyzer calibration were
performed. The target substratas mountedh the tessectionof the wind tunneland the air flow

velocity was set. The PTW and Trex samples were oriexuteld that the grain and grooves were
aligned with thedirection of the air flowA predetermined mass of birch dowels was exposed to a
propaneflame for 40 sandthentransitioredto glowing firebrandsThe IR and DSLR cameras

began recording, and the gas analyzer pump twaged on. Theransition from dowels to
firebrands was considered completeen no visible flames were observed over the firebrand pile.
The glowing firebrands were then deposited onto the top surface of the target substrate using a
funrel. The mass of the glowing firebrands was measured right before deposition to ensure that it
was less than 10% different from the mass required to create the target coverage density. Once the
glowing firebrands were deposited, the funnel was removed aiete of borosilicate glass was

used to seal the tunnel. The time at which the tunnel was sealedawadedas thestart of the

experimentData were collected for 6601000 s after the tunnel was sealed
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Figure 2.10. PTW and Trex withoutlinesfor properfirebrandpile deposition.
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Additional firebrand deposition experiments were performed on the combustible substrates
using the 1&m pile orientation to determine what firebrand exposure conditions lead to a
sustainedsmoldering of these materiall these experiments, only regular video footage was
collected. The duration of these experiments was significantly lo8§6A— 8000 s, because
longer times were required to establish whether a sustained smoldering of the substrate was
attained. For PTW, these experiments were perfoamhécebrand coverage densities of 0.06 and
0.16 g cn? and air flow velocities of 0.9, 1.4, and 2.7 th §or Trex, these experiments were
performed at firebrand coverage densities of 0.06 and 0.16%ganthair flow velocities of 2.4
and 2.7 ms. The lower air flow velocities were not studied in the case of Trex because it was
apparent from the collected data that no sustained smoldering would be observed under these
conditions. For each studied set of conditions, the experiment was repeated.7 ti

To assess the influence of moisture content, experimentsomedeictedon both PTW
with low (8 £ 1%) and high (b + 1%) moisture conterdit a firebrandcoverage densitgf 0.16 g
cmi?2 and air flow velocity of 2.7 m's The8 + 1% moisture contenepresentthemoisture content
of desiccated sampeExperimentsvere repeated 9 times for substrates Vaith moisture content
and?7 times for substrates withigh moisture contenfTrex has negligible moisture contgfdss
than 1%); therefore,this experiment was only performexh PTW. Table 2.3 describs the
experimental matrixfor firebrand deposition which includesprevious studies conducted by

Alascio and DietfAlascio, 2021; Dietz, 2022)
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Table 2.3. Experimental matrix fofirebrand deposition

Air Flow Velocity

(ms?)

Firebrand Substrate
. . . Pile Coverage Moisture Substrat
xperimen strate
P Orientation  Density Content 09 14 24 27

(g cnt?) (%)

Number ofExperiment

0.06 - Kaowool PM o2 o2

- Kaowool PM 92 92 92 9?2

5-cm
0.16 8+1 PTW 9
<1 Trex 9
Firebrand - Kaowool PM 10 14 9
deposition 0.06 8+1 PTW 9 9 9
<1 Trex 9 9 9

10-cm
- Kaowool PM 9 9 15 9
0.16 8+1 PTW 9 9 9
<1 Trex 9 9 9 13
8+1 PTW 7 7

0.06

Sustained <1 Trex 7

) 10-cm
smoldering 8+1 PTW . . .

0.16
<1 Trex 7 7
Moisture
_ 10-cm 0.16 15+1 PTW 9
impact

2conducted by Alascio, Dietz
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2.1.7 Identification of Ignition Events

Ignitionand combustion behaviof firebranddepositiorexperiments were quantified with
the ignition probability, average time to ignition, and average burn durations. Three distinct types
of flaming ignition events were observed during the experiments: preleading zone ignition, pile
ignition, and downstreangition. Only ignition events where a flame existed for more than 5 s
before itextinguishedvere recorded. The ignition events exhibited a stochastic behavior, i.e., a
given type of ignition did not occur in every experiment performed under the sarhem®ditions.
In a few experiments, a given type of ignition occurred more than. diaceharacterize this
behavior, the probabilities of preleading zone and pile ignitions were computed by dividing the
number of experiments where at least one ignition took place by the total number of experiments
performed under the same set of conditiofise probability of the downstream ignition was
computed somewhat differently because its occurrence was predicated on the occurrence of the
pile ignition. Therefore, a anditional probability was calculated based on the total number of
experiments where a pile ignition took place.

For the experimentahere a given type of ignition took place, the mean times to ignition
and burn durations were also computed togethitir the corresponding uncertainties obtained
from the scatter of the data as two standard deviations of the mean. Because downstream ignitions
were effectively a part of the pile flame spread process, cumulative burn durations were computed
for the pileand downstream ignitions as the total time from the time of the pile ignition until both

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

Preleading ignition is illustrated iRigure 2.11. This figure shows the formation of a
luminous diffusion flame attached to the surface of PTW or Trex board that extinguishes at a later
time. This type of ignition always occurred in the vicinity (within about 1 cm) of th#ioaw
facingedge of the firebrand pile, primarily in front of the pile. The surface area of the substrate
involved in this type of ignition is referred o this work aghe preleading zon&he same type
of ignition in the same general location was observed for other combustible substrates in previous

studies (De Beer et ak023ab).

Figure 2.11. Representative tepand sideview images showing ignition, burning, ar
extinctionof a diffusion flameattached to the surface of PTW (top two rows) and Trex (bof
two rows). These flames, identified with rectangles, formed in front of tHeaiffacing edge

of the firebrand pile, in the area of the substrate designated as the preleading zone

31



2.1.7.2 Identification of Pile and Downstream Ignitions

Pile ignition involved the formation of a flame attached to the tog|air-facing portion
of the firebrand pile. These flames were less luminous than the preleading zone flames. The pile
ignitions were observed not only for the combustible substkatealso in Kaowool PMnon
combustible substratexperiments. The formation of these flames was @dtectedn previous
studies (De Beer et aR023,b). In these earlier studies, it was concluded that the formation of
these flames was not noteworthytlagy did not grow significantly or spread to the surface of the
combustible substrate. In this work, however, it was found that, under certain conditions which
were not thoroughly explored previousstudies, the pile flames did grow and spread onto the
surface of the combustible substrate. This phenomenon is illustrefgglie2.12, which shows

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

Figure 2.12. Representativéop— and sideview images showing ignition of a flame attach
to the pile, spread of this flame onto PTW (top two rows) or Trex (bottom two rows) st
located downstream of the pile (referred to here as a downstream ignition), and extinc
the flane. The flames attached to the pile and combustible substate are identifies

rectangles
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located downstream of the pile. The formation of a diffusion flame attached to the combustible
substrate located immediately behind the downstream edge of the firebrand pile was designated as

a downstream ignition.

2.1.8 Kaowool PM Back Surface Temperature Measurements

Additional firebrand deposition experiments were performed u&iB2 cm thickceramic
fiber board, KaowooPM, manufactured by Thermal Ceramics. The purpose of these experiments
was to determine HRR armbmbustionefficiency of firebrand piles without any contributions
from a combustible substrate and thus establish a bas&l®e0.32 cm thickensures the
assumption of -D heat transfer through the Kaowool PM board and enables spatially resolving IR
back surface temperature measureniPakhan et al., 206; Nakamura2009)

The bottom side of the Kaowool PM was coated with optical black coating paint with
emissivityof 0.94, which was confirmed by matching the transient thermal imaging temperature
profile with the transient thermocouple temperafire Beer 2023).The black coating paint used
wasmanufactured by MdThermand at least 30 minut@gererequiredto dry the paint on the back
surface of thespecimen. Aftethe paint had driedaluminum foil tape was attached to identify the
firebrand deposition areaf 50 cnf. This aluminum foil tape emissivity has a different value
compared to the paint and Kaowool PM board, thu$itblerand deposition area can be identified
Table 2.4 showsthe thermophysical properties of Kaowool PMhe front and back side of the
painted Kaowool PM board is illustratéen Figure2.13. By utilizing the infrared camera producing
30 fps radiation intensity video recording, the temporal back surface temperatued&abwool
PM and timeresolved thermal imprint of firebrand pile ¢ime substrate were observethese
temporal temperature profilesin be used to analyt#ee soleinfluenceof firebrand pils on the

substrate without consideringthe influence of flammable substraten the firebrand piles.
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Temperature profiles for PTW and Trex were not measured beteishasa groovedstructure,
resulting in thicknessvariation that could produceunsuitable eémperature profilesMost
experiments in this study were performed with the rectangular firebrand depositiofh S0ezat
with the 10-cm edge facing the incoming air flottowever, on@xperiment group with-8m edge
facing the wind directiomand the same depositiareaof 50 cnt were carried outo compare the

influence ofedge length of theemperature profiles.

Table 2.4. Thermophysicaproperties of Kaowool PMMcKinnon, 2016)

Material Density Heat Capacity Thermal Conductivity Moisture content

(kg n) J gtK?Y (W mtK?Y (Wt.%, dry basis)
Kaowool 0.049 +1.3 10°T+ 1
256 1.07 _ 0
PM 3 107 T2(Tin C)

(@)

Firebrand deposition area

N :

Figure 2.13. (a) front sideand (b) back side of painted Kaowool PM board
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To organizehis ttmperature datayb areasvere defined on the Kaowool PM back surface
— preleadingandleadingzore. These zones are depictedrigure 2.14 for the 5cm 10cm pile
orientations. Thereleading zone had a 0.5 cm wide overlap with the firebrand deposition area.
As was indicated in Sectidh1.7, the preleading zone corresponded to the locations of diffusion
flames formed in front of the aftow-facing edge of the firebrand pile. Theading zone
approximately corresponded to the portion of the pile footprint to which the pile flames were
attached. It was also the area of the Kaowool PM substrate where the highest temperatures and

thus most intense heat feedback from the firebramowere measurg@e Beer et a).2023ab).

Alr flow direction

EE—

(@) Jem 1.5em (b) Jem 1.5 cm
<+—bd » A —FT
5 5
Wy =+ -
3 g
2 1 = &
— [=2s]
- >
10 em
1: Preleading zone
2: Leading zone 2| | 1y
v
+«—————»
5cm

Figure 2.14. Dimensionsand locations of the preleading and leading zones for -(@ ¢
orientation and (b) 2@m orientation pile used in the Kaowool PM back surface temper:

analysis. The shaded areas represent firebrand deposition areas.
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All horizontal lines ofall zoneswere drawnl cminsidefrom thehorizontal linesof the

firebrand deposition area to minimizekeedge’ s | mpact Indhe 5cmeimper at u
orientation,the preleadng zone hd a rectangular areaf 1.5 cm width by 4 cm heighandthe
leading zone hdhan area d3 cm width by 4 cm heighin the 10cm pile orientationthepreleadng

zone hd a rectangulaareaof 1.5 cm width by 8 cm heighéindtheleading zone hthan area o8

cm width by 8 cm heighfThe mean back surface temperature and temperature variation were
computedby selectingbetween24 and 45 spotwithin each zoneEach spotontainedd pixels,

which represen® individual temperature measuremenitsthe 5cm pile orientation,24 spots

were chosen in the preleadingne,and 30 spots were selected in the leading Zonde 16cm

pile orientation, 30 spots were chosen in the preleading amae45 spots were selected in the
leading zoneThe spot measurements were distributed approximately uniformly and randomly
acrossa givenzonewith no preference to colder or hotter regions. The number of apetsfor

each zone was chosen that doubling tle number produced no significant change in the mean
temperatureor its variation. The spot measurements obtair@daf given zone irrepeated
experimentswere combined to calculate a single, tiresolved mean temperature atithe-
resolved variation in this temperatufiéhe variationvaluewas computed fronthe scatter of the

data as twetandard deviationgndthus represented the full variatiamtemperature rather than

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

2.1.9.1 Calculation of Heat Release Rate (HRR)

Obtained gas analyzer output through the firebrand deposition experiment was used to
calculate the HRR. Timeesolved CO and C{yoltages were convertéd volume fractions using

the calibration curve described in Sect®did.4 Ther profiles,» ande , were smoothed

using a third order Savitsk@olay filter with a frame length of 31 points, which corresponds to 3

s. These profiles were converted to mass production rates of CO and C@nda , using

the following equations:

a " we . and (2.2

a AR . 2.3

where” and”  arethe mass densities of Cidd CQ at 25°C and 1 atm (1.1& m™ and
1.81kg m™3, respectively) andyis the volumetric flowrate through the test section (i.e., the cross
sectional area of the test section multiplied by the air flow velo€yantitiess  ande were

obtained by averaging the readings collected during a 50 s period before the deposition of the
firebrands.The mass production rate profiles of CO and.@@re used to calculate the time

resolved normalized heat release rate profile using carbon oxide calorfiretrgrson, 2002)

oYY , (2.4)

whereO andO and are the heats of combustion per unit mass e@G@®CO generated {11

and B.1 kJ @', respectivelyTewarson, 2002)andd s the firebrand deposition surface area
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(0.0005 M). The heat release rate was normalized by because previous experime(i® Beer
et al., 2023) indicated that, for a firebrand pile of given coverage density, thenaonalized
heat releaseate scales approximately linearly wih
For each set of experimental conditions, the mean;itesalved HRR profile was found.
The uncertainties in these profileere defined as two standard deviations of the niEaassess
how much a given combustible substrate contributed to the total HRR, the mean Kaowool PM
HRR profile (representing combustion of the firebrand pile) was subtracted from the
corresponding mean combustible substrate HRR profile (representing ¢mmimdishe firebrand

pile and substrate).

2.1.9.2 Calculation of Modified Combustion Efficiency (MCE)

The combustion dynamics in the firebrand deposition experimeets characterized

using a timeresolved modified combustion efficiendyiCE,

060 . 2.5

MCE values larger agqual to 0.90 are usually associated with predominantly flaming combustion,
while MCE values between& and 065 are associated with smoldericgmbustionChen et al.,

2007 De Beer et a).2023). For each set of experimental conditions, the mean, Hieselved

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

of the mean.
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2.1.10 Sustainedmoldering ofCombustibleSubstrates

It was observed that, under certain conditions, the smoldering of a combustible substrate
continued even after the firebrands were completely consumed and turned to ash. This smoldering
process continued until the experiment was terminated and frequesitigled a late smoldering
to-flaming transitiorwhere a small diffusion flame would form on the surface of the smoldering
combustible substrate. It was further observed that the necessary and sufficient condition for this
sustained smoldering was the fation of an opening through the thickness of the substrate.
Therefore, the formation of the opening of about 1 cm in size, as illustrakedure2.15, was
used in this work as a marker of the sustained smoldering. The formation of the opening is referred

to her et larso ud gphu’r.n

Figure 2.15. Representative image of a btthrough event detected in an experime
performed on PTW.

39



Like ignition events, the bufrthrough events were stochastic in nature. Therefore, they were
characterized by finding their probability for each combustible substrate and each set of studied
conditions by dividing the number of experiments where a-tbuough was detected by the total
number of experiments performed under given conditions. For the experiments where a burn
through was observed, the mean times to {blarough were also computed together with the
corresponding uncertainties obtained fromgbatter of the data as two standard deviations of the

mean.

2.2 Result and Discussion of Firebrand Deposition Experiments

2.2.1 Ignition Event Statistics

Ignition event statistics for PTW and Trex with-&® pile orientatiorarediscussed in this
Section. A comparisonof the ignition event statistichetween thel0-cm and 5cm orientation

experimentss also presented.

2.2.1.1 Preleading Zone Ignition Event Statistics

The PTW and Trex preleading zone ignition probability data collected in toenlfile
orientation experimeneresummarizedn Figure2.16. ForPTW exposed to 0.06 g chiirebrand
piles, the ignition probability increased withe air flow velocityincreasingup to 2.4 m 3 and
decreased thereaftdihe same noimonotonic trenavas observed for Cedéide Beer et a]2023)
and OSB(De Beer et a.2023) in the experiments with-bm orientation piles of 0.06 and 0.16

g cni? firebrand coverage densitis was pointed out Sectidn3, this normonotonic trendvas

40



100 100
9o+ IPTW 0.16 g em™ ] 90+ MM 1rex0.16 g om™
§ 80 + o drTw 006 gcm'z § 80 - [ Trex 0.06 g em’ |
£ 1t 67 67 ] £ 7t 67 69 ]
= 60 2 60F ]
s ﬂ
2 50t - 2 50+ -
& 40} : & 40 ]
5 . 33 5 . 33
= 22 22 g
g 2 " B 20

10+ : 10+ :

s o0 0 0 0
14 2.4 2.7 0.9 14 2.4 2.7
Air Flow Velocity [ms'] Air Flow Velocity [ms™']

Figure 2.16. Preleading zone ignitioprobability data obtained for PTW and Trex in-&th

pile orientation experiments. /0" marks conditions where experiments were performed

no preleading zonignitions were observed
explained by a competition between increasing oxygen supply promoting burning of the firebrands
and increasing convective cooling of the firebrand surfaces, both of which affect the firebrand
temperatureand thus heat feedbactom the firebrands to the combustible substréte Figure
2.16indicates the PTW and Trex data obtained at 0.16 ¢f @inebrand coverage density show a
somewhat different trend where the probability plateaus at 2.2 m st. It appears that, for the
wider, 106cm orientationpiles of large coverage density, the impact of increasing convective
cooling (associated with increasing air flow) is less pronounced. Both substrates show a substantial
decrease in the probability of preleading zone ignitions with decreasing firebrand calersigye
In fact, for Trex, no ignitions werebserved a0.06 g cn¥ coverage density ewn at the highest
air flow velocities, which indicates that Trexaemewhat more resistant to this type of ignition

than PTW.
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The data on the times to ignition and burn durations obtained from tiven 1file
orientation experiments asbown inFigure2.17 andFigure2.18, respectivelyThe data indicates
that all preleading zone ignitions of PTW and Trex occurred within 100 s after the deposition of
the firebrands, which is also the time period when peak heat feedback from the firebrands to the
preleading zone of the substrate was ole#ibe Beer et a]2023). The ignition times decreased
with increasing air flow velocity. The burn duration was found to vary between 20 and 240 s. The
PTW preleading zone flames existed for only about 60 s, on avdiagd.rex preleadingone
flames tended to burn over 100 s. The longer duration of these flames was attributed to a highe
heat of combustion of the pyrolyzate produced by Trex, which contains re@allgsthylene

(Trex, 205).
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Figure 2.17. Mean time to preleading zone ignition data obtained for PTW and Trexaml1

pile orientation experiments.
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Figure 2.18. Meanpreleading zonéurn durationobtained for PTW and Trex in 4dn pile
orientation experiments.
PTW and Trex were also studied usingrb orientation piles, at 2.7 it air flow velocity

and 0.16 g cm coverage densityPreleading zone ignition probability, mean time to preleading
zone ignition, and mean preleading zden duration data obtained for PTW and Trex ircth®
and 5cm pile orientation experiments at 2.7 rhasr flow velocity and 0.16 g crcoverage
density arecompared irFigure2.19. It wasfound that the change from the-&t to 5cm pile
orientation (with all other conditions kept the same) reduced the PTW and Trex preleading zone
ignition probability from 6769 to 22%A similar decrease was observed for Cedar studies at 2.4
m s? air flow velocity and 0.16 g crhcoverage density (De Beer et, &023). In that case, the
change from the 206m to 5cm pile orientation reduced thegbeading zonégnition probability
from 100 to 55% Thesedata suggest the following approximate relationship between the

fractional probabilities athe preleading zone ignition for thedn pile,  , and the 1&m pile,

n

N PP N : (2.6)
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This relationship was obtained by first assuming that theniQvide preleading zone

consisted of two equivalent, namteracting 5cm wide preleading zones. In which case, according

to theprobability theory, the ignition probabilities are related)as PP N . The

power on the term in the parentheses walssequentlhadjusted to fit the experimental data
obtained for PTW, Trex, and Cedar, and thus account for the interactions between the adjacent 5
cm zones. Neither the time to ignition of PTW and Trex nor the burn duration of PTW were

significantly affected by the @mge in the pil@rientation The mean values were well within each
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Figure 2.19. Preleadingzone ignitionprobability, mean time to preleading zone ignition, &
mean preleadng zorrirn duration data obtained for PTad Trex in 18cm and 5cm pile

orientation experiments at 2.7 mair flow velocity and 0.16 g cihcoverage density
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othefs uncertainties. The burn duration of Trex shortened to 60 s, on average, with the change
from 10.cm to 5cm pile orientation. However, the number of instances where a Trex preleading
zone ignition was observed for thecB pile orientation was too small to reliably quantify this

reduction.
2.2.1.2 Pile and Downstream Ignition Event Statistics

The PTW and Trex pile ignition probability data collected inch® pile orientation
experiments areummarizedn Figure2.20. Thepile ignition events were completely independent
of the preleading zone ignition everfsr both substrates, the probability of pile ignition increased
with the air flow velocity increasing up to 2.4 mh Similar to the preleading zone ignition trends
observed at 0.16 g chfirebrand coverage densifgee Figure 2.16), further increase in the air
flow velocity produced either a small or no increase in the ignition probability. Both substrates

showed a notable decrease in the probability of pile ignition with decreasing firebrand coverage
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Figure 2.20. Pile ignition probability data obtained for PTW and Trex irch® pile orientation
experiments. A'0” marks conditions where experiments were performed but no prele

zone ignitions were observed.
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density. At the low (0.06 g cr) firebrand coverage density, Trex exhibited systematically lower
pile ignition probability tharPTW. However, athe high (0.16 g crf) coverage density and 1.4
m st air flow velocity, the firebrand pile deposited on Trex ignited with a significantly higher
probability.

The times to pile ignition obtained from the-&@ pile orientatiorexperiments are shown
in Figure2.21. Themajority of pile ignitions occurred within 80 s after the start of the experiment.
The only exceptions are piles deposited onto PTW at 1.4 air $low velocity where ignitions
occurred about 120 s after the start of the experiment, on average. Similar to the preleading zone
ignition time, the pile ignition time decreased with increasing air flow velocity and was not
systematically affected byitker the firebrand pileoverage density or nature of the combustible

substrate.
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As wasdiscussed irSection 2.1.7, under certain conditions, pile flamsgreadonto the
surface of the combustible substrate located downstream of th&hml@robabilitydata for these
downstream ignitions obtained from-tfh pileorientationexperiments are summarizedrigure
2.22. Flame spread was observed for both substrates but only at relatively high air flow velocities
of 2.4—2.7 m s'. The probability of the downstream ignition increasgth increasing air flow
velocity and decreased substantially with decreasing firebrand coverage déasitgtances of
spread were observed for the low (0.06 g2roverage density firebrand piles deposited onto
PTW. Overall, Trex exhibited a systematically higher probability of downstream ignition, which
was attributed to a higher heat of combustion of the pyrolyzate produced by this material,
mentioned in the previous sectiorhe higher heat of combustion of the pyrolyzate resulted in
longer pile flames that extended downstream of the pile and impinged onto the surface of the

substrate ree of firebrands. At 2.4 m's the mean time from the start of the experiment to
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Figure 2.22. Downstream ignition (or flame spread) probability dataainedfor PTW and
Trex in 18cm pile orientation experimentsnly experiments where a pile ignition occurrt
were included. A0” marks conditions where experiments were performed but no downs!

ignitions were observed.
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downstream ignition was about 260 s for both substrates. At 2.7,nthe mean time to
downstream ignition reduced to about 120 s.

Cumulativeburn durationsgcomputed as the difference between the time when both the
pile flame and, if present, the flame attached to the downstream substrate surface were
extinguished and the time of pile ignition, determined frorrcriOpile orientation experiments,
aresummarized irFigure 2.23. For the low (0.06 g cm) firebrand coverage density, the burn
duration was found to be below 160 s for both PTW and Trex at all studied air flow velocities. For
the high (0.16 g crf) firebrand coverage density, PTW samples continued to burn for as long as
330 s. Trex samples subjected to the high firebrand coverage density piles burned more than twice
as long as the corresponding PTW samples, on average. In some experiments perfornead
at 2.4 m 3, the burning continued until the end of the experiment (at about 1000 s) and the flame

was then extinguished by turning off the fan.
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Figure 2.23. Mean cumulative burn times from the pile ignition to the extinction of the pile
downstream substrate flames measured for PTW and Trex -eml@ile orientation

experiments.
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Pile ignition probability, downstreangnition probability, mean time to pile ignition, and
mean cumulative burn times from the pile ignition to the extinction of the pile and downstream
substrate flamesbtained for PTW and Trex in 46n and 5cm pile orientation experiments at
2.7 m st air flow velocity and 0.16 g crhcoverage density argompared inFigure 2.24. The
results of the experiments performed on PTW and Trex at 2:¥ air §ow velocity and 0.16 g
cmi? coverage density using@n orientation piles showed that tbleangefrom 10-cm to 5cm
pile orientationreduced the PTW and Trex pile ignition probabilities from 100 to 56 and 44%,
respectively. Thus, the 1€n and 5cm pile ignition probabilities exhibit approximately the same
relationship as that obtained for the preleading zone ignition probabilitiesuamdarized in Eq.
(2.6). Nodowrstream ignitions were observed in therh pile orientationexperiments, perhaps
because the flames that formed on the topflaiv-facing portion of the piles were not sufficiently
long to impinge onto the open substratiefacdocated 16cm away from the aiflow-facing edge
of the pile. The duration of thed@n orientationpile flameswasalso relatively short, all of them

extinguishing within 160 s after ignition.
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2.2.2 Kaowool PM Back Surface Temperature

The KaowoolPM back surface temperature data collected ircrhOand 5cm pile
orientation experimenerecompared irfFigure2.25andFigure2.26for the preleading and leading
zone, respectively. The 4dn pile orientation data were obtained in thigk, while the 5cm pile
orientation data were collectedan earlier stud{De Beelret al, 2023). The physical explanation
of the shapes of these profiles was providedaiprevious studyDe Beer et al., 20233.

The 5cm orientation back surfacemperature data were used to determine transient heat fluxes
from the firebrand pile to the substrate through inverse modeling and based on these results,
empirical models capturing the firebrand pile incident heat flux dependence gratinflew

velocity, and firebranadtoverage density were developed for the preleading and leadinglx®ne

Beer et al., 2023b)

The back surfaceemperature comparison indicates that, during the period of time where
preleading zone and pile ignitionscurred (G 160 s), the heat flux from the pile to the substrate
was not significantly affected by the pile orientation and, therefore, the firebrand heat flux models
derived in (De Beer et al., 20@3are applicable to both pile orientations. Furthermore, the large
increases in the ignition probabilities that occur with the change from pile to 16cm pile
orientation are primasgla consequence of an increase in the wiamihg dimension and surface
area of the preleading and leading zones [sgare 2.14). The variationin the back surface
temperatureata shown irFigure2.25 andFigure 2.26, expresseas two standard deviations, is
substantial. This large variation is a consequence of the discrete nature of the firebrand particles
(leading to highly spatially neaniform heating of the substratefd the variation in the spatial

arrangement of these particles within each zone from experimexpéoimentThe Kaowool PM
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back surface temperature data collecédarious air flow velocities in Gcm pile orientation

experimentgor boththe preleading and leading zaers@eshown inFigure2.27.
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Table2.5 shows the peakKaowool PMback surfacéemperature for the 10-cm and 5cm
pile orientation experiments. Eapkak temperature valuagascomputed by averaging over &4
period around the pedéir each testing conditiohe ppakKaowool PMback surface temperature
increased with increasing air flow velocity and firebrand coverage defosityie 10-cm pile

orientation.

Table 2.5. Peakkaowool PMback surface temperatsre

Forcedair flow velocity (m s?)

Pile
zone  Plle Density g4 1.4 2.4 2.7
Orientation
(g cn?)
Peakback surfacetemperature ()
0.06 265 275
5-cm
0.16 304 332 366 334
Preleading
0.06 275 259
10-cm
0.16 320 337 365 366
0.06 313 358
5-cm
0.16 332 370 411 402
Leading
0.06 313 349 349
10-cm
0.16 325 356 403 427
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2.2.3 HRR and MCE Results

Kaowool PM, PTW, and Trex HRR datétainedin 10-cm pile orientation experiments

are shown irFigure2.28 andFigure2.29.
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The overall shapes of these profiles, consisting of a rapid increase followed by a gradual
decrease, are similar to those that were observed in-tine pile orientation experiments
previously performed on Kaowool P&hd Cedar (De Beer et al., 2023a). The rapid increase was
attributed to an increase in the firebrand burning intensity caused by the application of a forced air
flow at the start of the experiment. The gradual decrease was associated with the consdimption
firebrands and the formation of aglyér that inhibited the heat transfer and oxygen transport to
the firebrands.

The similarity of the HRR profiles obtained for different substrates, including non
combustible Kaowool PM, indicates that almost all the heat release measured in these experiments
is associated with burning difie firebrands in the pile. The only excepsare the HRR data
collected at the high (0.16 g cnfirebrand coverage density and highest (2.7 ¥hair flow
velocity, where both PTW and Trex contributed significantly to the HRR at later stages of the
experiment.This observation is furthalustrated inFigure 2.30 and Figure 2.31 showingthe
contributions of the combustible substrates to the overatini@ile orientation HRR. All HRR
contribution profiles feature a negative peak at the start of the experiment followed by a gradual
increasdo positive values. The negative peak was also observed previDesBeer et a]2023)
and was associated with a partial quenching of firebrand combustion by the combustible substrate
due to its high thermal inertia (with respect to that of Kaowool PM). The gradual increase in the
HRR contribution was associated with an increasing partioipaf the combustible substrate in

the burning process.
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The large contribution to HRR from PTW and even larger contribution from Trex measured
at late stages of the &fn pile orientation experiments performed at 0.16 4 firabrand coverage
density and 2.7 msair flow velocity correspond to a relatively high probability of downstream
ignitions observed for these substrates under thasditions ¢eeFigure2.22. ). The large HRR
contributions are likely associated with the ldagting flames formed on the surface of the
combustible substrate located downstream of the pile. The HRR measurements performed for
Kaowool PM, PTW, and Trex at 0.16 g @rfirebrand coverage density and 2.7 thasr flow
velocity using the f&£m pile orientation, where no downstream ignitions were observed (see
Section 2.3L.2), showed lower contributions of the combustible substrates to the overall HRR (<
15% of the peak total HRR), further supporting this association.

The Kaowool PMPTW, and Trex MCE data obtained at representative conditions in 10
cm pile orientation experimengse shown irFigure2.32 ard Figure2.33. With the exception of
about first 10 s after the start of the experiment, the burning in the systems containing firebrand
piles deposited on Kaowool PM and PTW is dominated by smoldering combustion at all air flow
velocities and firebrand coverage densitieawdver, the Trex substrate has a notable and
systematic impact on the mode of combustion, shifting it towards the flaming combustion regime,
with the most notable shift observed at the high (0.16 @) direbrand coverage density and

highest (2.7 m¥ air flow velocity.
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HRR, HRR contribution, and MCE data obtained for PTW and Trex ioni@nd 5cm
pile orientation experiments at 2.7 m air flow velocity and 0.16 g crhcoverage density are
compared inFigure 2.34 and Figure 2.35, respectively The 10cm pile orientation experiment
displayed higher HRR thandt®b-cm pile orientation experimerttecausehe longer edge length
perpendicular tahe incoming air flow allowed greateroxygen supply which facilitated the
burning offirebrand pilesin the early stage of the 4®n pile orientationexperiment, a greater
negative HRR peak warbservedThelarga HRR contribution athelater stages of experiments
was associated with the formation of th@wvnstreamgnition. Trex contributed morédRR than
PTW, which can be attributed tiis higher heat of combustiohe majority of the combustion
process was dominated by smolderidgwever, the 1&m pile orientation experimentith Trex

was primarily governed by flamingombustionThi s i s because Trex’ s mi
(higher heat of comistion) and more oxygen supply by longer edge length fitdp to keep
sustainable and stronger combustidhe 5cm pile orientatiorhad lower MCE valuesthanthe

10-cm pile orientationfrom the start of the experiment to ab@@0 s buthashigher values

thereafter.
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Mean HRR and MCE data collected in the Kaowool PM experimerte 16cm and 5
cm pile orientatioaare compared iRigure2.36. Overall, the meaRRR profiles ofKaowool PM
aresimilar to the back surface temperature prsfilthe peak HRRn the 10-cm pile orientation
is higher than thaih 5-cm pile orientatiorat a fire coverage density of 0.16 g @mThis can be
attributed to a larger edge facing the air flavhhich promotesifebrandcombustion Howeverno
clear difference in peaklRR betweerthe 5-cm and 10cm pile orientationwas observed at a
firebrand coverage densibf 0.06 g crf. This is likely dueto the low height of firebrand piles
which allowssufficient exposure to air flowegardless othe edge lengthFigure 2.37 showsa
comparison of mean MCE profiles betwakal0-cm pile and &cm pile orientation experiments.
At the beginning of the experiments, all MCE profilel within the range 08.82to 0.90.During
this periodthe MCE profiles of the 1&m pile orientation experiments are higher than those of 5

cm pile orientation experiments.
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2.2.4 Burnthrough Event Statistics

In all the experiments, including those performed at the lowest (09 airdlow velocity
and the low (0.06 g c) firebrand coverage density, the combustible substrates contributed to the
burning process (although, as the data presented in Se&fidhindicates, the rate of this
contribution was small with respect to that from firebrands). This was apparent from the damage
to the substrate surfaces. Under certain conditions, smoldering of the substrate continued after the
firebrands were consumed resudf in a burathrough. The data on the probabilities of burn
through events observed in-tth pile orientation experiments asammarized irFigure 2.38.
With the exception of the experiments on PTW performed at 2.7 airglow velocity, burn
throughs occurrednly at high (0.16 g cr) firebrand coverage density. PTW was found to be
somewhat likely, > 25% probability, to engage in sustained smoldering at air flows of £4 m's
and above, whereas Trex was somewhat likely to engage in sustained smoldering only at the
highest (2.7 m'¥ air flow velocity.

The time to burrthroughdatasummarizedn Figure 2.39 show that, on average, it took
under 1 Hor the 1.9 cm thick PTW board to burn through. It took significantly longer- 2.2
h, for the Trex board, which varied in thickness between 1.4 and 2.5 cm. Thtnimugh time
decreased with increasing air flow velocity. The propensity for sustamaidering was not
evaluated using the-&n pile orientation. However, given the localized nature of {lurough
events (sed-igure 2.15), the firebrand pile orientation is unlikely to significantly impact the

probability or timing of these events.
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2.2.5 Impact of Moisture Content on Fire Behavior of PTW

This section presentanalysis dthe nfluence othemoisture content (MCof PTW on
ignition event statisticg wind tunnel testsk-or thispurpose firebranddepositionexperimental
resultsfor PTW withMCs betweer8% and15% were omparedIgnition event statistisobtained
from the 10-cm pile orientation at 2.7 m'sair flow velocity and 0.16 g crfirebrand coverage
density aresummarized irFigure 2.40. The uncertainties in thesstatistics were defined as two
standard deviations ttiemean.Theignition probability of PTW with higtMC was 10% and 14%
lower than that othe PTW with low MC in the preleading zone and pile ignition, respectively.
PTW with highMC also exhibitedalongertime to ignitioncompared t&®TW withlow MC. This
was becausehe substrate with higMC had a higherheat capacity due tihe greater amount of
wateron its surface which requirel more heat transfer fronthe firebrandpiles tovaporize the
water On the other handyo difference in theaveragetime to ignitionfor pile ignition was
observedetweenthe two substratesAll preleading zone ignitionsccurredwithin 100 s after
firebrand pile depsition. Regarding burn duratioioth substrateshowedsimilar trend in both
thepreleading zone and pile ignitio®n average hie preleading zone ignition lasted 9+ 5s

on both substrates.
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The gnition event statisticoof downstream data collected in -2t pile orientation
experimentsat 2.7 m 3 air flow velocity and 0.16 g cmfirebrand coverage densiayeshown in
Figure2.41. Both substratesxhibitednearlyidentical downstream igtion probabilties However,

the PTW with highMC showed dongertime toignition anda shorer burn duration.
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Figure 2.41. Downstreanfor flame spread)robability, mearntime todownstreangnition, and
mean downstrearmurn durationdataobtainedfor PTW with MCs of 8% and 15% in 1@&m

pile experimentsit 2.7 m ¥ air flow velocity and 0.16 g cifirebrand coverage density.
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HRR, MCE, and HRR difference data collectedhia PTW with MCs of 8% and 15% at
2.7 m s air flow velocity and 0.16 g ciifirebrand coverage density atisplayed inFigure2.42.
The substrate witla low MC quickly reacheda higherpeakHRR. For both substratethe HRR
peakoccurredwithin 100 s after the deposition of the firebrand pilEise HRR differencewas
calculated bysubtractingthe HRR of the substrate with low MC from that of the substrate with

high MC. The HRR differencewas positiveduring thefirst 50 s afteithe start of the experiment
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Figure 2.42 Mean heat release ratesrmalizedoy the firebrand deposition surface gnesan

modified combustion efficiency (MCE), and heat release difference between two MC ¢
obtained foPTW with MCs of 8% andMC 15%in 10-cm pile orientation experimengd 2.7

m s air flow velocity and 0.16 g cifirebrand coverage density.
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andtransitioned to negativihereafterBetween 60 and 110adter the start of thexperimentthe
MCE values of the substrate with hiyiC were higher thathose of the substrate with IaWC.
After 110s, theMCE profilesof bothsubstrates showed a similar treBdrn-through probability
andmean time to burthrough data collected from PTW withCs of 8% and 15% in 1&m pile
orientation experiments at 2.7 m air flow velocity and 0.16 g cifirebrand coverage density
was displayed inFigure 2.43. For both MC groups burnthroughoccurredin all experiments
exceptfor one caseeach.On average, the substrate with high MC sustained smoldésing
approximately 686 s longer than the substrate with low €. uncertainties were calculatad

two standard deviationsf the mean.
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Figure 2.43. Burnthrough probability and mean time to btthmough data obtained for PTV
with MCs of 8% and 15% in 1&m pile orientationexperiments at 2.7 m*sair flow velocity

and 0.16 g crifirebrand coverage density.
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2.3 Concluding Remarks

In this section ignition and combustion behavior of pressure treated wood (PTW) and wood
plastic composite (Trexgubjectedo firebrand exposurewere investigated usingl@enchscale
wind tunnel setupAir flow velocities 0f0.9— 2.7 m s' and firebrand coverage densities of 0.06
and 0.16 g cm, and the pile footprintvas 53 10 cnt with either the 1@&m or 5cm sides
perpendicular to the direction of the forced air fivere used for the experiments.

Three different flaming ignition occurrenceswere observed during thexperiments
preleading, pile, and downstream igoits Luminous diffusionflames attached to the substrate
surface in front of the firebrand pile were ternpedleadng ignition. Pile ignition was associated
with the flame attached to the top,-8ow-facing portion of the firebrand pileThe influenceof
pile orientationonignition eventsof PTW and Trexvere investigatedt 2.7m st air flow velocity
and 0.16 g cn coverage densityThe correlation between 4@n and 5cm pile orientationin
preleading zone ignition probabilitiesere derivedin somesituationsflames attached to the pile
that sometimes spread onto the substrate downstretma mife werereferred to as downstream
ignition. Wood-plastic composite was more prone to flaming ignitions downstream of thénpile.
sometests continuoussmoldering of a combustible substratter the firebrands were consumed,
createdan opening penetrating the full depithe formationof the opening was referred to as a
burnthrough.Pressure treated wood was more prone to sustained smolddrenimeresolved
Kaowool PM back surface temperature datsnot affected by the change in the pile orientation
from 10cm to 5cm.

The mean, timeesolved HRR profiles for substrates consists of a rapid increase followed by
gradualdecrease. Thesharpincreasewas attributed tahe applicatiorof forced air flow while

slowa decay was associated withe depletion of firebrands arashlayer growth. The flame
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dynamics can be identified by modifiedmbustiorefficiency (MCE).Apart fromaboutthe first
10 s from the start of the experimentise combustiorregime of the wind tunnel testsas
dominated by the smolderimg allconditions except for Trevesults obtained frorheexperiment
at the high firebrand coverage density and highest air flow veld€edy.theassessmertf the
influence of moisture content to ignitidmehaviorof PTW exposed to glowinfirebrand ignition
events of PTW withow MCs of 8% andhigh MC 1%% in the preleadingoneand pile ignition
were comparedexceptfor the timeto preleading zongnition, ignition statistics for both groups

showed a&imilar trend
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3 Pyrolysis Modeling

3.1 Experimental Apparatus

3.1.1 Simultaneous Thermal Analyzer (STA)

Simultaneous Thermal Analysi§STA) refers to the simultaneous application of
Thermogravimetry (TGA) and Differential Scanning Calorimetry (DSC) to one and the same
sample in a single instrumefNETZSCH, 208). TGA and DSC tests were conducted
simultaneously using adtdszscht49 F3 Jujter, shown inFigure3.1, which was calibrated every
3 months following the procedures described in detail in an earlier publichtiand Stoliarov,

2013. The heating program consisted of a conditioning period, where the sample was maintained
at 313 K for 25 min, and a linear heating phase with a prescribed heatirvghiatestopped when
the sample temperature reached 1000 K. All tests were conducted in nitrogen atmosphere to

emulate anaerobic conditions of a solid surface covered by a continuous diffusion flame

N
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Reference Crucibl ==

Heating Element

1 Sample Crucible

|Purge Gas Flow
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Figure 3.1. Schematic of the simultaneous Thermal Analyzer apparatus.
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(Korobeinichewet al., 2a8). The samples used in thassts were prepared by grinding the boards
into coarse powdef0.1 — 1.0 mm size particlesPTW boards were sampled throughout the
thickness.Trex shell and Trex core were sampled separatdlysamples were conditioned at
room temperature in an dight enclosure at 20% of relative humidity for at least 4&ibar to
testing. This initial sample mass was 8 mg.

Ten tests were performed on PTW, Trex shell, and Trex core samples at a nominal heating
rate of 10 K min' to accumulatestatistics Both mass and heat flow data were collected in these
tests. These tests were performed ugiagnum-rhodium crucibles with lids containing a small
opening to maximize the temperature uniformity and heat flow sensitivity, while allowing gaseous
pyrolyzate to escapélhree tests were performed at 5 K rhiand anothethree tests were
performed at 20 K mih These six tests were performed using open ceramic crycbigonly
mass datavascollected. The data from these tests were used to determine whether the thermal
decomposition model based on KOmin? experiments was able to capture alteznlaeating
scenarios and whether the presence of lids and changes in the crucible material had any impact on
the mass loss kinetics. Finallseventests were performed at 10 K rdion the final residue or
char collected from several individual tests of PTW to determine the heat capacity of this pyrolysis
product. These tests were conducted uglaginum-rhodium crucibles with lids; only heat flow

data was collected.
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3.1.2 Microscale Combustion Calorimetry (MCC)

MCC is an apparatus capable of measuring heat release rate associated with a complete
combustion of gaseoysoducts generated by a thermally decomposing aslal function of time
and solid sample temperature (ASTM D7309, 20219chematic of MCC is presentedhigure
3.2. MCC primarily consists ofipyrolyzer and combustokCC testing of PTW, Trex shell, and
Trex core samples was performed in accordance with the corresponding ASTM si@&iEkd
D7309 2021)in an apparatus calibrated monthly following the recommended protocols. The
samplepreparation procedureasidentical to those used for STA tests. The MCC tests were
performed by heating threample contained in an open ceramic crucible from 348 to 1000 K at a
nominal heating rate of 10 K minThe open ceramic cruciblallows the pyrolyzate gasés
escape the crucible instantaneously to be carried into the comliistdarly to the STA tests,
the samples were pyrolyzed in the nitrogen atmosphére gaseous pyrolyzate was mixed with
excess oxygen in a higkemperature combustor maintained at 1173 K to achieve complete or
nearly complete combustion. The oxygen concentration decline in the exhaust gas flow was
measured by a calibrated oxygen sensor. The heat release rate (HRR) was subsequently calculated
usingthe oxygen consumption principle aretorded as a function of time and pyrolyzing sample
temperaturelt was assumed that 13.1 kJ of heat was releasedgef dxygenconsumedThis

test was repeatdive times for each material to accumulate statistics.
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3.1.3 Controlled Atmosphere Pyrolysis Apparatus (CARIA)

CAPA 1l described inFigure 3.3 was designed to perform controlatmosphere,
radiationdriven pyrolysis tests on neghermallythin samples. In this apparatus, the top surface
of a diskshaped specimen is subjected to radiation from a temperature controlled conical heater,
while the temperature of tH®ttom of the sample is measured using a calibrated infrared (IR)
camera. In addition to the bottom sample temperatMre, , the mass and thickness profile of
the sample are continuously monitored using a-pigdtision (1 mg resolution) balance and a
high-definition video camera, respectively. A detailed description of the design and operation of
this apparatus can be foundewhergSwannet al.,2017).

The current measurements were performed in an anaerobic atmosphere (< 1 va)% of O
obtained by purging the gasification chamber with 185 L n@ifinitrogen. To ensure accurate
Y measurements, a thin copper foil painted with 0.92 broadband emissivity paint was firmly

glued to the sample bottom withsmall amoun{® 0.2 g)of high temperature adhesive. The IR
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Figure 3.3. (a) Threedimensional schematic of CAPW and (b) Crossection of CAPAII
with top-view of the gasification chamber. Reproduced from (&uad., 2020)
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camera was focusemxh the foil through a gold mirrpand the settings of the camera were adjusted
to account for the mirrareflectanceThe side surface of the sample was thermally insulated with
a ring cut out of Kaowool PM ceramic fiber board to minimize the lateral heat trambfer.
temperature of nitrogen flowing over the top of the sample and the temperature of theowkser
internal sidewall of the apparatus adjacent to the bottom sample surface were measured and used
to define sample thermal bodary conditions.

The PTW and Trex samplegre #cm diameter, 9:0and 9.2mm thick disks, respectively.
The Trex samples were cut from the rgrmoved side of the board and contained Trex shell layer
at the top surface (facing the heater). All samples were conditioned at room temperature in an ai
tight enclosureat 20% of relative humidityjor at least 72 hThe conditioned PTW samples
contained.2+ 0.5 wt.% of moisture (on dry mass basis). The moisture content of the Trex samples
was insignificant. All moisture content measurements were penfat in accordance with an
ASTM standard (ASTM D4442, 2024).

The PTWitests were performed at 29 and 63 kW af radiant heat flux, which was set
using a watecooled SchmidBoelter heat flux transducer calibrated against a Nt&deable
reference. The Tretests were performed at somewhat higher heat fluxes, 40 and 70%W m
because this material was more thermally stable. Each CAPA Il test was repeated 3 times to

accumulate statistics.
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3.1.4 Cone Calorimetry

Cone calorimeter tests were performed in accordance with ASTM EASM E1354,

2017) The Cfactor (Orifice flow meter calibration constantyas calibrated daily, and the
calibration was verified by running a test on gady (methyl methacrylate) and making sure that

the measured heat of combustion matched published values. The PTW and Trex samples used for
these tests were 2010 cnf squares that were 15tBm thick. The Trex samples were cut from

the nongrooved side of the board and contained Trex shell layer at the top surface (facing the
heater). Allsamples were conditioned at room temperature in atighir enclosureat 20% of

relative humidity for atleast 72 hThe conditioned PTW samples contained #.8.5 wt.% of

moisture (on dry mass basis). The moisture content of the Trex samples was insignificant.

The samples were mounted under the cone heater by wrapping the bottom and sides with
aluminum foil andsetting them atop two sheets of 1.3 cm thick Kaowool PM insulation board. No
retainer frame was used. Ignition was accomplished via a spark igniter located 13 mm above the
top sample surface. Three tests were performed on each material at 58 &¥/¢ehradiant heat

flux to accumulate statistics.
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3.2 Modeling

Modeling was performed using ThermaKin2Ds, a comprehensive numerical pyrolysis
solver used tpredictthe behavior of various materials in response to external heating. The solver
can be used to perform odéenensional and twdimensional simulations in Cartesian and
cylindrical coordinates. In ThermaKin2Ds, thermal decomposition is represented through use
defined reactions with Arrhenius reaction constants describing the evolution of pyrolyzing solid
represented by a mixture ebmponentsThe solver comptes the transient rates of gaseous
componenproductionby a solid object through solving nateady energy and mass conservation
equations formulated in terms of finite elements. A full set of governing equations, numerical
implementation and verification of this solver can be found elsew{&todiarov et al. 2014
Swann et al., 2019)

In modelingSTA and MCC tests, all samples were treated as thermally thin and simulated
using a single spatial element and time step®ims. The element temperature was forced to
follow the experimental temperature profile by defining a sufficiently high convection coefficient,
1x10° W m? K1, at the boundanAs described irFigure3.4, theexperimental heatingate used
in the STAand MCC testvaried considerably before reaching the constant valuesxpiess
variable heating rate, the modeled heating rate was determined in an exponentially decaying

sinusoidal functionusing thefollowing equation

‘i—{(t)w{l exp ajgcof af s At (1)

where® , ® , ®, and® are constants fitted to capture the experimental ddia.average
constant valuesf PTW, Trex shell, Trex core for three heating radeslisted in Table 3.1.
Resulting fits corresponding tbable 3.1 are shown inFigure 3.4. All the R coefficientsof
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deternination for the fitted curve of actual heating rate is larger than Ot#masslow boundary

conditions were defined such that the gaseous pyrolyzate instantaneously escaped the element
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PTW.
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Table 3.1. Parameters describing the evolution of the instantaneous heating rateMi@Gh

tests.
Nominalheatingrate ® (Ksh ® (sh ® (sh » ()
5 K min! (TGA/DSC) 0.0834 0.003604 0.004950 -1.091
10 K mirt* (TGA/DSC) 0.1677 0.003410 0.005122 -0.808
20 K mirn* (TGA/DSC) 0.3145 0.003233 0.002529 -2.370
10 K mirtt (MCC) 0.1699 0.003709 0.004744 -0.066

A hill climbing optimization algorithm implemented as @AMLAB script was coupled
with ThermaKir2Ds to automate inverse analysis of the TGA data and determine the kinetic
parameters of the decomposition (Gong et2021). A goodness of fit criterion (6m) was

utilized to a target of the optimizati@s shown irEq. (3.2):

2 2
GOFM -1- ( 0.6 JZ?’(MLRL,EXP - MLRi,deel) + 0.4 JZy(mi,exp - mi,mode[) )

MLRmax,exp N Mimax,exp N

(3.2)

whered 0 ¥ the mass loss rat@ is the sample masandi is the total number of data points.
The subscriptst @ ¢ a andd ¢ 'Q @edcribe the maximum, experimental, and modeled values,
respectively.

The simulations of CAPA Il tests were carried out using@dimensional version of the
solver. The element size was set aBidim,and the time step was seRahms. Every integration
parameter was varied by a factor of twad the simulation results were compared to ensure that

all numerical solutions were converged. The radiative and convective boundary conditions of
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CAPA 1l were fully implemented in the model and took into account changes in the radiant heat
flux associated with the changes in the position of the top sample surface, temporal variations in
the temperature of nitrogen flowing over the top surface, lmatemperature of the wateooled

internal sidewall of the apparatus representing the environment in the vicinity of the bottom sample

surface.The emperatureof nitrogen flowing over the top surfacd the samplg’Y , can be

described using E¢3.3):

Y YQwiyo “YQwiyo Y (3.3

where”Y, "Y, Y, and"Y are useispecified constant§Y is the temperature of water flowing
watercooled heat flux gauge, axds the time during experiments. These constants are listed in

Table3.2. Correlations for each of the parameters of Eq. (3.3) are givEabie3.3.

Table 3.2. Parameters for E@3.3) describing the temperature of nitrogen flowing over the

surface of the sample.

Nominal heat flux YK OY(KS) YK Y(KSY) Y (K)

(kW m'z)
29 56.87 8.16e6 -37.00 -0.0153 200
PTW
63 119.53 9.52e-6 -75.89 -0.0129 200
40 77.14 8.60e6 -49.58 -0.0145 200
Trex
70 132.43 9.80e6 -83.90 -0.0124 200
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Table 3.3. Correlations used to calculate each of the parameters shown(B.3g.

Parameters Correlation equations

Y (K) (1.8429K m? kW) (Incident heat flux+ 3.4286K
Y (K s (4 x 108 m? kwt s?) (Incident heat flux+ 7 x 10°s?
Y (K) (-1.144K m? kw1 (Incident heat flux- 3.82K

Y (Ks?) (7 x 10°m? kWt %) (Incident heat flux- 0.0173s

The temperature of the wateooled internal side wall adjacent to the bottom sample surface,

Y , can be described in E(.4):

)

RYe)

>

x EAd o
CEAS o (3.4)

<
Ea1En
0¢ 3¢

where®, ©, ®, ando are calculated constants fitted to the experiment results. Each of the
parameters used gimulate theY are listed inTable 3.4. Gaseous mass transptrtough

the condensed phase was defined such that gaseous products experienced no resistance to outflow.
Mass flow was not permitted through the back boundary, which was defined as a single element
of copper representing the copper foil used in the CAR@&sts. The copper was not involved in

any chemical reactions but was simulated explicitly as a substrate to cdivipute.
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Table 3.4. Parameters for E§3.4) describinghe temperature of the wateooledinternalside

wall in the vicinity of the bottom sample surface.

Nominal heat flux

~

(KW m'2) ® (K s‘l) ® (K) w (K) 0 (s)
29 0.04065 295 313.7 460

PTW
63 0.07522 295 329.6 460
40 0.06176 295.8 316.8 340

Trex
70 0.10333 296.1 336.4 340

The cone calorimetry modeling was also carried out with adoamensional version of the
solver using the same integratiparameters as were used in the CAPA Il test simulations. The
top surface boundary conditions were defined using an empirical flame heat feedback model
(McCoy et al.,2019eveloped specifically for standard cone calorimetry tests that included a
criterion for ignition based on thartual critical heat release rate. Among two flame heat feedback
model formulations available, twzone and singlzone, singlezone formulation was selected in
this work to simplify the modeling process. The presence of Kaowool PM board below the bottom
sample surface was modeled explicitly using known thermophysical properties of this inert
material(Leventon et al., 2015Mass flow was not permitted through Kaowool PM because of

the presence of aluminum foil separating it from the sample.
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3.3 Results of Pyrolysis Modeling

3.3.1 Kinetics and Thermodynamics of the Thermal Decomposition of PTW

For PTW, the thermal decomposition mechanism was assumed to condistir of
sequential, firsbrder reactions and one separate -firster reaction describing vaporization of
chemicallybound water. This particular mechanisras selected because it was previously used
(Gong et al., 2021p accurately capture the thermal decomposition of another wood construction
product, oriented strand board (OSB),iethTGA mass loss rate (MLR) profiles with respect to
temperature were similar shape to those tdined here for PTW. The water vaporization kinetics,
defined by the Arrhenius preexponential fac#y #nd activation energyj, were assumed to be
the same as those obtained for OSB, while the Arrhenius parameters and stiotiom
coefficients of theother fourreactionsdescribing the thermal decomposition of PTW were
optimized to fit the PTW TGA data collected Hd K mint. The parameter optimization was
performed using a hill climbing algorithm implemented as ATMAB script and coupled with
ThermaKin2Ds. Details of the algorithm implementation can be found in an earlier publication
(Fiola et al., 2021)The amount of water in the STA samplg¢® = 0.2 wt.% was determined
from the mass loss observed in the 32LBO K tenperature range.

The results of this optimizatioexercise are shown iRigure 3.5 where the 1K min?
experimental data including sample massdnd MLR normalized by the initial sample mass)(
are compared with the curves obtained using the optimized thermal decomposition model. The
model captures the experimental data with accuracy comparable with the experimental data
uncertainties. The reaction mechanism and model parametdrsfoamd inTable3.5 andTable
36.Gaseoux omponents in this mechawmaponr "arcer i“degas™

namesThe heats of reactiog;) listed inTable3.6 arediscussediater in thissection.Figure3.6
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andFigure 3.7 show that thehermal decomposition model also captures the raxpatal TGA
data collected ahenominalheating rates of 5 and 20 K riiriThis result also suggests that neither

the material of the crucible nor presence of lids had a significant impact on the collected TGA data
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Figure 3.5. Experimental and simulated TGA data obtained for PTW at a nominal heatin
of 10 K mirtt. Some uncertainty bars are hard to discern because thegraparablen size
to the experimental data symbols. PTW, pressure treated wood; TGA, thermograv

analysis.
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Table 3.5. A reaction mechanism for the thermal decomposition of PTW. The i

stoichiometric coefficients are mass based. In STA and MCC tests, the initial samp

composed of 98.1 wt.% of PTW component and 1.9 wt.% of Water component.

Reaction# Reaction equation

1 Water - Water vapor

2 PTW - 0.73 PTW1 + 0.27 PTW_gas1
3 PTW1 - 0.43 PTW2 + 0.57 PTW_gas2
4 PTW2 - 0.82 PTW3 + 0.18 PTW_gas3
5 PTW3 - 0.77Char+ 0.23 PTW_gas4

Abbreviations: MCC, microscale combustion calorimetry; PTW, pressure treated wood;

simultaneous thermal analysis.

Table 3.6. Reaction parameters obtained for the thermal decomposition of PTW.

Reaction # A(sh E (J mol) ogHr (3 kgh) (+exo)
1 1.55x 10 4.35x 10¢ -2.78x 1P
2 1.92x 10’ 1.06 x 10° -6.82x 10°
3 1.86 x 10 162x10° -1.67x 10°
4 1.79x 10° 1.01x 10° 1.82x 10°
5 2.10x 10* 3.44x 10 2.02x 10°

Abbreviation: PTW, pressutesatedwood.
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The heat capacityGp) of PTW component (representing undecomposed PTW) was
determined by fitting a segment of the 10 K idSC heat flow curve located between the water
vaporization andnset of decomposition and normalized by the instantaneous heating rate with a
linear function of temperaturel The heat capacity of the final residue represented by Char
component was obtained in a similar manner by fitting the heediegnormalized DSC data
collected for this residue in the 586B00-K temperature range. The heat cagaof the Water
component was taken from the literatiddcKinnon et al, 2013) The heat capacities of
intermediate condensgzhase components (PTW1, PTW2, and PTW3) could not be calculated
directly ard were assignethe values that interpolated between the heat capacities of PTW and

Char components. These heat capacity data are summarizaile3.7.

Table 3.7. Heat capacities of the condengg@thse components of decomposing PTW.

Component Co (I kgtK?Y

Water 5200- 6.7T + 0.011T?
PTW -302+493T

PTW1 -71+400T

PTW2 161+ 307T

PTW3 32+2.15T

Char 624+ 1.2T

Abbreviation: PTW, pressutesatedwood.

96



The heat of vaporization of water was taken to equal to that determined foiGD88 et
al., 2021) The heats of PTW thermal decomposition reactitisited inTable3.6) wereoptimized
to fit the 10K mint DSC heat flow data. Note that, just like in the case of (Eihget al., 2021)
the last two thermal decomposition reactions (# 4 and 5) were determined to be exoffteemic.
exothermicity ofthesereactions is believed to kassociatedvith their final condenseghase
product (Char), which molecular structure is likely to be similar to that of graphite or soot (i.e.
multiple fused aromatic rings) and thus highly thermodynamically stAbémmparison of the
optimized model with the experimentaddt flow and integraheat flow data normalized by the
initial sample mass iprovided inFigure 3.8. The model captures the experimental data with

accuracy comparable with the experimental data uncertainties.
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The heat of combustiofgdHc) of the gaseous products of the thermal decompositam
obtained by simulating the MCC tests performed on PTW using the reaction kinetics determined
from the TGA data. The heat of combustwas adjusted until the modeled HRR and integral
HRR normalized byno were in good agreement with the experimental datahawnin Figure
3.9. This heat of combustiors provided inTable3.8. A minor discrepancy in the location of the
maximum HRR between the model and experiment was attributed to additional heating of the

sample’s top surface by radiation from the <co
sample temperature sensooc@ted underneath the sample crucible). Overall, the thermal
decomposition model developed for PTW was very similar to that developed fofGo88 et al,

2021).The differences between th&etic and thermodynamigarameters of these two models

appeared to be associatsith the differences in the wood species used in these materials rather

than with the presence of micronized copper azole in PTW.
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Table 3.8. Heats of combustion the gabase decomposition products of PTW.

Component oqHc (J kgh)
Water vapor 0
PTW_gasl 1.48 x 10
PTW1 gas2 1.65 x 10
PTW2_gas3 1.30 x 10
PTW3_gas4 0.50 x 10

Abbreviation: PTW pressurdreated wood.

3.3.2 Pwrolysis and Combustion of PTW

PTW component and condenggltiase products of its thermal decomposition were
assumed to be opaque to thermal radiation (rtefth absorption). Broadband emissivitigsof
these components were assigned using the data collected by Foérsth arfBdRstbeind Roos
2010)f or a similar engineered wood product,
measurements, the emissivity of plywood decreased from 0.81 to 0.70 as it underwent thermal
decomposition when exposed to a gray body radiation source at 1153 K. Consequently, th
emissivities of the undecomposed PTW and the final residue (Char component) were assigned to
be 0.81 and 0.70, respectively. The emissivities ofrttegmediate condensgdhase components
were determined by interpolatiohheemissivity ofWater component was assumed to be the same

as PTW. The emissivity daia summarized inTable 3.9 together with other thermophysical
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Table 3.9. Broadband emissivities, densities, and thermal conductivities of the conde
phase components of decomposing PTW.

Component U } (kg ) k(W mtK?)
Water 0.81 - -

PTW 0.81 498 0.15

PTW1 0.78 364 0.15

PTW?2 0.76 156 0.26

PTW3 0.73 128 0.80

Char 0.70 98 1.00

Abbreviation: PTW, pressure treated wood.

properties discussed later in this section. Thepli@se components associated with PTW were
assumed to be transparenthermal radiation.

The heat capacity of the Water_vapomponent was taken from the literat(iicKinnon
et al, 2013)and defined by the following expression: 2400.6 T + 0.0020T? J kg K. The
heat capacities of the gaseous products of the thermal decomposition of PTW could not be
measured directly and, therefore, were assumée equal to 2100 J R, which is the mean
heat capacity of a collection of C1 to C8 hydrocarbons at 6(\éann et a.2019) The density
(1) of PTW component was set to the average density of dried;gjeaa PTW saples used in
this work. The densities of the condengdse products of PTW were selected so that the PTW
material neither expanded nor contracted upon thermal decomposition. This behavior was
consistent with the observations collected during the CARAslls, which indicated that while

PTW samples slightly changekeir shape during pyrolysis, the overall volume of the samples
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remained essentially the same. The densities of undecomposed PTW and cepdassed
products of itslecompositiorare listed inTable3.9.

Water and gaphase components associated with PTW were set not to contribute to the
overall sample volume and, by extension, to its thermal conductikity The thermal
conductivities of condensgqahase PTW components were optimized to fit the experimental
Y data collected at 29 and @3V m? of set radiant heat flux. The CAPA Il sample
composition was defined in the model to incl@2 wt.% ofmoisture (on dry mass basis) to
accurately reflect the moisture content of the studied samples. The parameter optimization was
performed using a hill climbing algorithm implemented as ATMAB script and coupled with
ThermaKin2Ds, as detailed in an earlier publicatfbiola et al., 2021)A comparison of the
experimental Y profiles with those obtained using the optimized model parameters is shown

in Figure3.10. Themodel somewhainderestimates the experimental temperatures in the early
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Figure 3.10. Experimental and simulated CARRbottom sample surface temperature profi
obtained for PTW at 29 and &8V m of set radiant heat fluSome uncertainty bars are ha
to discern because they are comparable in size to the experimental data s@ABa@d!,
Controlled AtmospherByrolysis Apparatull; PTW, pressure treated wood.
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stages of the tests but provides good agreement for most of the test durations. The optimized
thermal conductivityalues are summarized Trable3.9.

The validation of the fullformulated PTW pyrolysis model was performed in two stages.
First, theexperimental CAPA 1l MLR profiles were compared with the model predictions. This
comparison is given ifrigure 3.11. The model captured the experimental MLR well with the
exception of late stages of the CAPA Il tests where the model underestimated the experimental
data. This discrepancy between the model and experiments is potentially due to changes in the
shape of the sangnot captured by the model. Near the end of the CAPA Il tests, the samples lost
their flat shape and formed a shallow paraboloid with both top and bottom surfaces located near

the axis of the sample shifting toward the heater. Subsequently, the saagla®d into several

pieces.
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In the second stage of validation, the experimental cone calorimetry results were compared
with the model predictions. It is important to note that the conditions of the cone calorimetry tests
were significantly different from those realized in the CAPA€ets. Aside from an obvious
difference associated with the presence of a flame in the cone tests, these tests used a different
radiant heat flux setting (50 kW-fhand were performed on significantly thicker samples €15.5
mm thick, instead of 9:thm thck samples used in CAPA Il tests). In addition, the cone samples
had notably higher moisture content3+ 0.5wt.% (on dry mass basis), and the surtaakthese
samplethat werenot exposed to the radiant heaterethermally insulated with Kaowool PMin
the CAPA 1l tests, the unexposddottom) samplesurface was open to the atmosphere. A
comparison between the model and the results of the cone calorimetry measurements is provided
in Figure 3.12. Overall the model predicted the cone test results well. The model somewhat
overestimated the experimental HRR during the first half of the test. This is most likely a
consequence of using MGderived heats of combustion, which represent complete combustion

of the gaseous pyrolysis products. In cone calorimetry tests, the combustion tends to be incomplete.
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Figure 3.12 Experimental and simulated cone calorimetry data obtained for PTW at 50 k
2 of set radiant heat flux. The experimental data are represented by a shaded area de

computed uncertaintieBTW, pressure treated wood.
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3.3.3 Kinetics and Thermodynamics of thermalDecompositiorof Trex

The results of Trex shell TGA tests indicated that the samples contained a mixture of 77
wt.% of a noncharring thermoplasticPE, according to the manufactur@frex, 205)) and 23
wt.% of an additive, a brown powder that was left in the crucible after the thermal decompaosition
of a Trexshell sample. This additive was most likely inorganic in nature because it did not lose
mass when heated to 1000 K in nitrogen or air. Based on this information, undecomposed Trex
shell was assumed to consist of PE compbmepresenting senrarystalline PE and ADD
component representing an inert additive mixed Wiin the aforementioned proportions.

The PE component was assumed to undergo a sequence of melting -atepahermal
decomposition captured by firetder reactions listed imable3.10. The kinetics of the thermal
decomposition reaction were optimized to fit the Trex shell TGA data collected at 10'KTrhin
results of thisoptimization areshown inFigure3.13. Apartfrom a minor mass loss in the 620
700 K temperature range, the model captured the experimental data with accuracy comparable
with the experimentatiata uncertaintiesFigure 3.14 and Figure 3.15 show that the thermal
decomposition model also captured the experimental Trex shell TGA data collected at the nominal
heating rates of 5 and 20min™. This result also suggests that neither the material of the crucible

nor presence of lids had a significant impact on the collected TGA data.
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Table 3.10. A reaction mechanism for melting and thermal decomposition of PE compon
Trex. Undecomposed Trex shell samples were defined to contain 77 wt.% of PE com

and 23 wt.% of D component (representing an inert additive).

Reaction# Reaction equation
1 PEC PE_melt
2 PE_melt® PE_gas

Abbreviation: PE, polyethylene.
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The heat capacities of PE and Rielt components were assigned the same temperature
averaged value obtained for a hidénsityPE (Stoliarov et al., 2009)The heat capacity &DD
component was also assumed to be independent of temperature and was determined by fitting a
segment of the Trex shell 10 K rlirheatingratenormalized DSC heat flow curve located
between melting and the onset of decomposition. The Arrhenius parameters of the melting step,
the heat of melting, and the heat of the thermal decomposition reaction were optimizéideto fit
overall 10 K mint DSC heat flow data. A comparison of the optimized model with the
experimental heat flow and integral heat flow profiles normalized by the initial sample mass is
providedin Figure3.16. Themodel captures the data reasonably well. The resulting kinetic and
thermodynamic parameters are summarizékhinie3.11andTable3.12 The heat of combustion
of PE_gas, 4.16 x 10 kg', wasdetermined directly from the integration of the MCC HRR
experimentatlata obtained for Trex sth A comparison of this data with modeling results can be

foundin Figure3.17.
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Table 3.11. Reaction parameters obtained for melting and thermal decomposition «

component in Trex.

Reaction # A(sh E (J mot) ogH:r (J kgb) (+exo)
1 3.50 x 16° 4.80 x 16 -0.85 x 10
2 2.42 x 16* 3.79 x 16 -3.05 x 10

Abbreviation: PE, polyethylene.

Table 3.12. Heat capacities of the condenggthse components of decomposing Trex she

Component Cpo (J kg*K™)
bE 2680
PE_melt 2680
ADD 2200

Abbreviation: PE, polyethylene

Based on the information from the manufact{feex, 20%) and visualppearance (see
Figure2.4), Trex core was hypothesized to consist of wood particles blende®&iffherefoe,
attempts were made to construct a thermal decomposition model for this material by combining
an existing thermal decomposition model of a wood product with the model for PE component
developed through the analysis of Trex shell samples. The thernoahpesition models for OSB
(Gong et al.2021) Western Red Cedébe Beer, 2023)and PTW were tried. The model for PTW
developed in this work yielded the best results capturing both TGA and DSC data obtained for

Trex core samples, ashown inFigure 3.18 and Figure 3.19. The agreement between the
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experimental data and simulations is remarkable, given that the only adjpstebieeter used to
capture the experimental data was the mass fraction of PTW componentRiWhend PE
component blend. This mass fraction was determined to be 66 Ri@be3.20 andFigure3.21
show that the model also captures the experimental Trex coreda@Acollected at the nominal

heating rates of 5 and 20 K rinFurthermore, as shown Figure 3.22, the nodel accurately

predicts the MCC data obtained for Trex core without any adjustments to the heats of combustion

of the gaseous products of decomposition of PTW or PE
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Figure 3.18. Experimental and simulated TGA data obtained for Trex core at a nominal hi
rate of 10 K mirt. In the model, the Trex core was represented by a mixture of 66 wt.
PTW component and 34 wt.% of PE compon&umeuncertainty bars are hard to disce
because they are comparable in size to the experimental data symbols. PE, polyethylen

pressure treated wood; TGA, thermogravimetric analysis.
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Figure 3.19. Experimental and simulatéaSCdata obtained Trex core for at a nominal heat

rate of 10 K mirt. DSC, differential scanning calorimetry
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Figure 3.20. Experimental and simulated TGA data obtained for Trex core at a nominal he
rate of 5 K mint. Someuncertainty bars are hard to discern because they are compar
size to the experimental data symbols. PE, polyethylene; PTW, pressure treated wooc

thermogravimetric analysis.
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Figure 3.21. Experimental and simulated TGA data obtained for Trex core at a nominal hi
rate of 20 K mint. Someuncertainty bars are hard to discern because they are compar
size to the experimental data symbols. PE, polyethylene; PTW, pressure treated wooc

thermogravimetric analysis.

x10° . . . x10’
Lo} —&— Experiment | 3.0 —o— Experiment
I Uncertainty o I Uncertainty
s Modlel Y e Model
. 08} = 25
; o = t R
=
—E 0.6 5 2.0
g & 15
& 047  Heating Rate: 10 K min™ = Heating Rate : 10 K min’’
& g 1.0}
= g
0.2F E 05t
0.0 ¢ . L 1 . 0.0¢ L 1 1 . L
400 500 600 700 800 900 400 500 600 700 800 900
Temperature (K) Temperature (K)

Figure 3.22. Experimental and simulatédCC data obtained for Trex core at a nominal heat
rate of 10 K mint. Some uncertainty bars are hard to discern because thepeugarablén

size to the experimental data symbols. MCC, microscale combustion calorimetry.
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3.3.4 Pyrolysis and Combustion of Trex

Following the same approach as was used for PTW, all condphasd components
associated with Trex shell and Trex core were assumed to be opaque to thermal radiation. All gas
phase components were assumed to be transparent to thermal radiation. Thanbiroad
emissivities ofPE, PEmelt, and ADD components were assigned the value measurechigh-
densityPE (Stoliarov et al., 2009)The emissivities of undecomposed PTW and its condensed
phase decomposition products were assumed to be the same aséibsethe PTW pyrolysis
model. The emissivity data are summarizedTiable 3.13 together with other thermophysical

properties discussed later in this section.

Table 3.13. Broadband emissivities, densities, and thermal conductivities of the conde

phase components of decomposing Trex shell and Trex core.

Component U } (kg m3) k(W mtK?
PE 0.92 950 0.27
PE_melt 0.92 950 0.27
ADD 0.92 1195 0.27
PTW 0.81 1103 0.15
PTW1 0.78 435 0.09
PTW?2 0.76 187 0.16
PTW3 0.73 153 048
Char 0.70 108 0.33

Abbreviations: PE, polyethylene; PTW, pressure treated wood.
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Just like in the case of the gaseous products of the thermal decomposition of PTW
component, lte heat capacity of the gaseous product of the thermal decompositionro€lPE_
(PE_gas) was assumeéad be equal to 2100 J RgK™, which is the mean heat capacity of a
collection of C1 to C8 hydrocarbons at 60Q3ann et al., 2019The density of PE and Pielt
components was assigned the value obtained for a soliedbigdity PE (Stoliarov et al., 2009)

The density of D component was computed from the swa&d density of Trex shell samples

and the composition of these samplesived from the results of TGA tests (see SecBd3.
Similarly, the density of PTW component (representing undecomposed wood patrticles embedded
into Trex corevas computed from the measured density of Trex core samples and the composition
of these samples derived from the results of STA tests. The densities of PE andltPE_
components present in Trex shell and Trex core portions of Trex board were assumed to be the
same.The gasphase products of PEeltand PTW decomposition were set not to contribute to

the overall Trex volume and, by extension, to its thermal conductivity. The thermal conductivities
of PE, PEmelt, and ADD components were assigned the sammptrature averaged value
obtained for a higldensity PE (Stoliarov et al., 2009)The densities of the condensauhse
products of decomposition of PTW component wepimized to fit the sample thickness
evolution observed in the CAPA |l tests performed at 40 and 70 KWfraet radiant heat flux.

The thermal conductivities of these products and undecomposed PTW were optimized
simultaneously to capture tilserrespondingY data. The CAPA Il samples were defined in

the model to consist of a @mMm thick Trex shell layer facing the heater and located on the top of

an 8. 7mm-thick Trex core layer. Comparisons of the experimesdaiple thickness anitf

profiles with those obtained usirige optimized model parameters al®wnin Figure3.23 and

Figure 3.24, respectively With excetion of"Y collected in the very late stages of the 70
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kW- m? test, the model captured the experimental data well. The densities and thermal

conductivitiesof all condensegbhase components of decomposing Trex board are summarized in

Table3.13.
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Figure 3.23. Experimental and simulated CARAsample thickness profilestainedor Trex
at 40 and 70 kW rh of set radiant heat fluxCAPA I, Controlled Atmosphere Pyrolysi
Apparatudl.
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Figure 3.24. Experimental and simulated CAPA 1l bottom sample surface temperature pr
obtained for Trex at 40 and 70 kW?nf set radiant heat flusSomeuncertainty bars are har
to discern because they are comparable in size to the experimental data symbold!,C
ControlledAtmosphere Pyrolysis Apparatls
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Just like in thecase of PTW, the validation of the fully formulated pyrolysis model for Trex
was performed in two stages. First, the experimental CAPA Il MLR profiles were compared with
the model predictions. This comparis@ given in Figure 3.25. Aside from a moderate
underestimation of the first peak MLR at 40 kW?nthe model captured the experimental data
well. In the second stage of the validation, the experimental cone calorimetry results obtained for
significantly thicker samples containing 158rim-thick Trex core layer were compared with the
model predictions. This compariseshown inFigure3.26. Overall, he agreement is good. The
model overestimated the global MLR and HRR maxima. However, these peaks are so sharp (only
a few seconds in width) that it is unlikely that their shapes were fully resolved in the experimental
data. The model also underestimatked experimental MLR at the very late stages of the test,
which can be potentially attributed to a somewhat lower density of the bottom portion of Trex
core. Finally, the model somewhat underestimated the time to ignition. Similar in magnitude
discrepancies between a pyrolysiedelcomputed time to ignition and corresponding
experimental cone calorimetry data were reported for a-dhégisity PE (Stoliarov et al., 2009)

These discrepancies are most likely associated with a reaction of the heated sdaqaenstir
environmental oxygen prior to ignition. This reaction, which creates a thin film of dark residue,

was not taken into account in the pyrolysis models parameterized based on anaerobic experiments.
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Figure 3.25 Experimental and simulated CAPA Il mass loss rate profiles obtained for Ti
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Figure 3.26. Experimental and simulated cone calorimetry data obtained for Trex at 50 k
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computed uncertainties.

117



3.4 Concluding Remarks

Pyrolysis model parameterization wesnstructedhroughwell-establishecdhierarchical
methodology whicltonsistof thermogravimetric analysis, differential scanning calorimetry, and
microscale combustion calorimetexperimentsThis methodology wasased toparameterize the
kinetics and thermodynamics of the therndacompositionand combustiorthrough inverse
modeling of the data obtained framilligram-scale experiment€ontrolled atmosphere pyrolysis
and cone calorimetryestswere carried out using grasized samples to determine thermal
transport properties and validatee results of pyrolysis model parameterizatiBRperimental
resultswere analyzed usingversemodeling with anumericalpyrolysis code, ThermaKg&Ds

PTW decomposition mechanism was assumed to consfstuokequential, firsbrder
reactions with ongeaction representing vaporization obter The lasttwo processe®f the
sequential reactions werevealedto be exothermicprocessesWoodplastic compositeTrex)
wasassumed toomprise ofinexteriorthin layerdesignated abrex shell (7#vt.% of PE, 23vt.%
of inert additive) andnterior portion specifieds Trex core (66n:.% of PTW, 34wt.% of PE)
through TGA experimentalaia. The reactiormechanisnifor the thermal degradation dfex shell
was found to contain one steproélting andhermaldecompositiorof PE componenDensities
and thermal conductivities of the condengbdise componentd Trex were optimized to fit the

thickness and bottom surface temperaprddiles respectively.
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4 Modeling off Fll gmma Bulbas t rokxp e s e d t

Gl owFinrgebr ands

De Beerand coauthors (De Beer et,&023) developed an empirical moddlat predicts
time-resolved heat flux from a firebrand pile to the preleadind leading zones of the substrates
based on the data collecté@®9— 2.7 m s') air flow velocity and 0.06- 0.16 g cn? firebrand
coveragealensitiesThe objectiveof the work described in thishaptelis tocombine this heat flux
modelwith the pyrolysis models for PTW and Trdeveloped in this worksée ChapteB) and
pyrolysis model for WRC developed in (De Beer, 20285 etermine whethdahe heat release
ratesStHRR) computed by this combined model can be used to determine the probability and timing
of ignitions observed in the current wind tunnel experimesge Chapte®) and earlier wind

tunnel experiments on WRO¢ Beer et al., 2023a)
4.1 FirebrandHeat Feedbackodel

In themodel of firebrand heat feedback to the preleading zdevelopedoy De Beer and
coauthors (De Beer et al., 2023a), the heat flux from the firebrands was assumed to be radiative in
nature and represented by a piecewise linear function ofsthmenin Figure4.1. This function
consists ot sharprisefollowed by a graduatlecay This increaseepresentshe exposure of the
deposited firebrand pile tmancomng air flow at the initial stage of thexperiment.The decay

depictsthe consumption othefirebrandpile.
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Figure 4.1. The dependence ahcident radiant heat flux on time used to represent the
feedback from a firebrand pile to the target substrate surface.

The sharp risés describedising parameteyshestart of the heat iy HFi=o (KW m2), the
heat flux riseratg HFrise(kW m2 s1) andthetime to peak heat fluxrise (S). HF=o represents the
environmentaheat fluxbased ormn atmospheritemperature of 293 Kihe peak heat fluFpeax
(kW m), is equal to thédFi=o plusthe productof HFrise andtrise The gradual decay specified
usingthe heat flux decay ratelFpecay (KW m? s?1), thetime to decaytpecay(S), from the peak to
the final constant heat fluiFrinal (KW m?).

The parameters of @&function were specified tbe depené@nton the firebrand coverage
density] (in g cm?), andair flow velocity,” (m s'), using a general expression of the form:
(AMDOBOAT ARAQ AMDOBOADAOAD AT K 'Or (4.1)
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with specific expressions defined for each parameter and summarikabl@®.1. Table4.2 lists

the heat fluxparameter valuesorresponding to the wind tunnel experiments performed in this
studythat werethat were omputedusing Eq(4.1) and parameters ifiable4.1. These parameters
define the incident radiant heat flux profilesthe preleading zones of the substra#ier the
firebrands were deposited on the surface and the wind tunnel was sealed. The pretaling
surfaces were alssubjectedto convective cooling from incoming air flow. This convective
cooling was defined using wethown forced flow correlationfincropera et al., 2030These

correlationscan be described by E@.2) and(4.3).

~
g

(o’ 66 Q T (4.2)

~r

06 woyYd 017 YQ o prmDi @ (4.3)

where’Q;, (W m?K?1),006 ,andYQ are convective heat transfer coefficient, Nusselt
number, and Reynolds number, respectivaly, Q are the Prandtl number and thermal

conductivity of forced flowD is the characteristic length, which is equal to dietancefrom

the entrance of the test section of the wind tunnel to the center of the preleading zone, 0.125 m.
All these quantitiesvereevaluatedor air at the film temperature of 493 Khis film temperature

was determined athe averagetemperature of ambient temperature (203and the average
substrate surface temperature measured underneath firebrand pilegSé@8hikzadeh et al., 2021;
Richter et al., 2022 The convective heat transfer coefficiewerefoundto be 5.1, 6.3, 8,3and

8.8 Wm?K1for0.9, 1.4, 2.4and 2.7 m$air flow velociies respectivelyDe Beer et aj20231).
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Table 4.1. A set of functions that define the relation between the heat flux profile parame
obtainedfor the preleading zone, air flow velocity ih m s!) and coverage density (n m s
1) (De Beer et al., 2023b).

Heat flux parameter Correlation
"or

HFrRiserate, HFpecayrate HFFinal OA TpE‘é [
trise (S) &

Heat flux parametef = 0.16 g cnit, )

HFrise (KW m2 s W pE 0w ™
trise (S) ™P ™ 10
HFpecay (KW m? s?) e TP T8p
HFginal (KW m2 s?) v
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Table 4.2. Parameterthatdefine incident radiant heat flux in the preleading zone for firebi

pile densities and air flow velocitiexploredin the current study.

' [ HFatmo HFrise tRise HFpeak H FDecay tDecay HFFinal
(g cn?)
(m sb) (kWm? (kWwmzsl) (s) (kwm?) (kwWm3sh  (s) (KW m2)
0.9 1.16 42.1 49.21 -0.137 303
14 1.55 41.2 64.20 -0.221 256
016 04 7.7
2.4 1.92 38.5 74.24 -0.419 159
2.7 1.92 374  72.25 -0.485 133
0.9 0.74 42.1 31.54 -0.088 303
14 1.00 41.2 41.56 -0.143 256
006 04 4.9
2.4 1.24 385 48.09 -0.270 160
2.7 1.24 374  46.80 -0.313 134
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4.2 PreleadingZoneHeatReleaseRate Calculations

The preleadingHRR profiles were computed for each combustible substrate of interest
(WRC, PTW, and Trex) usinghermaKin(Stoliarovand Lyon 2008 ran in the onalimensional
(1D) mock. The pyrolysis properties PTW and Trex were measured in this stib@yresults of
thesemeasurements apgesentedn Chapter3. The pyrolysis properties of WRC were measured
in an earlier worKDe Beer2023).The thickness of WRC, PTWere set in the simulations to 21
mm, 18.6mm. For WRC and PTW, these thicknesses corresponded $artipethicknessused
in the wind tunnel experiments. The Trex samples were defined to corsi8tdrhm thick Trex
shell at the top (facing the firebrands) andi® Trex core at the bottoms stated in Sectio®,
the Trexboardwas grooved and varied thicknesgrom 15mm to 25mm. Thereforeanaverage
thickness ofl9-mm wasusedfor Trex corein the simulation

Trex was determined to contain insignificamountsof moisture. The moisture contents
of WRC and PTW were set in the model at 4.6 wt.% and 7.0 win?drymasdasiy, respectively,
to match the average moisture contents of the samples used in the wind tunnel experiments. The
convective and radiative boundary conditions used in the simulations for the top, firpbeand
facing boundary were defined agplainedSection4.1 The bottom boundary wassumedo be
exposed to the background radiati@(kw m?) and convective cooling dominated by natural
convection with the convection coefficients set at 4.88AK* (De Beer et a).2023b). The top
boundary was set to provide no resistance to the flow of gaseous pyrolizateaso mass flow
was allowed through the bottom boundary. All simulations were performed Dsind.05 mm
spatial discretization and 0.01 s time step. Reducing or increasing these parameters by a factor of

two did not produce significant differences in the results indigaimvergence
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The computedHRR profiles for all relevant firebrand coverage densities andlaiv
velocities can béound inFigure4.2. Theseprofiles were computed using the heats of combustion
of gaseoupyrolyzate measured in MCC and thus assume complete or nearly complete combustion.
For all materials anfirebrandcoverage densities, the timegeakHRR decreases withcreasing
air flow velocityincreasing up to 2.4 m'saindplateaus at 2.4 2.7 m s'. Trex subjected to an air
flow velocity of 2.4 m & and coverage density of 0.16 g €éimas the highegiteakHRR of 409
kW m2. ThepeakHRR increasgwith an increasingir flow velocity tp to 2.4 m 3and decreases
at 2.4-2.7 m &', primarily due to increasing impact of convective coolikgthe coverage density
increases, time to peak HRR decreases for all materials. eonditions Trex has a longer time
to peak HRRhanWRC or PTW At a coverage densityf 0.16 g crit, Trex has higher peak HRR
than WRC and PTW except ftre airflow velocity of 0.9 m 8. At the lowest coverage density

of 0.06 g cn?, Trex hathelowest peak HRR
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Figure 4.2. Preleading zone heat release rate profiles computed for WRC, PTW, anc
exposed to firebrand piles.
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4.3 Measured Ignition Probability, Time to Ignition, and Burn Duration

The purpose of this section is to consolidate the data on preleading zone ic
probability, time to ignition, andurn durationobtained in the wind tunnel experimer
performed on WRCRTW, and TrexThese consolidatiedata will be used to examine whett
they are related to the HRR profiles computed under the same experimental condition
majority of PTW and Trex wind tunnel tests were performed using themlfirebrand pile
orientation ¢eeFigure2.14), it is the data collected in this orientation that will be the targt
this analysis. Unfortunately, most of the preleading zone ignition probability data obtair
WRC was collected using thechn firebrand pile orientation (De Beer et al., 28R 3 herefore,
these probabilities were converted to thech®orientation probabilities using an empiri&aj.
(2.6) developed in this workA summary of the probability data can be foumdable4.3. The
experimentatime to ignition and burn duration datétained at firebrand coverage density
0.16 g cn? aresummarized irmable4.4. Hereit was assumed that neither the time to ignit
and nor burn duration data obtained for WRC (which were collectenh firebrand pile
orientation) were significantly affected by the pile orientation. Therefore, no corrections
made to this datdhe 0.06 g cr firebrand coverage density timeigmition and burrduration
data were not used in the current analysis because the probability of ignition was belo\

all experiments at this coverage density.
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Table 4.3. Measured preleading zone ignition probabilities for WRC, PTW, and Trex obt:
for 10-cm firebrand pile orientation unless noted otherwise.

Coverage Air flow Preleading zone ignition probability
density velocity
(g cn?) (m s?) WRC PTW Trex
0.9 041" - 0
1.4 097 0.22 0.33
0.16
2.4 1 0.67 0.67
2.7 084 0.67 0.69
0.9 - - -
1.4 041" 0.22 0
0.06
2.4 041" 0.33 0
2.7 - 0.11 0

* Computed fronb-cm firebrand pileorientationexperiments using E¢2.6).
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Table 4.4. Measured peleading zone time to ignition and burn duratoiata obtained a

firebrand coveragdensity of 0.16 g cr

Time to ignition Burn duration
Coverage Air flow
. . . () (s)
Material density velocity
(g cnt?) (ms?)
Mean 2 SE Mean 2 SE
1.4 28 20 13.5 56
WRC 0.16 2.4 7 5 55 45
2.7 41 15.8 33 14
14 67 16 85 24
PTW 0.16 2.4 28 17.8 45 20.3
2.7 14 5.8 54 21.3
14 40 13.1 149 88
Trex 0.16 2.4 30 9.3 110 69
2.7 27 8.1 150 48.2
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4.4 Development of IgnitioModelfor the Preleading Zone

Two hypotheses have been explored in this work. The first hypothesis was an existence of
a relationship between peak average HRRReeay and the preleading zone ignition probability.
This hypothesis was based on the work of Lyon and Quintigi@n(and Quintiere, 20QAvho
showed that the time of piloted ignition of a combustible solid exposed to external radiant heat
flux can be defined as the time when a virtual HRR (the HRR computed assuming combustion of
gaseous pyrokate) reaches a critical thresholth this work, HRRreakwere computed as the
maximum values of 10 s running averages of the simulated HRR praiiitesnin Figure4.2.
This particular time interval (10 s) was selected for averaging because it took between 5 and 10 s
to establishif a flame was formed on the substrate surfiacthe wind tunnel experiments. The
computedHRRpeakvalues and the time intervals over which they were observed are provided in
Table 4.5 and Table 4.6. The second hypothesis was that the probability of ignition in the
preleadingzone is defined by a ratio between the rate of heat released in combustion and the rate

of convective cooling of the preleading zone. This ratio, , was expressed as

(4.4)

whereQis the convection coefficiemtefined in Sectiod.1 above™Y is the flame quenching
temperature, 1570 K (Drysdale, 2Q1and”Y is environmental temperature set to 293TKis

parameter ( ) is similar toDamkdhlernumber Drysdale, 201) as it effectively compares the
rate of combustion reaction with the rate mixing. The higher the more likely that a stable

diffusion flame will form. The values of are alsrovidedin Table4.5 andTable4.6.
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Table 4.5. PeakaverageHRR, corresponding time ranges, and flame stability param:
, values computed from the HRR profiles shawirigure4.2 for thefirebrandcoverage

density 0f0.16 g cn.

Testing | HRRpeak Time range
dit Material
conditions )
(KW m?) ©) )
WRC 87.0 54-64 13.6
09m¢g
PTW 98.1 64—-74 15.3
0.16 g cn¥
Trex 703 111-121 11.0
WRC 136.0 41-51 17.2
1.4m¢g
PTW 163.2 44 - 54 20.5
0.16 g cn?
Trex 3318 87-97 41.9
WRC 159.2 37-47 15.3
2.4mg
PTW 198.4 38-48 19.0
0.16 g cn¥
Trex 4004 67-77 39.2
WRC 150.6 36 —-46 13.6
27m¢g
PTW 182.7 38-48 16.5
0.16 g cn¥
Trex 2355 6777 21.3
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Table 4.6. Peak average HRR, corresponding time ranges, and flame stability para
, values computed from the HRR profiles showirigure4.2 for the firebrand coverag:

density of 006 g cn?.

Testing HRRpeak Time range
it Material
conditions )
(kW m) (s) )
WRC 254 96 — 106 4.0
0.9m¢gt
PTW 19.8 119-129 3.1
0.06 g cn?
Trex 7.3 176—-186 1.1
WRC 544 67-77 6.9
1.4m¢g
PTW 53.4 83-93 6.7
0.06 g cn?
Trex 24.3 131-141 3.1
WRC 645 51-61 6.2
24m¢g
PTW 60.7 62—-72 5.8
0.06 g cni?
Trex 196 102-112 1.3
WRC 54.1 51-61 4.9
27m¢g
PTW 44,6 62— 72 4.0
0.06 g cn?
Trex 10.5 95-105 1.0
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The graphs showingelationships of the experimental ignition probability data with
HRRpeak and are shownin Figure 4.3. Thesegraphsdemonstrate¢hat neither of these
parameters provides a weléfined relationship with the ignition probability data. Howebeith
parameters careasonablyvell delineate between the experiments where the ignition occurs with
a low probability, < 0.5, and high probability, > 0.5. WHRRpeak= 120 kW n¥ as athreshold,
this parameteprovided a slightly better separation between the low and high probability data than

. ThereforeHRRreaxis selected for further analysis. The two outlines that do not obey the
HRRpea= 120 kW m?threshold are the probability data collected for PTW and Trex at 14 m s
air flow velocity and 0.1 cm? coverage density. These outliers are likely a consequence of
partial quenching of smoldering firebrands by the combustible substrates (due to heat losses to the
substrates) that are not taken into account in the current model formulations.

A continuous correlation between-tfh pile ignitionprobability, N , andHRRpeakcan

be obtained by fitting the dateth alogistic function Hoyo et al., 201}

n pfQwrf (22 X (4.5)

where' andi are fitting parameter€Choosing = 120 kW n¥ andi = 20 kW m? provides the

bestfit of the data ashownin Figure4.4.
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Figure 4.3. Preleading zone ignition probability versus gapak average HRBnd (b)flame

stability paramete( ) for each substrate.
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The time to ignition and burn duration can also be estimated from the modeled HRR shown
in Figure4.2 by determining the time when HRR exceeds and subsequently fall below 120 kW m
2 as illustratedn Figure4.5. Thecomputed values of the timeigmition and burn duration can be

found inTable4.7.

50— ————————

400 1 1
fli]—
; 300 1
i Time
&% 200 + tunnel -
s closed Burn
T |4 duration Yy, 120 KW m™

100 ‘Time to .

ignition
[} 1 1 1 1

0 50 100 150 200 250 300
Time [s]

Figure 4.5. Determinatiorof preleading zone timi® ignition and burn duratioinom simulated

HRR data. The HRR profile shown was obtained for Trex at 1.4 ar flow velocity and 0.16

g cni? firebrand coverage density.
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Table 4.7. Modeled peleading zone tinsto ignition and burn durati@obtained foof WRC,
PTW, and Trexat firebrand coverage density of 0.16 gTm

Coverage Air flow Time to ignition Burn duration
Material density velocity
(9 ) (ms? (s) (s)
14 26.2 18.7
WRC 0.16 2.4 20.6 25.9
2.7 20.7 20.5
14 27.7 47.6
PTW 0.16 2.4 22.2 45
2.7 22.3 33.9
14 524 75.1
Trex 0.16 2.4 40 55.9
2.7 43.6 39.6
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The measured and predicted preleading zone times to ignitish@smin Figure4.6. The
dashed line represents equality. Trex has the closest agreement because its uncertainties are the
lowest. WRC withair flow velocity of 1.4 m &' and 0.16 g cricoverage density also has good
agreement. On the other hand, PTW weithflow velocityof 1.4 m st and 0.16 g cricoverage
density ispoorly captured by the model. The experimental uncertainties are shdwgure4.6

as plus or minus twstandardleviationsof the mean
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Figure 4.6. Comparisorbetween measured and modeled preleading zone time to ignitic

WRC, PTW, and Trex at varioasr flow velocitiesand a coverage density of 0.16 gtm
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The measured and modeled preleading zone burn duratiostsoavein Figure4.7 for the
sameconditionsof Figure4.6. The agreemens the best for PTW. It is the worst for WRC with
air flow velocityof 1.4 m st and a coverage density of 0.16 gcand for Trex with 2.7 msair
flow velocity and a coverage density of 0.16 g¢rithe experimental uncertainties are shamwn

Figure4.7 as plus or minus twstandardieviationsof the mean.
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Figure 4.7. Comparison betweemeasured and modeled preleading zone burn duratiol
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4.5 Concluding Remarks

An empirical modelof firebrand pile heat flux developed in earlier work was used to
simulate preleading zone ignition and combustion WRC, PTW, and Trex exposed to glowing
firebrand piles. It was determined that the simulations where the peak average HRRa(HRR
reached at least20 kW nv’ corresponded to a high (> 0.5) probability of ignition whereas the
simulations wher&lRReeakwas significantly lower corresponded to a low probability of ignition.
The HRR =120 kW n¥’ threshold was also found to be a reasonably good predictor of the time to

ignition.
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5 Conclusi ons

The response of PTW and Trex exposed to glowing firebrand piles was studied in-a bench
scale wind tunnel setup at 827 m s' air flow velocities and 0.06 and 0.16 g éfirebrand
coverage densities using 5 x 10%dootprint piles with either 1@m or 5cm sides
perpendicular to the direction of air flow.

Several distinct types afnition phenomena were identified that may lead to fire growth.
For both combustible substrates, the formation of a luminous diffusion flame attached to the
substrate surface located in front of theflmw-facing edge of the firebrand pile (preleading
zone igniton) occurred with a high>(60%) probability in 1&cm pile orientation experiments
performed at higher air flow velocities (2-2.7 m s) and the high (0.16 g cf firebrand
coverage density. Preleading zone flanteskd early in the experiments and lasted for up to
240 s, eventually extinguishing due to a buildup of char, which is known to reduce burning rate
(Gong et al., 2021Although preleading zone ignitions did not lead to growing fires, a scenario
is possible involving a more complex combustible substrate geometry, a decreasing or
fluctuating air flow velocity, and/or additional radiative heating from an approachingHiee
extinction would not occur, and the fire would continue to grow.

The PTW and Trex preleading zone ignition probabilities determined at 2*amnflow
velocity and 0.16 g crfirebrand coverage density decreased by about a factor of 3 when the
pile was rotate®(° so that 5cm sides were perpendicular to the direction of the air flow. This
observation indicates that the length of theflaw-facing edge of theile is one of the main
parameters controlling the ignition propensiycomparative analysis of the Kaowool PM back
surface temperature daevealed that the change in the pile orientation does not significantly

affect the heat flux from the firebrands to the substrate. Therefordethease in the preleading
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zone ignition probability is primarily due todecrease in the surface area of the substrate located
in front of the aifflow-facing edge of the pile and, secondarily, to changes in thesfioature
resulting in reduced stability of the preleading zone flame. @dmnslusion lays the foundation

for a model that will relate the ignitigerobability data obtained from the current beschle
experiments tohe ignition probabilities observed at full scale.

The second type of ignition, pile ignition, involved the formation fiuame attached to the
top, airflow-facing portion of the firebrand pil&lnder certain conditions, this flame spread onto
the surface of theubstrate downstream of the pile. This instance of spread (referred to as
downstream ignition) occurred only at higher air flow veloci(ized— 2.7 m st and only in the
experiments where the 4bn sides of theile were perpendicular to the direction of air flow. It
was speculatethat no downstream ignitions were observed in any of itw pile orientation
experiments because the pile flames were not sufficitantyto reach the open substrate
surface located 10m away from thair-flow-facing edge of the pile.

Downstream ignitions occurred seveamdhutes after the start of the experiment and
produced long lastinflames, some of which burned until they were extinguished at 1000 s.
While Trex showed somewhat lower propensity to preleading ipoiteon (unlike PTW, none
of the Trex samples were ignited by the pidéshe low, 0.06 g cm, firebrand coverage
density), Trex was found tme significantly more susceptible downstream ignitions and
exhibitedsubstantially longer burn durations than PTW.

In some tests, smoldering of the combustible substrate contfiteedhe firebrands were
consumed and led to the formation ofaggening through the thickness of the substrate ¢(burn
through), whichcontinued to grow in size until the experiment was terminateskvaral cases,

the burnthrough was followed by a transition to flamiogmbustion at the opening. The burn
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through events were studied usimgy the 16cm pile orientation; it was assumed that any effect
of the pileorientation on this transition was negligible. Biinnoughs occurredith a
probability above 25% only at high (0.16 g &rfirebrandcoverage density. PTW was found to
be more susceptible to sustairsgdoldering and burthrough than Trex. It should be noted that
thesustained smoldering of the combustible substrate may leaglgnificantly delayed fire
growth with flame development takipdaceseveral hours after the exposure of the substrate to a
firebrand pile.

To further analysis the combustible substrate ignition probletailel@ pyrolysis
property setsvere developetbr PTW and TrexTheproperty sets were developesing a weH
established hierarchical approg&toliarovand Ding 2@23) and validated usinthe results of
CAPA Il and cone calorimetry tests performed at a wahge of radiant heat fluxes on samples
of two different thicknesse# thermal decomposition mechanism including four sequential
reactionswhich was previously used to model the thermal decomposifi@8B, was found to
provide accurate representation of the themeabmposition of PTW. The reaction parameters
differed for theséwo materials. It was concluded that the differences betweardoton
parameters were most likely aseted with the differencas the wood species these materials
were composed of. The presemnde preservative (micronized copper azole) in PTW had no
apparentmpact on the thermal decomposition kinetics or transport properties. However, it was
impossible to measure this impact accurately witlaodirect comparison between the untreated
and treated PTW samples. Trex board was found to consist of two distinct layersowtehin
layer (Trex shell) and an internal portion (Trex core). Trex shell wasadkfonconsist of PE and
an inert additive. The thermdécomposition of PE was represented by a singledior

reaction which parameters were obtained from the Trex shell TGA andI&x8CTrex core was

142



defined as a blend of PE and wood particles represented in the model by PTW. Only the densities
and thermal conductivities of PTW and its condenseaise thermal decomposition products

required adjustment to capture the pyrolysis behavior of the Trex.l®attukinetics and
thermodynamics of thermal decomposition and combustion derived from the analysis of PTW
samples were found to represent the wood particles embedded into Trex core remarkably well
indicating the absence of chemical interactions betweesetparticles and the PE matrix.

The developed pyrolysis models were used to simulate the preleading zone ignitions of
PTW and Trex observed in the bersdale wind tunnel experiments. An empirical model
developed by De Beer andawghors (De Beer et al., 2023basemployedto model boundary
conditions for the combustible substrates in the preleading zone and dependence of these
conditions on the air flow velocity and firebrand coverage density. It was determined that a critical
value of the peak average HRIRRRpea= 120 KW n?, computed in these simulations successfully
delineated between the low ignition probability, < 0.5, and high ignition probability, > 0.5,
firebrand deposition scenarios.

Future studes should be dcused orestimatingthe impactof additional factors, such as
geometry omaterialcomposition on WUI ignitions. In this work, only horizontal flat combustible
substrate was used in wind tunnel tests. A vanégubstrate configurations including crevice or
reentrant corner should be studied in the future. The building components including roofs, vents,
and siding can ignite in WUI fires. Accordinglyildingcomponents need to be assessetthein
vulnerability to ignition byfirebrands. Used wood materials (PTW, WRC) for wind tunnel tests
were lowdensity softwood productBy employing highdensity hardwood species foturetests,

the influence of densitgnthe experimentalesultscan be investigated
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The researchperformedin this work provides an in-depthunderstanding oignition of
PTW and wooeplastic composite (TreXd)y firebrandsand shows how to model the ignition of
building materialswithin the framework of WUI fire simulations.h€ results of thisesearclare
expected to significantly improve the accuracy of the WUI fire simulations and thus increase our
ability to evaluate the risk of these fires and improve our ability to test WUI fire mitigation
strategies through simulations. The results of this reBealso providea framework for a
systematic evaluation of building mete resistance to firebrand showers. This framework can be
used by building material developers and the developers of codes and standards for these materials

to achieve a significant improvement in the resistance of structures to WUI fires.
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