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Abstract

Primary Audience

Fire protection engineers (FPEs) conducting or reviewing fire modeling that supports fire
probabilistic risk assessments (PRAs) related to predictions of fire growth and peak heat re-
lease rate of combustible solids (e.g., circuit boards or wiring in electrical enclosure fires).
Extensive detail is provided to quantify the impact of material properties on observed
burning behavior of combustible solids at full scale.

Key Research Question

How does material composition affect ignition, fire growth rate, and peak fire size in large-
scale fire experiments designed to represent an electrical enclosure with a simplified fuel-
loading configuration.

Research Overview

This report provides an overviewofmeasurements (e.g., heat release rate, gaseous species
production, and flame-to-surface heat transfer) and visual observations obtained from a
series of 66 full-scale fire growth experiments conducted on 18 unique combustible solids
including: natural and synthetic polymers, copolymers, fiberglass-reinforced composite
materials, porous polymer foams, and electrical cables. Some of these materials were
selected because they can be found in electrical cabinets and circuit boards. Others were
selected in order to provide a wide range of material compositions (i.e., chemistries) and
burning behaviors: physical deformation (e.g, swelling, charring collapse, dripping, and/or
melt flow), heavy or light soot formation, and varied ignitability and fire growth rate.

In a typical electrical enclosure, combustible solids (e.g., wiring or circuit boards) are
most often found attached to the inside walls. A test setup was thus selected to represent
this configuration: two parallel panels (2.44 m tall by 0.61 m wide) were assembled such
that they could support combustible solids of varying thicknesses (each spaced 0.30 m
apart), which were then ignited at their base. This simplified configuration ensured (1) the
production of a large-scale burning scenario representative of typical fuel loading in an
electrical enclosure, and (2) that the experiments could be repeated to highlight the impact
of material composition on observed burning behavior (e.g., ignitability, fire growth rate,
and peak fire size) while minimizing test sensitivity to variations in other factors such as
fuel loading (e.g., wire packing density), configuration, or orientation.

Key measurement devices were incorporated into this test apparatus in order to mea-
sure the primary mechanism controlling fire growth (flame-to-surface heat transfer during
upward flame spread over the surface of the combustible solids) and to measure global
quantities characterizing fire behavior and development: heat release rate (HRR), soot
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and gaseous species (i.e., CO and CO2) yields. Additionally, video of each experiment
was recorded by at least two video cameras and photographs were taken throughout
each experiment. Selected measurement data is presented and analyzed in this report;
a complete set of all measurement data and videos recorded during these experiments is
available online on the NIST Fire Calorimetry Database [1]: https://www.nist.gov/el/fcd/
vertical-upward-flamespread-on-parallel-panels.

Qualitatively, the burning behavior of each of the materials tested in this work could
be separated into three broad groups: (1) materials that ignite but do not support upward
flame spread, (2) materials that ignite and support flame spread as long as an external
ignition source is present, and (3) materials that support self-sustained flaming and fire
growth without an external ignition source.

A brief summary of quantitative measurements obtained during these experiments
highlights the diverse range of burning behaviors supported by each of thematerials tested
in this study:

Fire Size (Heat Release Rate, HRR)

• Peak Heat Release Rate (Peak HRR): 110 kW to 4186 kW

• Time to Peak HRR: 16 s to 1022 s after burner exposure

• Total Heat Release: 16 MJ to 566 MJ

• Heat of Combustion: 9.6 kJ/g to 39.9 kJ/g (energy release per gram of fuel burned)

Heat Transfer

• Peak, total flame-to-surface heat transfer: 71 kW/m2 to 254 kW/m2

• Fraction of total wall flame heat flux attributed to radiation: 11 % to 69 %

• Peak radiationheat flux at a distance (3.6m frompanels): 0.02 kW/m2 to 7.72 kW/m2

Species Yields

• Soot yield [g/g]: Below Detectable Limits to 0.21

• CO yield [g/g]: 0.004 to 0.42

• CO2 yield [g/g]: 0.62 to 3.6

ii

https://www.nist.gov/el/fcd/vertical-upward-flamespread-on-parallel-panels
https://www.nist.gov/el/fcd/vertical-upward-flamespread-on-parallel-panels


Summary

The information provided in this report will support a more realistic assessment of fires
in electrical enclosures and the overall impact of material composition on key burning be-
haviors of interest to fire safety scientists and engineers. Beyond the direct observations
and experimental measurements obtained for this specific test configuration, this study
also offers a comprehensive set of validation data for computational fluid dynamics (CFD)
simulations of large scale fire growth due to flame spread over the surface of combustible
solids. The design and expected impact of the next phase of this study (including how it in-
tegrates with these full-scale measurements) is concisely summarized in the Future Work
section, below.

Future Work

Additional volumes of this report will include bench-scale measurements conducted on
all 18 materials presented in this work, including (1) thermogravimetric analysis (TGA), (2)
differential scanning calorimetry (DSC), (3) microscale combustion calorimetry (MCC), and
(4) pyrolysis of coupon sized slabs in an anaerobic (nitrogen) environment when exposed
to well-characterized radiant heating. The data will be used to derive material properties
controlling heating, decomposition, and production of gaseous volatiles.

Collectively, the measurement data obtained from each of these experiments (from
bench- to full-scale) will provide a comprehensive set of measurement data needed to
calibrate pyrolysis models for combustible solids (i.e., determine relevant material proper-
ties), use these material property sets for quantitative prediction of fire growth using CFD
tools, and validate the simulation results.

Keywords
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Calorimetry
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1. Introduction

Electrical enclosures (e.g., switchgears, relay cabinets, control and switch panels, and mo-
tor control centers) present a fire risk in nuclear power plants (NPPs) because they contain
both combustible materials and energized electrical circuits. Unwanted fires in these sys-
tems are particularly dangerous in NPPs because they can disrupt power, instrumentation,
and control in the facility. In an analysis of global fire events in NPPs [2] it has been noted
that electrical cabinets (i.e., electrical enclosures) and transformers are the components
that provide the highest share of fire initiations (approximately 12 % each). In a recent re-
view of all fire events reported1 in US NPPs between 1990 and 2011 [5], it was found that
13.5 % (269 out of 1998) occurred in electrical enclosures. Of these fires, 8.2 % and 39.4 %
were reported as “Challenging” or “Potentially Challenging,” respectively. In this reporting
system, “Challenging” fire events are those that had “an observable and substantive effect
on the environment outside the initiating source;” “Potentially Challenging” events “were
not judged to be [challenging] events, but … could have led to fire growth, fire spread,
equipment damage or cable damage beyond the fire ignition source had the circumstances
of the fire event been different” [4]. Collectively, these results demonstrate why electrical
cabinets (and medium voltage switchgear [600 V to 69 kV]) are “commonly identified in
fire PRAs [probabilistic risk assessments] as one of the important sources of fire ignition in
nuclear power plants” [6].

Electrical fires can be caused by: poor connections (e.g., due to aging and deterioration
or due to personnel error such as improper alterations or installation), overheating (typi-
cally due to abuse, damage, environmental effects, or manufacturing, installation, and/or
design defects), arcing (in air or across carbonized paths; including high energy arc fault,
HEAF, and non-HEAF events), overload, excessive thermal insulation, and external heat-
ing (e.g., due to direct flame impingement or external heating or simple product failure)
[4, 7, 8]. Many ignition phenomena have a strong probabilistic aspect to them [9] and,
in the case of common faults such as poor connections or arcing, “ignition usually takes
a long time after the initial conditions were established for the fault” [8]. A wide range
of bench- and full-scale experimental studies and standard test methods have thus been
developed to assess the fire performance of electrical components; however, as noted in
thorough reviews of such works [10–12], no single test criteria has evolved by which the
response of electrical components to fire is evaluated. Instead,multiple criteria are consid-
ered: electrical continuity, ease of ignition and extinction, critical times or temperatures
(e.g., time to failure, to ignition, or of self-sustained burning), mass loss rate, heat release
rate, damage (e.g., char) length, and smoke generation and/or obscuration.

While it is known that fires occur in electrical enclosures in NPPs, for the reasons de-
scribed above, it is difficult to predict ignition in these fire events. Further, it has been

1All events were reported in the Fire Events Database (FEDB), which was developed by the Electric Power
Research Institute (EPRI). The FEDB was first published in the early 2000s [3], updated in 2013 [4], and it is
intended to be “the most comprehensive and consolidated source of fire incident information available for
nuclear power plants operating in the United States” [4].
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reported that many investigators still question the degree to which small-scale test results
reflect full-scale fire behavior, especially for plastic materials, and until small-scale test re-
sults are fully evaluated through larger-scale experiments, “caution must be exercised in
the use of small-scale test results in the prediction of full-scale fire behavior.” [13]. Those
performing PRAs rely on recommended peak HRRs that are based on distributions of likely
worst-case fire scenarios [14].

The primary regulation governing fire protection in nuclear power plants is Title 10,
Section 50.48, of the Code of Federal Regulations [15], which requires that each license
holder have a fire protection plan that satisfies “General Design Criterion 3” (GDC 3) of
Appendix A to 10 CFR Part 50. Of note, GDC 3 requires that “structures, systems, and com-
ponents important to safety shall be designed and located to minimize, consistent with
other safety requirements, the probability and effect of fires and explosions. Noncom-
bustible and heat resistant materials shall be used wherever practical throughout the unit,
particularly in locations such as the containment and control room.”

The term “noncombustible” is notwell defined; it implies thatmaterials are either com-
bustible or noncombustible when, in fact, most materials display varying degrees of com-
bustibility and awide spectrumof burning characteristics. The term “noncombustible”was
later clarified in Generic Letter 86-10 [16] as material “with a surfacing not over 1/8-inch
thick that has a flame spread rating not higher than 50 when measured using ASTM E-84
Test [17]: Surface Burning Characteristics of Building Materials.” When fire protection re-
quirements were purely prescriptive, this pass/fail criterion was sufficient to demonstrate
regulatory compliance.

During the 1990s, the nuclear power industry began a considerable shift from pre-
scriptive rules and practices towards broadened use of risk information to supplement
decision-making. Around the same time, the fire protection industry was undergoing sim-
ilar changes, and more sophisticated methods for modeling fires and evaluating their im-
pact were beginning to mature. In 2001, the National Fire Protection Association (NFPA)
issued the first edition of NFPA 805 [18] (Performance-Based Standard for Fire Protection
for Light-Water Reactor Electrical Generating Plants). On July 16, 2004, the U.S. Nuclear
Regulatory Commission (NRC) amended its regulations in 10 CFR 50.48, to allow U.S. util-
ities to adopt and maintain risk-informed, performance-based fire protection programs.
Paragraph (c) of 10 CFR 50.48 endorses, with exceptions, the NFPA 805 Standard (2001
Edition), as a voluntary alternative for demonstrating compliance with the deterministic
programs given in Appendix R to 10 CFR 50 in accordance with Paragraph (b) of 10 CFR
50.48 or the plant-specific fire protection license conditions.

In 2005, the Electric Power Research Institute (EPRI) and the NRC’s Office of Nuclear
Regulatory Research (RES) issued a joint technical report titled EPRI/NRC-RES Fire PRA
Methodology for Nuclear Power Facilities, EPRI 1011989, NUREG/CR-6850 [14], presenting
methods and data for conducting a fire probabilistic risk assessment (fire PRA). NUREG/CR-
6850 covered a wide range of fire hazards, including electrical enclosures.

NUREG/CR-6850 was a landmark publication and represented the state of the art in
the mid-2000s. It was the first fire PRA methodology to use probability distributions for
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heat release rate values, as opposed to the point values of existing PRA methodologies2.
However, as plants began to implement probabilistic, risk-informed fire protection pro-
grams, two trends became apparent: (1) the predicted risk from electrical enclosure fires
exceeded that suggested by commercial operating experience, indicating conservatisms
in the methodology, and (2) electrical enclosures represented the largest contributor to
the plants’ fire-induced risk by a wide margin. Accordingly, during the intervening years,
significant effort and resources have been dedicated to refining the methods, tools, and
data used to model electrical enclosure fires in fire PRA:

• In 2013, a series of experiments were sponsored by the Nuclear Regulatory Com-
mission’s Office of Nuclear Regulatory Research (NRC-RES) and conducted by the
National Institute of Standards and Technology (NIST) at the Chesapeake Bay Fire
Test Detachment (CBD) of the Naval Research Laboratory to obtain additional data
to support re-quantification of HRR estimates for electrical enclosures. This testing
effort used electrical enclosures removed from a nuclear facility, and electrical ca-
bles and panel wiring representative of those commonly found in U.S. nuclear power
plants (NPPs). In total, 112 individual fire tests were conducted, and the result of this
effort is documented in NUREG/CR-7197, “Heat Release Rates of Electrical Enclosure
Fires (HELEN-FIRE)” [20].

• In 2014, NRC and EPRI published NUREG-2169 (EPRI 3002002936), “Nuclear Power
Plant Fire Ignition Frequencies and Non-Suppression Probability Estimation Using
the Updated Fire Events Database”[21]. This report provides fire ignition frequen-
cies and non-suppression probability estimates through the year 2009 using EPRI’s
updated fire events database.

• In 2016, a joint NRC/EPRIworking group devised an enhancedmethodology formod-
eling electrical enclosure fires, which included classification of electrical enclosures
in terms of function, size, contents, and ventilation; determination of peak heat
release rate (HRR) probability distributions considering specific electrical enclosure
characteristics; and development of a method to account for the impact of the en-
closure on the vertical thermal zone of influence (ZOI) above the enclosure dur-
ing fire. This enhanced methodology is documented in NUREG-2178 Vol. 1 (EPRI
3002005578), “Refining and Characterizing Heat Release Rates From Electrical En-
closures During Fire (RACHELLE-FIRE)” [22].

• In 2020, a joint NRC/EPRI publication (NUREG-2230//EPRI 3002016051 [19]) pro-
vided a revised set of parameters to address both the fire growth and the suppres-
sion response. Here, electrical cabinet fire events were classified into one of two fire
categories: (1) growing or (2) interruptible. Interruptible fires are those that, “have

2Current guidance[14] when defining time-resolved HRR curves for PRAs assumes that the fire grows expo-
nentially as a function of time, Q̇ ∝ t2, reaching its peak HRR in approximately 12minutes and burning at that
peak HRR for approximately 8 minutes. Revised timing is suggested in NUREG-2230 [19] for ‘interruptible’
fire events: i.e., events in which plant personnel could detect and perform early suppression activities.
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observed ignition but no significant growth for a period of time”. Growing fires,
“experience growth immediately after ignition”. In NUREG-2230 [19], the detection-
suppression event tree was also updated to better allow for early plant personnel
suppression actions and additionalmanual non-suppression bins were added to bet-
ter reflect the scenario characteristics.

• In 2023, an experimental campaign was conducted (a NIST/NRC collaboration) to
measure theHRRof fires burning in steel enclosureswith limited ventilation (Oxygen-
Limited Fires Inside Under-Ventilated Enclosures, OLIVE-FIRE [23]). The objective of
this study was to validate a simple empirical model that predicts the maximum heat
release rate of a fire within a closed compartment as a function of its ventilation
openings.

Although the enhanced methodology described in NUREG-2178 Vol.1 provides more speci-
ficity in terms of the enclosure’s function, size, contents, and ventilation, the evaluation of
the enclosure’s contents is still limited to its overall level of fuel loading (default, low, very
low) and whether the fuel is thermoset or thermoplastic. It does not distinguish between
specific fuel types and their burning characteristics.

As the nuclear [18] and general fire protection [24, 25] industries continue to expand
their use of risk-informed, performance-based design principles, simple pass/fail criteria
of standard fire tests are no longer sufficient to provide the granular level of risk infor-
mation needed to support effective decision making. There is a growing need for verified
and validated design tools (i.e., fire models) that can predict relevant fire behavior and its
consequences. This report represents the first step towards gathering the data needed to
provide additional refinements based on an enclosure’s specific fuel content and accurate
inputs for fire models of increasing complexity.

NUREG-1824 [26] documents the verification and validation of five fire models that
are commonly used in NPP applications (e.g., the NIST Fire Dynamics Simulator, FDS, and
Consolidated Fire Growth and Smoke Transport Model, CFAST). Fire protection engineers
(FPEs) conducting or reviewing PRAs related to electrical enclosure fires in NPPs could be
aided by the development, verification, and validation of a design tool that allows for ac-
curate, efficient, and reliable prediction of fire development in electrical enclosures based
on knowledge of thematerials containedwithin and simulation of the relevant condensed-
and gas-phase processes controlling their burning behavior. A brief summary of the con-
trolling mechanisms of early fire growth is thus provided as follows.

When a combustible solid (e.g., cable jacketing/insulation or circuit board material) is
heated, it can degrade and produce flammable gases. If sufficient heat is continuously pro-
vided to the solid, flammable gases will be produced at such a rate that, in the presence of
a local ignition source (e.g., an arc, spark, or hot surface), they can react with the ambient
oxidizer to form a premixed flame. In the presence of a steady flowof flammable gases and
oxidizer, this premixed flame quickly transforms into a diffusion flame. A fraction of the
energy released in this flame is transferred back to the solid; if this heat transfer (plus any
externally applied heating) is sufficient, sustained degradation of the combustible solid,
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production of flammable gases, and flaming is observed. When combustible solids are
supported in a vertical configuration in normal gravity (e.g., vertical wall fires or discrete
fuels spaced above one another), this process has the potential for rapid growth because
flammable gases move upward (driven by buoyancy) and burn downstream from where
they were created, thus heating a region of the solid that is not yet degrading. Result-
ing expansion of the pyrolysis region (i.e., the region of the combustible solid undergoing
thermal decomposition) increases the gaseous fuel production, which, in turn increases
the heating. Thorough reviews regarding the fundamentals of flame spread dynamics are
provided elsewhere [27, 28].

Because of this positive feedback, fire development due to upward flame spread is
non-linear and highly sensitive to initial conditions [29, 30]. Further, fire growth rate and
peak fire size can be affected by numerous factors including: material composition and
thermophysical properties [31–33]; initial conditions (i.e., ambient conditions and/or type,
strength, size, and duration of ignition source) [20, 29, 30, 34, 35]; configuration (e.g., fuel
orientation or geometry [32, 36–41]; fuel, loading, spacing or packing density [13, 22, 31,
32, 39, 42–46]; and air entrainment and oxygen availability [31, 32, 39, 40, 47–54].

This study represents a first step in a combined experimental and modeling effort to
develop the tools and techniques (experimental and analytical) needed to quantitatively
predict fire growth rate and peak size of fires due to flame spread over combustible solids
found in NPPs. A careful focus is maintained on the impact of material composition be-
cause it has been noted [5] that the combustible initiating group in more than 95 % of
electrical enclosure fires reported in the Fire Events Database (FEDB) was some sort of
solid (in-situ) material or cable jacketing/insulation material. Advancement of computa-
tionalmodels to allow for the quantitative prediction of flame spread represents significant
progress in how FPEs can use these fire modeling tools: no longer would a design fire have
to be prescribed a priori (which can often require costly, full-scale experiments or simpli-
fying assumptions to select a suitable, potentially over-conservative, design fire) but this
fire growth could be predicted in response to a range of likely ignition conditions based on
the material properties and fuel loading of the combustible solid(s) of interest.

The experiments conducted for this study are designed to provide the following short
and long term impacts:

• Large scale tests are conducted in this work (Vol. 1) with sufficiently severe expo-
sures to qualitatively identify materials that will: (a) not burn, (b) only burn with a
sustained ignition source, or (c) ignite and support self-sustained flaming. This infor-
mation can be used to improve the analysis and determination of fuel loading [22]
in electrical enclosures, which in turn can be used to define peak fire size (HRR) for
use in PRAs.

• Previous reviews of the fire behavior of combustible materials found in NPPs high-
light the need forwell-instrumented experiments, conducted across a rangeof scales,
that enable the simulation of large-scale fire behavior “based on fuel parameter val-
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ues obtained primarily from small-scale tests” [55]. Large-scale experiments con-
ducted in this work (Vol. 1) are therefore carefully designed and instrumented to
provide critical measurement data needed for validation [56] of numerical models
that can predict ignitability, fire growth rate, and peak fire size of combustible solids
(e.g., materials found in electrical enclosures). Bench scale experiments (Vol. 2) are
designed to quantify the material properties controlling this behavior.

A summary of themeasurement data to be collected at each scale is provided below:

Volume 1 (large scale experiments): Measurement data for model validation

Controlling mechanisms of fire growth

– Flame spread over the surface of combustible solids occurs due to positive
feedback between gas-phase energy release (flame-to-surface heat transfer)
and condensed-phase pyrolysis (thermal degradationand generationof gaseous
volatiles). Spatially-resolved measurements of flame-to-surface heat transfer
are thus obtained during upward flame spread over 10 of the 18 materials
tested in this work, with at least 2 replicate measurements obtained at each
measurement location of interest (i.e., height, z) in repeated tests on each ma-
terial.

– For small, laminar wall flames, flame-to-surface heat transfer occurs primarily
by convection [35, 57, 58]. For large, turbulent wall flames, flame heat transfer
is reported to be dominated by radiation [59, 60]. Correspondingly, peak heat
flux from these large wall flames is noted to increase with fuel sooting ten-
dency [61]. It has been shown that, when simulating wall flame spread over
1.5 m tall panels in a corner configuration, representing the flame heat flux as
purely convective or radiative has a substantial impact on the simulation re-
sults (factor of 2x difference in predicted flame spread rate) [62]. Thus, for six
of thematerials tested here (and in repeated experiments), the fraction of total
flame heat flux attributed to radiation was calculated by measuring both total,
q̇
′′
total, and purely radiative, q̇

′′
rad, components of flame heat flux using multiple

measurement devices positioned at the same height in the sample.

Global quantities characterizing fire behavior

– Initial and final sample mass;

– Time-resolvedmeasurements of fire size (i.e., HRR), soot generation, and gaseous
species (CO and CO2) production;

– Ignition time (s) and fire growth rate (in response to a well-characterized igni-
tion source);
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– Peak heat release rate (kW) and total heat released (MJ);

– Radiative heat flux at a distance (kW/m2);

– Heat of combustion, ∆Hc (kJ/g);

– Species yields, YCO and Ysoot (g/g);

– Photographs and video of material ignition and fire growth behavior

Volume 2 (bench scale experiments): Measurement data for model calibration
(i.e., material property determination)
This dataset includes results from (a) mg-scale experiments — themogravimetric
analysis (TGA), differential scanning calorimetry (DSC), and microscale combustion
calorimetry (MCC)— that can be used, among other things, to determine decompo-
sition reaction mechanisms tested in this work as well as associated kinetics, ther-
modynamics, and heats of combustion of the gaseous volatiles that they produce
and (b) g-scale controlled atmosphere gasification experiments that can be used
to determine material properties controlling heat and mass transport through the
solid and to validate numerical predictions of material decomposition under well-
characterized heating conditions [63–65].

Future work can consider the impact of key secondary factors that affect fire growth
rate: e.g., type and strength of ignition source, aging of fuels, ventilation conditions, phys-
ical phenomena (e.g., melt flow and dripping), and configuration factors such as panel
spacing or fuel packing density, orientation, and geometry. These configuration factors
may be of great interest as previous cable fire research has demonstrated that, “the pa-
rameter that has the most effect on the test results [i.e., the fire response of cables in
real-scale tests] is the method of mounting the tested cables” [43].
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2. Experimental

2.1. Test Configuration/Apparatus

A representative selection of electrical enclosures found in Nuclear Power Plants (NPPs)
—which shows typical combustible loading, configuration, and ventilation conditions— is
presented in NUREG/CR-7197 [20]. Although not intended to be a comprehensive survey
of all possible enclosure designs or fuel-loading configurations, these images demonstrate
that electrical enclosures contain a range of wiring and electrical equipment (e.g., circuit
boards, circuit breakers, relays) with a variety of loadings (i.e., packing densities of com-
bustible components within the enclosures). Pictures of two electrical enclosures origi-
nally shown in NUREG/CR-7197 [20], are reproduced in this work as Fig. 1. Figure 2 shows
a representative row of open electrical enclosures that could be found in and around the
main control room in a NPP. As seen in each of these images, the combustible solid com-
ponents (e.g., wires or circuit boards) found within these systems are typically attached to
the interior walls of the enclosures.

Fig. 1. Photographs of electrical enclosures typically found near the main control room in a
Nuclear Power Plant.

In this study, a test assembly was thus developed that could (a) represent the fuel load-
ing of a typical electrical enclosure and (b) allow for the quantitative study of ignitability,
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Fig. 2. Photograph of a series of electrical enclosures in a Nuclear Power Plant.

fire growth rate, and peak fire size of enclosure fires in which the impact of material com-
position was highlighted while de-emphasizing potential variations due to physical con-
figuration factors (e.g., fuel packing density, orientation, or spacing). Future tests that
consider the impact of such key factors are important, but beyond the scope of this work.
The reader is refered to NIST Technical Note 2232 (OLIVE FIRE) [23] for a recent study on
the impact of ventilation on peak fire size (i.e., peak HRR) in electrical enclosure fires and
modeling guidelines for growing vs. interruptible fires (i.e., fires that grow immediately
after ignition or show no significant growth for a period of time after ignition) [19].

Figure 3 provides a schematic of the test apparatus used for each of the full scale ex-
periments conducted in this work. The design of this apparatus was based on an assembly
originally developed at FM Global for experiments that measured fire propagation and
smoke development behavior of polymeric materials [66]; this test method has been stan-
dardized as FM 4910 [67]. Here, combustible solids aremounted (facing one another) onto
two inert parallel walls and ignited at their base using a 60 kW propane burner.
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As seen in Fig. 3, in this work, a steel frame was constructed to support two parallel
panels, each 2.44 m tall by 0.61 m wide (nominally 8 ft. tall by 2 ft. wide). The panel
walls were each constructed by a 0.025 m thick layer Marinite Board attached to a 0.013
m thick layer of plywood, both of which are mounted to the vertical metal frame. At the
base of these walls is a rectangular propane burner used for sample ignition. The metal
support frame for the NIST/NRC Parallel Panel Apparatus was constructed in two parts,
each positioned on a sliding track. This track allowed for the testing of combustible solids
(samples)with varying initial thickness: at the start of each test, the panelswere positioned
such that the front surface of each sample aligned with the outer edge of the propane
burner below (i.e., 30 cm apart). Depending on the sample’s thickness (up to 0.05 m), a
strip of flexible Kaowool insulation blanket was supported by a metal plate at the base of
the assembly, as needed, to seal the gap between the base of the sample (and theMarinite
board) and the outer edge of the propane burner 3.

In tests conducted in this work, most samples were attached to the parallel panel walls
by a series of bolts (twelve bolts per panel, evenly distributed at six heights, z, across the
height of each sample). Each bolt was drilled approximately 10 cm away from the center-
line of the panels (i.e., at y = - 10 cm or y = 10 cm; see Fig. 3 for relevant coordinate system).
A steel washer, approximately 2.5 cm in diameter, was used to distribute the load held by
the bolt at each attachment point at the sample’s front surface. Additionally, multiple steel
brackets were used to secure the top, bottom, and outer edges of each sample to the panel
walls. For porous polymer foams tested in this work, steel bolts were not used; instead, 12
gauge steel wire was placed across the front of the sample and threaded through each bolt
location, to affix samples to the wall. At up to four additional locations across the height
of foam samples, horizontal strips of this same wire were wrapped around the entire front
surface of samples and affixed to the back of the panel. Representative images of each
test conducted in this work (which depict sample mounting conditions) are available in
Appendix C.

The entire parallel panel test assembly was positioned beneath the 6.1 m by 6.1 m
exhaust hood at the National Fire Research Laboratory (NFRL) at NIST, which is instru-
mented and capable of performing heat release rate measurements by oxygen consump-
tion calorimetry for fires up to 3 MW [68], with an average combined uncertainty for
generic combustible fuels of 6.8 %. Additionally, for tests on ten of the materials tested in
this work — i.e., ABS, HIPS, GPO-1, GPO-3, SIS wire, OSB, PMMA, POM-GF, PVC, and West-
ern Red Cedar (thesematerial designations are clarified in Table 1)—flame-to-surface heat
fluxmeasurements were obtained by a series of up to 14 water-cooled heat flux gauges po-
sitioned flush with the the front surface of the wall lining materials. More details about
these measurement devices and techniques as well as their respective capabilities and
uncertainties are provided in Sec. 2.3.

3The identification of any commercial product or trade name does not imply endorsement or recommenda-
tion by NIST (or any other contributing institution).
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Propane Burner

Dimensions
Length: 0.61 m
Width: 0.30 m
Height: 0.30 m

Combustible Solid (0.006 to 0.05 m thick)
Marinite Board (0.025 m thick)
Plywood (0.013 m thick)

0.61 m

2.44 m

0.30 m

Fig. 3. Schematic of the NIST/NRC Parallel Panel Apparatus. Origin of coordinate system is located
at the center of the top of the propane burner.

2.2. Materials

Table 1 provides an overviewof each of the 18 combustible solids tested in thiswork. Awide
range of combustible solids was tested, including: natural and synthetic polymers, copoly-
mers (alloys), fiberglass-reinforced composite materials, porous polymer foams, and elec-
trical cables. Some of these materials were selected because they can expected to be
found in electrical cabinets and circuit boards (e.g., SIS Wire, GPO-1 and GPO-3, and PBT).
Other materials, several of which were chosen due to their involvement in previously re-
ported fire events in NPPs [69–72], were selected in order to observe a wide range of burn-
ing behaviors: charring and non-charring materials; physical deformation (e.g, swelling,
collapse, dripping, and/or melt flow); heavy or light soot formation; and ease of ignitabil-
ity.
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Previous experiments studying laminar flame spread (samples less than 20 cm tall)
over the surface of multiple polymeric materials [73] were used to guide this material se-
lection. Figure 4, which was reproduced from a recent work [73], demonstrates some of
these burning behaviors (including polymer melt flow, heavy soot formation and deposi-
tion, and sample burnout) during flame spread over six unique materials, each of which
was also tested at the full scale in this test series. The blue flame (second image from left in
Fig. 4) is supported by poly(oxymethylene) (POM),which is a highly-oxygenated (more than
50 wt.% oxygen), non-sooting fuel. Additionally, to explore the parameter space of ma-
terial properties controlling flammability behavior, for some selected polymers, the same
material (nominally) was procured from two different sources or in multiple densities or
thicknesses (which could each vary, in these tests, by up to a factor of 3 or 4, respectively).

Fig. 4. Representative behavior of laminar wall flames supported by six common commodity
plastics: (from left to right) PMMA, POM-GF, HIPS, ABS, PBT (reinforcecd with 20 wt.% chopped
glass fibers), and fiberglass-reinforced polyester.
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2.3. Instrumentation

2.3.1. Video and Photographs

Two digital cameras were used to record video of material burning behavior throughout
each experiment. A digital single-lens reflex camera (Canon EOS 5D Mark IV) was po-
sitioned to view the two panels from a large stand-off distance (i.e., at approximately
x = 0 m, y = − 8 m, and z = 1 m). A custom script was written to analyze record-
ings from this camera to quantify uniformity of flame length development along either
wall during experiments. This script extracts still frames (at 3 Hz) from video recordings,
converts the images to gray scale, and determines flame length (z f ) along either wall based
on critical average brightness (light intensity of 75 % of the maximum pixel brightness) and
whether the light intensity criteria is continuous over 3 vertical pixels. This analysis helped
to inform understanding of flame uniformity (fromwall-to-wall) during experiments; how-
ever, script outputs (e.g., time-resolved plots of flame height along either panel wall are
not presented in this manuscript).

One or two hi-definition, wide-angle camera(s) (GoPro Hero 4 or Logitech HD Pro C920
Webcam), were also placed near the base4 of the parallel panel assembly to provide a
close up view of the surface of one (or both) of the panel wall(s) as it burned. Videos
recorded during each test are available online on the NIST Fire Calorimetry Database [1].
Photographs were also taken prior to ignition (setup) and throughout each experiment
using a SONY Model Number SLT-A55V camera.

Still photographs were taken prior to ignition (test setup) and throughout each experi-
ment using a SONY Model Number SLT-A55V camera. This camera was moved throughout
each test, as needed, to provide additional perspective on burning phenomena represen-
tative of the specificmaterial being tested. Four representative images of material burning
behavior (pre-test, ignition, peak HRR, end of test) are provided for each experiment in Ap-
pendix C.

2.3.2. Heat Release Rate and Species Yields

All experiments were conducted underneath the 6.1 m by 6.1 m exhaust hood at the Na-
tional Fire Research Laboratory (NFRL) at NIST. The base of this hood is positioned approx-
imately 6.4 m above the test floor and is capable of performing heat release rate measure-
ments by oxygen consumption calorimetry with a nominal capacity of 3 MW. Reported
uncertainty in measured heat release rates in this system averages 6.5 % across the range
of fire sizes observed in this test series (0.1 MW to 4.2 MW) [68]. Previous experiments
indicate that this calorimeter can resolve fire events with HRR peaks lasting at least 15 s.

This system is instrumented to measure gaseous species concentrations (i.e., O2, CO,
and CO2); smoke particulate generated by the fire is also measured via the light extinction
of a HeNe laser beam across the center of the exhaust duct. This mesaurment method

4These cameras were positioned at approximately x = ± 2.0 m to 2.5 m, y = ±−2.0 m to 2.5 m, and
z = −0.15m to view opposite panel walls ).

14

https://www.nist.gov/el/fcd/vertical-upward-flamespread-on-parallel-panels


follows the optical design and implementation described elsewhere [74]5. These mea-
surements were used to calculate soot and gaseous species yields (Yi [g/g]) for each of the
materials tested in this work (when total sample mass loss data was available).

For most experiments conducted in this work, an exhaust flow rate of 16 kg/s was
used to minimize the influence of induced air flow on fire behavior and on the resolution
of HRR measurements, while maintaining adequate ventilation of combustion products.
For highly sooting materials (e.g., ABS or HIPS) or those which produced more hazardous
gaseous volatiles or combustion products during pyrolysis and/or burning (e.g., POM-GF
or PVC) this exhaust flow rate was increased to 20 kg/s. When these highly-sooting or
more toxic materials were tested, gaseous combustion products and smoke particules
were treated prior to release into the atmosphere using an emissions control system (ECS)
to comply with local environmental requirements. The ECS is positioned downstream in
the exhaust duct from all measurement devices used in this system (i.e., gas volume frac-
tion, temperature, and velocity).

2.3.3. Heat Flux

For all experiments, a Schmidt-Boelter heat flux gauge (2.54 cm diameter), with a response
time of less than 100 ms, was positioned approximately 4.25 m away from the parallel
panel assembly, approximately 45 degrees away from the gap between the two panels
(i.e., at x = -3 m or -1 m, y = -3 m, z = 0.9 m)6. This gauge was used to identify the timing
of fire events at the test floor and to provide a measurement of radiation heat transfer at
a distance from the fire for model validation.

For experiments involving ABS, HIPS, GPO-1, GPO-3, SIS wire, OSB, PMMA, POM-GF,
PVC, and Western Red Cedar, flame-to-surface heat flux measurements were obtained
by an array of up to 14 water-cooled Schmidt-Boelter heat flux gauges, each positioned
flush with the front surface of the samples. An additional series of experiments was also
conducted in which heat flux from the propane burner flames to inert panel walls (i.e.,
Marinite panels) was measured. These tests quantified the spatial uniformity and time-
dependent nature of the heat feedback profile of this ignition source as well as its re-
peatability from test to test. Burner characterization experiments were repeated several
times throughout the test series, to ensure reproducibility of this ignition source. Across
each of these experiments, heat flux gauges could be located along the centerline of pan-
els (y = 0 cm) at nine unique heights (z = 10, 20, 30, 50, 75, 100, 140, 180, and 220 cm).
At five of these heights (z = 20, 50, 75, 100, and 180 cm) heat flux gauges could also be
distributed across the width of the panels (i.e., at y = -25, -15, 0, 15, and 25 cm).

At each of the measurement locations, a 2.54 cm (1 in) diameter hole was first drilled
through the Marinite and plywood layers of the parallel panel assembly; for a given test,
5From Mulholland and Croarkin [75], the recommended value and standard uncertainty for the specific ex-
tinction coeffcient of flame generated smoke are 8.71 m2/g± 0.47 m2/g.
6The location of the heat flux gauge used to measure radiation heat transfer at a distance away from the
parallel panel walls may vary between tests; test-specific location of this heat flux gauge is provided in
Appendix C.
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when gauges were not positioned at these locations, these holes were filled with ceramic
fiber insulation. After the samplesweremounted to the panelwalls, a holewas then drilled
with a diameter matching that of the heat flux gauge to be used.

All heat flux gauges used in this work varied between 0.64 cm and 1.59 cm in diameter
(nominally between 1/4 in and 5/8 in). For the majority of tests only 0.95 cm and 1.59 cm
gauges were used. In repeated experiments in which differently-sized-gauges were posi-
tioned at the same location, no statistically significant difference is heat fluxwasmeasured.
This suggests that, for this system, the presence of the heat flux gauge did not strongly im-
pact material burning behavior or flame structure (e.g., due to blowing [76] or quenching
effects [77]). Each gauge was inserted through the back of the panel (and sample) and
positioned such that its front surface was flush with that of the test sample. Behind the
sample, the body of each gauge was protected by an insulation collar: a cylindrical bush-
ing, 2 cm to 3 cm long, with an outer diameter of 2.54 cm and an inner diameter matching
that of the gauge. Gauges were held in place throughout each experiment using a clamp
or a length of 12 gauge wire that firmly attached gauge water cooling lines to horizontal
lengths of wood (i.e., a shelf) affixed to the back of the parallel panel assembly.

When using water-cooled heat flux gauges to measure wall flame heat flux, their sur-
face temperature is typically lower than that of the surrounding pyrolyzing material, in
which case the measured rate of heat transfer from flame to burning surface is over-
estimated. To correct for this, up to six of the water-cooled heat flux gauges had em-
bedded k-type thermocouples; the starting locations of these gauges were therefore care-
fully selected to provide optimal spatial resolution of gauge temperature data (e.g., if two
gauges of the same size were placed at the same height, and thus likely to observe similar
time-resolved heating, temperature readings from one gauge could provide a reasonable
estimate for the other).

The radiative (q̇′′
rad) and total (q̇

′′
total) heat flux from flames can be measured using mul-

tiple devices [78, 79]. Multiple experiments were conducted in which the total and radia-
tive heat flux wasmeasured by a pair of water-cooled heat flux gauges located at the same
height. To protect the gauges’ surface from deposits, both gauges were shielded during
the initial stages of the experiments by small, custom fitted pieces of insulation. Once
steady flaming conditions were observed, the shields were removed and a “clean gauge”
measurement of incident heat flux was recorded.

Heat flux gauge insulation shields were formed from a 0.6 cm-thick disc of Kaowool
PM board (a rigid, ceramic fiber insulation) that measured 2.5 cm in diameter. As shown
in Fig. 5 these shields (four white discs on the left panel) were held in place during test-
ing by 0.6 cm diameter metal rods that were compressed between the two panels, acting
as springs that pressed the insulation shields towards the front surface of either heat flux
gauge as needed. Attached to each rod was a length of thin wire that was used to pull
the rods (with shields attached) out from the panel walls. In separate tests, shields were
removed at different times based on the time needed for continuous flaming to be ob-
served at the gauge location of interest. For a given test, shield removal time could vary
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with height. However, at the same height, shields were always removed simultaneously
to expose both the total heat flux gauge and the radiometer to flames at the same time.

Fig. 5. Photograph of GPO-1 prior to testing showing mounting, support, and shielded of heat flux
gauges. Here, each panel wall is instrumented with heat flux gauges; on the left wall, two gauges
at each height z = 100 cm and z = 180 cm are shielded by 2.54 cm diameter insulation discs to
ensure clean gauge readings of q̇

′′
rad and q̇

′′
total.

Prior to each test, total heat flux gauges were cleaned, repainted with an optical black
coating supplied by the gaugemanufacturer (listed average absorptanceof 0.95 from0.3 µm
to 15 µm), and calibrated using a secondary standard gauge in a well-characterized cali-
bration facility[80]. Repeated refinishing of the heat flux gauge ensured the accuracy of
recorded measurements, despite potential accumulation of deposits on its surface by the
conclusion of each test.

For the first series of experiments in which heat flux gauges were used (12 total exper-
iments: PMMA, R1-R6; GPO-3, R1-R3; SIS Wire/GPO-3, R2; PVC R1 and R2)7 this calibration
was performed as follows. First, the supply voltage and current to a 2000 W tungsten–

7Here, ‘R#’ indicates test repetition number.
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halogen filament lamp (used as a heat source) was set and allowed to stabilize for 20 min-
utes. A reference water-cooled Schmidt-Boelter heat flux gauge (SN124421, a secondary
standard), originally calibrated by the Radiometric Physics Division of the National Bureau
of Standards (now NIST), is then positioned at a reproducible location (in a water-cooled
mount) in front of this heat source and the voltage generated by this gauge is recorded.
The reference gauge is removed, replaced by the gauge being calibrated, and its voltage
signal is recorded. Up to 12 heat flux gauges were calibrated at a time (in series) in this
manner; after the readings from four different gauges were recorded, the voltage signal
produced by the reference gauge is remeasured to ensure that the applied radiant heat
flux remains constant.

Once a calibration is complete at a given heat flux, the power to the lamp is adjusted to
the next flux level, and the measurement procedure is repeated. In total, three heat flux
levels are chosen (between 3.5 kW/m2 and 15 kW/m2). After measurements are obtained
by all gauges at each of these three flux values, the incident heat flux [kW/m2] measured
by the reference gauge is plotted versus measured response [mV] of the gauge being cal-
ibrated; a linear least-squares fit of this data is calculated and gauge sensitivity is then
reported in terms of (kW/m2)/mV. Further details regarding this calibration procedure are
provided elsewhere [80, 81].

The sensitivity coefficient calculated for each heat flux gauge used in this test series
was logged after each calibration. After an initial series of experiments and gauge calibra-
tions (Tests 1-14), calibration logs were reviewed for each of these gauges (145 total gauge
uses across repeated tests; gauge diameters of 0.64 cm, 0.95 cm, and 1.59 cm). This review
demonstrated that the repeated use (direct flame exposure in parallel panel experiments),
cleaning, repainting, and recalibration of each of these gauges did not significantly affect
their measured sensitivities. That is, throughout these use, cleaning, repainting, and re-
calibration cycles, measured sensitivity of each gauge varied by (on average) less than 1 %
and this value showed no systematic dependence on time, gauge exposure, or gauge size.

To limit the time needed for recalibration of gauges used later in this test series —
for all gauges used in a single experiment (on average, 12 gauges), calibration requires ap-
proximately 4 hours when two trained laboratory technicians are available (neglecting the
time required for their cleaning and repainting) — an expedited calibration procedure was
thus developed as follows (and used for Tests 15 - 66). At the start of a new round of test-
ing (two weeks of continuous testing, conducting up to five experiments recording heat
flux measurements during this time) heat flux gauges were cleaned, repainted, and recal-
ibrated as described above. However, during this test series, after gauges were cleaned
and repainted, an average sensitivity coefficient was prescribed as the calculated mean
value of all recent calibration results. For each gauge, prior to testing, this average cal-
ibration was spot checked by placing the heat flux gauge of interest side by side with a
reference gauge, such that they were both positioned 2.54 cm below the center of the ra-
diant heater of a cone calorimeter [82]. The cone heater was set to approximately 800 ◦C
to provide an incident radiant heat flux of approximately 50 kW m−2 and the response of
the freshly painted gauge was recorded. On average (236 total spot checks), measured

18



gauge response matched the reference value within 1 %, thus confirming the accuracy of
this calibration approach.

A detailed uncertainty analysis of this calibration technique is provided in Appendix B.4.
The sensitivity coefficient calculated for each heat flux gaugewas logged after each cal-

ibration. After an initial series of experiments and gauge calibrations, a reviewof these logs
(145 separate measurements, including 1/4 in., 3/8 in., and 5/8 in. diameter gauges; be-
tween 0.64 cm and 1.59 cm in diameter ) demonstrated that the repeated use (direct flame
exposure in parallel panel experiments), cleaning, repainting, and recalibration of each of
these gauges did not significantly affect their measured sensitivities. That is, throughout
14 use, cleaning, repainting, and recalibration cycles, measured sensitivity of each gauge
varied by (on average) less than 1 % and this value showed no systematic dependence on
time/gauge use. Thus, to limit the time needed for recalibration of gauges for experiments
conducted later in the test series — for all gauges used in a single experiment (on average,
12 gauges), calibration requires approximately 4 hours when two trained laboratory tech-
nicians are available (neglecting the time required for their cleaning and repainting) — an
expedited calibration procedure was used as follows.

Measurements of q̇
′′
rad were obtained using a 0.95 cm diameter water-cooled Schmidt-

Boelter heat flux gauge that had been fitted at their front surface with a 1 mm thick ZnSe
window, of viewing angle 150◦. ZnSe windows were selected due to their near constant
transmitance (τ ≃ 0.7) between 1 µm and 17 µm; this corresponds to a near constant
fractional transmission of electromagnetic radiation for blackbody temperatures between
500◦C and 2000◦C [83], which spans the range of expected wall and flame temperatures
observed in these experiments. Prior to each test, after cleaning and repainting of gauges,
ZnSe windows were cleaned (soaked in an acetone solution and gently wiped with an
acetone-soaked cotton cloth), reattached to a total heat flux gauge, and then calibrated
beneath the heater of a cone calorimeter as described above. This calibration approach
accounted for reductions in measured radiation heat flux to the gauge sensor due to the
reduced transmissivity of the ZnSe window and its limited viewing angle. When exposed
to the harsh conditions of direct flame impingement, the transmissivities of these win-
dows would decrease over time. Consequently, ZnSe windows were replaced when their
calibrated transmissivities decreased below (approximately) 30% of their original values.

During parallel panel experiments, heat flux (and heat flux gauge temperature) mea-
surements were recorded using National Instruments (NI) data acquisition (DAQ) modules
(NI-9213I/O-Modules) connected to a cDAQ-9184 chassis. Data signals were acquired and
recorded using a custom program calledMIDAS (Modular In-situ Data Acquisition System),
which was developed in LabVIEW. Each channel (i.e., each thermocouple and heat flux
gauge signal) was sampled at 90 Hz; mean values were then recorded at 1 Hz as the nu-
merical mean of measured values obtained across a 1 s time interval. The NI-9213 modules
have a typical gain error 0.04% (percentage of voltage reading) and 0.017mV typical offset
error under the operating conditions in these experiments. Ultimately, the uncertainties
from the DAQ system were orders of magnitude lower than those of the measurements
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devices and/or systems used in these experiments. Detailed calculations of measurement
uncertainties are provided in AppendixB.4.

At the conclusion of this test series, a recalibration and validation exercise was con-
ducted with the support of the Optical Radiation Group of the NIST Physical Measurement
Laboratory. This exercise identified a calibration issue with the reference heat flux gauge
(SN124421) that was used as the secondary standard (in the tungsten lamp calibration ap-
paratus [80]) to calibrate all heat flux gauges used in this parallel panel test series: specifi-
cally, when calibrated against a blackbody [84], SN124421 produced a non-linear response
that yielded a bias (4.3 % overestimate of measured heat fluxes) in the tungsten lamp
calibration apparatus. A means to correct this bias (4.3 % error) in measurements was de-
veloped and validated through a test series that included repeated calibrations of seven
Schmidt-Boelter heat flux gauges in the tungsten lamp calibration apparatus [80] and the
calibration of three of these gauges against a blackbody [84] (one of which now serves
as the new reference heat flux gauge for calibrations performed in the NIST Fire Research
Division). Details of this gauge calibration and validation exercise will be provided in an
upcoming report [85].

A detailed uncertainty analysis of this calibration technique (as applied in this study)
is provided in Appendix B.4. The major sources of uncertainty for these calibration tech-
niques include:

• The combined standard uncertainty of calibrations performed in the blackbody ap-
paratus of the NIST Optical Radiation Group (1.5 %).

• The repeatability of calibrationsmade in the tungsten lamp calibration apparatus [80]
or beneath the cone calorimeter (estimated as 0.5 %; type B uncertainty).

• Measured average drift (decrease in sensitivity from the beginning to the end of
the parallel panel test series) in the calibration coefficients of each of the heat flux
gauges used in this test series (1.3 %). This uncertainty component is included as it
is not possible to determine if this represents a real, measurable decrease in gauge
sensitivity that arises as a result of their repeated use during multiple years of test-
ing in harsh conditions, or because of deterioration of the previous reference gauge
(SN124421) that had been used as the secondary standard in the tungsten lamp cal-
ibration apparatus [80].

2.4. Ignition Source

Previous studies have reported that predicting electrical fires is challenging because they
have a particularly low failure rate andmany ignition phenomena have a strong probabilis-
tic aspect to them [9]. Further, it has been reported that it is difficult for an electric arc to
start a fire, even under better-than-average conditions [86]. Nevertheless, fires are known
to start in electrical enclosures: Ref. [5] provides an overview of the ignition sources of
269 electrical enclosure fires that were reported in US NPPs between 1990 and 2011. In
this work, it is noted that the majority (approximately 85 %) of these fires were “initiated
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by some kind of electrical failure: arcing, sparks, or overheating (both [High Energy Arc
Fault] (HEAF) and non-HEAF)”. Further, when fires in these electrical enclosures do occur,
statistics indicate that nearly half of reported [5] events are ‘Challenging’ or ‘Potentially-
Challenging’, which means that they had “an observable and substantive effect on the
environment outside the initiating source” or “could have led to fire growth, fire spread,
equipment damage or cable damage beyond the fire ignition source had the circumstances
of the fire event been different” [4].

In this study, the key research question was not to determine whether or not a spe-
cific electrical discharge (e.g., voltage, current, and/or duration) could ignite a specific fuel
type and configuration of interest. Rather, this study seeks to quantify how material com-
position affects ignitability, fire growth rate, and peak fire size in large-scale experiments
designed to represent electrical enclosure fires. A representative ignition source was thus
designed that was sufficiently severe to ignite the variety of combustible solids that are
found in electrical enclosures in NPPs but still small enough such that fire growth during
experimentswas controlled by flame spreadover the surface of the combustible solids (i.e.,
burner HRR was selected to emphasize flame-spread-driven fire growth). A brief summary
of how this ignition source was designed and characterized is provided:

• A rectangular propane burner (nominal heat release rate: 63 kW) positioned at the
base of the parallel panel assembly was used as the ignition source for all samples.
Two burner configurations were considered:

– Preliminary burner configuration (Tests 1-6) - the burner chamber was filled by
a single layer of pea gravel resting on top of a steel mesh that maintained a
0.05 m plenum at the base of the burner.

– Final burner configuration (Tests 7-66) - multiple layers (from bottom to top:
pea gravel, sand, and a Kaowool insulation blanket) rest on top of the steel
mesh inside of the burner chamber.

• A series of “Burner Shakedown” experiments was conducted in which time-resolved
measurements of burner heat release rate and flame heat flux (to inert panel walls)
was measured. Burner Shakedown tests were repeated throughout the experimen-
tal series to confirm repeatability of its performance.

• The final burner configurationwas selected based on its improved repeatability from
test to test, and a dataset characterizing burner performance is provided for model
validation when simulating these parallel panel experiments.

As seen in Fig. 3, a rectangular propane burner was placed at the base of the paral-
lel panel assembly to ignite samples. A mass flow controller was used to feed chemically
pure (CP grade) propane to the burner at a rate that would support, nominally, a 63 kW
fire. Because the main focus of this series of experiments was to determine the influence
of material composition on early fire growth, an attempt wasmade to turn off the propane
burner as soon as possible in order tominimize its impact on flame spread over the surface
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of each combustible solid. Thus, once (if at all) sustained, uniform ignition was observed
across the base of both parallel panel walls, gas flow to the burner was turned off8. Due
to variations in the decomposition reaction mechanism and thermophysical properties of
eachmaterial tested in this work, burner application time (and sample ignition time) varied
for each material tested. In many cases, after ignition was observed and the burner was
turned off, flames continued to spread upwards across the length of each panel. In some
cases (e.g., OSB or Western Red Cedar) flames were observed to spread upwards while
the burner flame was still on but they were not self-sustaining after the burner was turned
off. In these tests, the burner flame was thus reignited and gas flow was subsequently
maintained throughout the duration of the test; repeated experiments on the same ma-
terial were then conducted with the burner flame turned on throughout the duration of
testing. Burner application time was recorded in each test and is reported in Section 3 and
in Appendix C.

In a separate series of “Burner Shakedown” tests, burner flame heat flux (to inert panel
walls) was measured using an array of up to 12 water-cooled Schmidt-Boelter heat flux
gauges that were positioned across each panel wall, at multiple heights and widths (z- and
y-locations, respectively), such that they were flush with the front surface of either panel.
Gauges were cooled with water from the main building supply line, with an average ini-
tial temperature of 15 ◦C. Approximately half of the heat flux gauges used in each experi-
ment had embedded K-type thermocouples, which continuously monitored temperature
throughout the duration of experiments.

Burner Shakedown tests were repeated multiple times in order to improve the spatial
resolution of heat flux measurements, to quantify measurement variability, and to ensure
reproducibility of the burner throughout the test series. Prior to further analysis, noise
in measured burner HRR and total flame-to-surface heat flux was reduced by applying a
Savitzky-Golay filter (4th order, 39 frames). As seen in Fig. 6, applying this filter removes
random noise in the HRR and q̇

′′ signals without over-smoothing or loss of resolution in
meaningful data (here, filtered and unfiltered HRR and q̇

′′ data are plotted as thick and
thin lines, respectively). Thus, all further burnermeasurements presented throughout this
section represent filtered data.

8Because of the rapid flame spread supported by samples of PolyIso and XPS foam, a discrete sample ignition
time could not be reliably defined in real time (i.e., as experiments were conducted) and so, to improve test
to test repeatability, the propane burner was left on throughout the duration of these experiments. Further
details are provided in Secs. 3.1.10 and 3.1.16.
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Fig. 6. Measurements of (a) burner heat release rate and (b) total heat flux from the burner flame
to water-cooled Schmidt-Boelter heat flux gauges positioned along the centerline of panel walls
during Burner Shakedowns 5, 6, 9, and 11. Thin lines represent smoothed data using a
Savitzky-Golay filter, while thick lines represent the average of the data at that particular height
across Shakedowns.
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Preliminary Burner Configuration
At the start of this test series (i.e., Burner Shakedowns 1-11 and Material Tests 1-6: PMMA
R1-R5 and Redboard R1), the propane burner was filled with a 0.25 m thick layer of pea
gravel that rested on top of a steel mesh that maintained a 0.05 m plenum at the base
of the burner. As seen in Fig. 6a, measured heat release rate in these tests was highly
repeatable (i.e., at the same time in different test repetitions, approximately the same
HRR was measured) thus allowing for a straightforward, unified analysis of wall flame heat
flux measured at different locations across the panel walls in repeated tests.

In each of these Burner Shakedown tests, after burner ignition at time, t = 0, flames
grow as measured HRR quickly increases to approximately 52 kW by t = 40 s. This ‘Burner
Rise Time’, trise, was defined as the first time atwhich the rate of change of burner HRR (i.e.,
dQ̇/dt, calculated as the numerical derivative, 1 s time step, of filtered HRRwith±20 s run-
ning average smoothing applied remained below 0.75 kW s−1 (i.e., dQ̇/dt <0.75 kW s−1)
for a minimum of 5 s. From t = 40 s to t = 80 s, burner HRR continues increasing (at a
slower rate) before finally reaching a relatively steady value of 64 kW. Steady flaming is
observed at time tsteady, which was defined as the first time at which the average rate of
change of HRR (i.e., ±20 s running average of dQ̇/dt) remained below 0.10 kW s−1 (i.e.,
dQ̇/dt <0.10 kW s−1) for a minimum of 10 s. The critical times trise and tsteady are identified
in Fig. 6a as solid black circles and triangles, respectively.

A similar trend in heat flux is observed, as seen in Fig. 7a, which plots filtered, time-
resolvedmeasurements of burner flame heat flux, q̇′′ (obtained at the centerline of panels,
y = 0, and at five different heights, z). As seen here, following burner ignition, measured
flame heat flux quickly increases at each location until trise and then continues increasing
more gradually (by approximately 35 %) until tsteady, at which point a relatively steady value
heat flux, q̇′′

steady, is measured
9. Note: for this original burner configuration, reproducibility

of time-resolved q̇
′′ measurements is lower than that of HRR data.

The average heat flux recorded during the 20 s period after tsteady (shown in Fig. 7a
as the bolded segments of q̇

′′ curves) defines q̇
′′
steady for that test at a given measurement

location of interest. Along the centerline of panels, q̇
′′
steady was found to decrease with

height, z, above the burner as shown in Fig. 7b. Here, colored circles represent values
of q̇

′′
steady measured in individual burner shakedown tests; solid vs. open symbols indi-

cate whether this value was measured on the left or right wall (i.e., at x = −15 cm or
x = 15 cm). Solid black circles represent the average of repeated measurements obtained
at the same height, z, when uniform flaming was observed (see discussion below); error
bars indicate the expanded uncertainty (Uc; 95 % confidence interval, coverage factor = 2).
The primary sources of uncertainty in this measurement include fluctuations in repeated
measurements and the uncertainty in the calibration of the heat flux gauges; details of
this uncertainty calculation are provided in Appendix B.4. Also plotted in this figure is

9After steady flaming is observed, although HRR remains constant, a slight increase in q̇
′′ is measured, likely

due to further increases in temperature at the base of the assembly (which would result in greater reradi-
ation from the parallel panel walls and the top surface of the burner).
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previously-measured heat flux data (gray crosses [87] and gray diamonds [88]) obtained
from burner characterization tests conducted in this same configuration in two previous
studies.
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Fig. 7. Measurements of (a) time-resolved total heat flux, q̇′′ , from the burner flame to
water-cooled Schmidt-Boelter heat flux gauges positioned along the centerline of panel walls
during Burner Shakedowns 5, 6, 9, and 11 (‘Preliminary Configuration’) and (b) steady state heat
flux, q̇′′

steady, to the centerline of panel walls as a function of height, z above the burner. Solid vs.
open symbols indicate whether q̇

′′
steady was measured on the left or right wall, respectively. Error

bars indicate expanded uncertainty of the heat flux measurements (Uc; 95% confidence interval,
coverage factor = 2), as described in Appendix B.2.

Collectively, the results shown in Fig. 7 demonstrate that burner flame heat feedback
is fairly repeatable between tests. However, for a given test there can be notable wall-to-
wall variability. Wall flame heat flux measurements and video recordings of burner flame
behavior were analyzed to quantify (and determine the source of) potential variations in
burner heat feedback between repeated experiments. The results of this analysis indicate
that the primary source of these variations was stochastic flame attachment to a single
panel wall (as opposed to uniform flame exposure to both panel walls). This is demon-
strated in Fig. 8, which shows that measured flame heat feedback (Fig. 8b) is the same to
both panel walls in a single experiment when uniform flaming is observed (Fig. 8a). How-
ever, as seen in Fig. 9, measured flame heat flux and flame height (i.e., the length scale,
z, over which elevated heat fluxes were measured) were substantially higher or lower de-
pendending on the presence or absence of flames along that wall. In Section 3 the impact
of this variability on measured ignition of (and fire growth across) combustible solids is
discussed. It was observed that the addition of a 0.075 m layer of sand and a 0.025 m
thick Kaowool Blanket at the top of the burner chamber reduced, but did not completely
eliminate, variability in propane burner flame structure (and thus variability in flame heat
feedback and sample ignition behavior), therefore this burner configuration was used for
the majority of experiments.
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(b)Measured q̇
′′
steady during uniform flaming for

Burner Shakedown 9, compared to the average
steady state heat flux. Error bars indicate
expanded uncertainty of the heat flux
measurements (Uc; 95% confidence interval,
coverage factor = 2), as described in Appendix
B.2.

Fig. 8. Impact of flame attachment to panel walls on measured flame heat flux. Here, uniform
flame heat flux is measured along either panel wall, consistent with observed flame structure.

(a) Burner flame structure
with preferential flame
attachment on left wall
(Shakedown 11, green
symbols at right)

(b) Burner flame structure
with preferential flame
attachment on right wall
(Shakedown 5, red
symbols at right)
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(c)Measured q̇
′′
steady along the left panel wall

with preferential flame attachment. Error bars
indicate expanded uncertainty of the heat flux
measurements (Uc; 95% confidence interval,
coverage factor = 2), as described in Appendix
B.2.

Fig. 9. Impact of flame attachment to panel walls on measured flame heat flux. Here, images (a)
and (b) demonstrate preferential flame attachment to the left or right panel walls (at x =−15 cm
or x = 15 cm, respectively). Image (c) demonstrates that, consistent with flame structure,
measured flame heat flux along the left wall is correspondingly higher or lower in these cases as
compared to the average values measured during uniform flaming.
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Final Burner Configuration
For the majority of the experiments conducted in this work (i.e., Burner Shakedowns 12-27
andMaterial Tests 7-66, including PMMAR6) the burner was filled with a 0.15m deep layer
of pea gravel, topped by 0.075m layer of sand, and a 0.025m thick sheet of porous, flexible
insulation (Kaowool Blanket). This final configuration was selected because it supported
more uniform flaming across the burner’s surface and, between repeated tests, greater
reproducibility of flame structure along either panel wall.

Figure 10a plots the HRRmeasured in each burner shakedown test that was conducted
using the final burner configuration. As seen here, in each of these tests, HRR rises to a
steady state value after ignition (quickly at first, until trise and then more gradually until
tsteady) but two distinct groups of HRR profiles are observed: (1) those that reach tsteady
within approximately 80 s (as observed in shakedown tests of the burner in its preliminary
configuration) and (2) those that reach steady HRR within approximately 45 s 10.

Analysis of these results revealed that the more rapid observation of steady state be-
havior (i.e., tsteady = 45 s) occurred only in test repetitions that were conducted within
approximately 30 minutes of one another (likely as a result of the gas transfer line and
lower plenum of the propane burner having been recently filled in the prior experiment).
However, both of these groups of tests (fast and slow) reach a steady state HRR of approx-
imately 63 kW and, at this HRR, measured q̇

′′
steady is approximately equal. Further analysis

demonstrated that wall flame heat fluxes measured at the same location along the panel
wall throughout the duration of Burner Shakedown tests (both fast and slow) were highly
repeatable when compared at the same HRR. Consequently, q̇

′′ measurements from all
Burner Shakedown tests conducted using the final burner configuration could be analyzed
together (for enhanced statistics and greater spatial resolution in measurements) when
these measurements were unified as a function of burner HRR rather than time. Final re-
ported time-resolved HRR values (e.g., HRR at 20 s, 40 s, 60 s, or 80 s) are thus defined
based only on Burner Shakedown tests in which tsteady = 80 s, as this matches the time
response observed during parallel panel tests with combustible solids.

Fig. 10b, plots time-resolved measurements of burner flame heat flux, q̇
′′ obtained at

the centerline of panels, y = 0, and at four different heights, z (note: test data shown here
is taken only from Burner Shakedown tests in which tsteady = 45 s). As seen here, following
burner ignition, measured flame heat flux quickly increases at each location before reach-
ing a relatively steady value, q̇

′′
steady. With this new burner configuration, time-resolved

measurements of q̇
′′ (at the same height, z) show greater reproducibility from test to test

(compare to q̇
′′ shown in Fig. 7a). The average heat flux recorded during a 20 s period after

tsteady (shown in Fig. 10b as the bolded segments of q̇
′′ curves) is then used to define q̇

′′
steady

for that test. Fig. 10c.

10Note: trise and tsteady are defined identically for both the Preliminary and Final Burner Configurations. trise
is defined as the first time that a ±20 s running average of dQ̇/dt remained below 0.75 kW s−1 for 5
seconds. tsteady is defined as the first time a±20 s running average of dQ̇/dt remained below 0.10 kW s−1

for 10 seconds.
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Figure 10c plots q̇
′′
steady along the centerline of panel wall with the burner in its final

configuration. This includes data from Burner Shakedown tests in which tsteady = 45 s and
tsteady = 80 s. Here, colored circles represent values of q̇′′

steadymeasured in individual burner
shakedown tests; solid vs. open symbols indicate whether this value was measured on
the left or right wall (i.e., at x = −15 cm or x = 15 cm). Solid black circles represent the
average of repeated measurements obtained at the same height, z. Error bars indicate
an expanded uncertainty (Uc; 95 % confidence interval, coverage factor = 2); details of
this uncertainty calculation are provided in Appendix B.4. Also plotted in this figure (as
gray crosses [87] and gray diamonds [88]) is previously-measured heat flux data obtained
from burner characterization tests conducted in this same configuration (a parallel panel
assembly with the same burner dimensions, HRR, and fuel type).

As seen here, flame heat flux measured in the current study (final burner configura-
tion) is generally consistent with previous measurements: q̇

′′
steady was found to decrease

with height, z (slightly higher than 2007 data, gray crosses [87]; approximately equal to
1997 data, gray diamonds [88]). These two reference datasets were obtained in the same
laboratory under nominally the same conditions and burner configuration; though tests
were ten years apart, the latter study notes that, “the reason for this difference [in mea-
sured flame heat flux profiles] is unknown” [87].

Wall flame heat flux measurements and video recordings of burner flame behavior
were further analyzed to characterize the uniformity of burner flame structure across the
width of the panel (y-dimension), and from leftwall to rightwall (x=−15 cmor x= 15 cm).
This analysis revealed that, during these burner shakedown experiments, flame structure
and heat feedback were similar between either panel wall. Thus, measurements of flame
heat flux taken from opposite panel walls (i.e., at x = −15 cm and x = 15 cm) were av-
eraged together (at the same y and z) such that spatially-resolved measurements of the
average total burner flame heat flux across the panel walls could be calculated. Figure 11
provides representative profiles of these average measurements at four different heat re-
lease rates: Q̇ = 20 kW, 35 kW, 50 kW, and 63 kW. Recall: the y and z dimensions identify
location across the panel width and above the base of the panel walls, respectively). Note:
isocontours are interpolated between individual measurement locations, which are iden-
tified in Fig. 11 by solid black symbols. At each of these locations, q̇′′ measurements shown
here represent average values obtained from least 3 unique heat flux gauges in different
tests (up to 12 for measurements along the centerline, y = 0).
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Fig. 10. Propane burner behavior in its final configuration measured during Burner Shakedowns
23 through 27: (a) burner heat release rate; (b) time-resolved total heat flux , q̇′′ , from the burner
flame to water-cooled Schmidt-Boelter heat flux gauges positioned along the centerline of panel
walls during Burner Shakedowns 23 through 27; and (c) steady state heat flux, q̇

′′
steady, to the

centerline of panel walls as a function of height, z above the burner. Bolded segments of q̇
′′ curves

highlighted in (b) are used to define q̇
′′
steady measurements plotted in (c). Error bars in (c) indicate

expanded uncertainty of the heat flux measurements (Uc; 95% confidence interval, coverage
factor = 2), as described in Appendix B.2.
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(d) Q̇ = 63 kW (i.e., at steady state)

Fig. 11. Spatially-resolved measurements of burner flame heat flux.
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Summary of Burner Setup for Fire Modeling
As seen in Fig. 3, a rectangular propane burner was placed at the base of the parallel panel
assembly to ignite samples. A mass flow controller was used to feed propane (CP grade,
99% purity) to the burner at a rate that would support, nominally, a 63 kWfire. For the the
first six experiments (PMMAR1-R5 andGPO-3 R1), the burnerwas filled onlywith pea gravel
(see Fig. 12c). For Test PMMA R6 (and all further experiments in this test series; i.e., Tests 7
- 66), this burner was filled with a 0.15 m deep layer of pea gravel, topped by 0.075 m layer
of sand, and a 0.025 m thick sheet of porous, flexible insulation (Kaowool Blanket). This
multi-layered-fill design (see Fig. 12d) supportedmore uniform flaming across the burner’s
surface. In both cases, the pea gravel in the burner chamber rested on top of a steel mesh
that maintained a 0.05 m plenum at the base of the burner.

For both burner configurations, measured burner heat release rate (HRR) quickly in-
creases (i.e., at t = 40 s after burner ignition) to 52 kW (pea gravel fill) or to 50 kW (multi-
layer fill); a steady state HRR of 64 kW (pea gravel) or 63 kW (multi-layer) is achieved by
t = 80 s. In a series of repeated experiments, burner flame heat flux (to inert Marinite
walls) was measured at multiple locations across the lower half of the panel walls. Time-
resolved measurements of flame heat flux demonstrate similar behavior to HRR: a quick
rise within the first 40 s of burner ignition, followed by a more gradual increase to quasi-
steady values by t = 80 s.

Figs. 12a and 12b plot total burner flame heat flux measured by water-cooled Schmidt-
Boelter gauges positioned along the centerline of panels, at multiple heights, z above the
base of the panel walls. Tabulated values of burner HRR and centerline burner flame heat
flux (average of repeated measurements obtained 20 s, 40 s, 60 s, and 80 s after burner
ignition) are provided in Table 2 for the preliminary burner configuration (Tests PMMA R1-
R5 and GPO-3 R1), and in Table 3 for the final burner configuration (Tests 7-66, including
PMMAR6). Table 4 provides spatially-resolvedmeasurements (across thewidth andheight
of panel walls; y- and z-dimensions, respectively) of burner flame heat flux (final configura-
tion, multi-layer-fill) obtained during steady flaming (i.e., 20 s average of q̇

′′
burner measure-

ments obtained after HRR = 63 kW); this measurement data is also plotted in Fig. 11d. In
each of these tables and figures, error bars indicate an expanded uncertainty (uexp(q̇

′′
burner))

[see Appendix B.4].
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Fig. 12. Height-resolved measurements of centerline burner flame heat flux (a and b) and
schematics of burner fill in two configurations (c and d). Error bars indicate expanded uncertainty
of the heat flux measurements (Uc; 95% confidence interval, coverage factor = 2), as described in
Appendix B.2.

Table 3. Burner flame heat flux along the centerline (y = 0) of panel walls, 20 s, 40 s, 60 s, and
80 s after burner ignition; Final Burner Configuration, Tests 7-66

Total Heat flux, q′′
burner [kW m−2]

Time [s] HRR [kW] z= 20 cm z= 50 cm z= 75 cm z= 100 cm
20 22±8.5 20.5±1.9 8.4±0.8 5.0±0.6 2.9±0.3
40 50±6.9 41.9±2.3 17.2±1.2 9.8±0.8 5.7±0.4
60 59±6.7 45.7±2.3 19.0±1.1 10.2±0.7 6.0±0.4
80 63±7.0 51.4±2.4 24.2±1.1 13.4±0.7 7.1±0.4

Error bars indicate an expanded uncertainty (uexp(q̇
′′
burner))
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Table 4. Spatially-resolved measurements of burner flame heat flux during steady flaming; Final
Burner Configuration, Tests 7-66

Total Heat flux, q′′
burner [kW m−2]

Height, z [cm] HF y=−25 cm HF y=−15 cm HF y=0 HF y=15 cm HF y=25 cm
20 35.2±2.8 50.9±4.6 51.4±2.6 57.3±3.1 39.9±3.7
50 20.8±2.3 19±1.0 24.2±1.2 22.5±1.5 19.6±1.2
75 6.7±0.8 8.9±0.8 13.4±0.8 12.5±0.7 9.1±0.5
100 3.8±0.3 4.6±0.3 7.1±0.4 5.8±0.3 6.2±0.4

Error bars indicate an expanded uncertainty (uexp(q̇
′′
burner))
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2.5. Test Procedure

The parallel panel apparatus was used to conduct two types of experiments: (1) Burner
Shakedown tests that were used to characterize the heat feedback profile from the rect-
angular propane burner used as ignition source to an inert wall (i.e., the Marinite support
panel) and (2) Ignitability and fire growth experiments that were used to characterize time-
resolved flame heat feedback, heat release rate, and gaseous species production during
upward flame spread over the parallel panel walls. The test procedure of ignitability and
fire growth experiments can be described as follows:

• Initial Setup:

– For select tests (PMMA R1, R2; PBT R1; and all XLPE tests), cover surface11 of
parallel panel Marinite walls with aluminum foil.

– For samples known to melt, flow, and/or drip: cover the sides of the propane
burner, parallel panel support frame, and the gypsum board within 1 m of the
parallel panel support frame with a layer of aluminum foil.

– Measure initial sample mass.
– Prepare and mount test specimen to either wall of the parallel panel frame.
Sample should be secured to frame along edges and every 20 cm to 30 cm
across its surface.

– If used, install and secure water-cooled heat flux gauges (and water lines) at
various heights across the surface of the sample. Confirm sufficient water flow
and data acquisition prior to further setup.

– Call NIST Fire Department and deactivate (place in bypass) automatic fire sup-
pression systems.

– Turn on exhaust fans and open makeup air dampers.
– Verify that area carbon monoxide (CO) detectors and alarms are functioning.
– Turn on measurement and data acquisition (DAQ) systems and verify that they
are functioning.

– Turn on lighting and verify camera settings.
– Prepare the ignition source (spark, pilot tube).
– Confirm adequate water supply to gauges. Cover and protect back/exposed
surfaces of measurement devices using thermal insulation and/or a radiation
shield.

– Verify that all fire suppression water lines are functioning properly.
– Prepare NFRL data acquisition system to record data (heat release, species
yields, and flame heat flux) and video.

11Test-specific details regarding this sample-back-surface boundary condition are provided in Appendix C.
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– Photograph initial test setup.

• Safety Briefing:

– Define roles and responsibilities of test personnel.

– Identify unique hazards of material of interest (e.g., dripping, firebrand forma-
tion, hazardous gaseous volatile production) and define unique test steps (e.g.,
removal of shields protecting selected heat flux gauges).

– Confirm sufficient (and stable) exhaust flow [kg/s].

– Confirm automatic fire suppression systems in bypass, fire department noti-
fied.

– Confirm area carbon monoxide (CO) detectors and alarms are functioning.

– Restrict access to test area, signs posted indicating “Test in Progress”.

• Data Logging, Ignition, and Testing:

– Acquire background data (e.g., heat release rate baseline).

– Begin video recording.

– Ignite fire: Supply gas to propane burner, apply pilot to top of burner until
sustained ignition observed, remove pilot flame.

– If sustained uniform ignition of samples is achieved across the base of both
parallel panel walls, turn off gas flow to burner. If needed (e.g., for samples
that support significant melt flow and/or dripping) cover top of burner with
metal shield.

– If present, remove shields from heat flux gauges after continuous flaming is
observed at those locations.

• End of Test:

– Allow sample to burn to completion OR suppress fire as needed at a time de-
termined by the Test Director in consultation with the Safety Officer (e.g., due
to formation of a large pool fire).

– Verify all test samples fully extinguished and any remaining sample and frame
cool to 50◦C.

– Acquire post-test background heat release rate baseline.

– Re-activate automatic fire suppression systems.

– Collect, weigh, anddispose of any remaining unburnedmaterial, residue and/or
char.

– Safely remove water-cooled heat flux gauges from panel walls.

36



– Secure, store, and/or discard post-test debris.

– Remove debris from top of propane burner; replace sand / kaowool blanket at
top of burner as needed.

– Clean, paint, and recalibrate, heat flux gauges as needed.
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3. Results and Discussion

This section presents a summary of experimental results — qualitative descriptions of ma-
terial burning behavior and an analysis of quantitative measurement data (e.g., measured
heat release rate andwall flame heat flux)— recorded for each of thematerials considered
in this work. Measurement results are presented separately for each material, in alpha-
betical order, with the exception of PMMA, poly(methyl methacrylate), which is presented
first as an exemplar case to demonstrate the procedure used to process all measurement
data for further analysis (especially wall flame heat flux measurements). The selected re-
sults presented in this section are designed to facilitate interpretation of the aggregate
of measurement data obtained from repeated experiments on the same material (e.g., in
this section, plots are provided to show average wall flame heat flux profiles across the
height of samples at a selection of representative fire sizes); thus, not all measurement
data recorded from every experiment is presented here. A complete presentation of mea-
surements recorded in each individual experiment (e.g., all heat flux data, and related heat
flux gauge temperatures, measured at all times and fire sizes throughout each experiment)
is provided, with limited further analysis, in Appendix C.

3.1. Burning Behavior, Heat Release Rate, and Wall Flame Heat Flux

3.1.1. PMMA - poly(methyl methacrylate)

Heat Release Rate and Observed Burning Behavior
The PMMA12 studied in this work is a cast, black sample that was selected because of its
tendency to maintain its density while burning, insignificant melt flow, simple decompo-
sition kinetics, and low transparency to infrared radiation. Although multiple experimen-
tal [93–96] and computational modeling [97–99] studies of the flammability response of
PMMA exist in the literature, the measurement data presented in Vol. 1 and Vol. 2 of this
report represents one of the first attempts to perform a series of pyrolysis experiments
across a range of scales (frommg-scale thermal analysis tests up to 2.5mwall flame spread
tests), to determine all relevant thermophysical properties of this material, and to use
these results to simulate material flammability behavior in response to a variety of fire-
like environments. Note: several of these outcomes will be discussed in later volumes of
this report.

12Samples of this PMMA were also made available to participants of the Measurement and Computation of
Fire Phenomena (MaCFP) Working Group, an international collaboration, the general objective of which is
to establish a structured effort in the fire research community to make significant and systematic progress
in fire modeling, based on a fundamental understanding of fire phenomena. An extensive series of exper-
iments was performed as part of the MaCFP effort [89]: as of July 2020, eighteen institutions from eleven
different countries have submitted measurement data obtained from more than 200 separate tests con-
ducted in 9 unique experimental apparatus. A summary of these results is provided elsewhere [89–91].
A recent study presents experimental measurement data, observations, and numerical simulations of the
flammability behavior of this same PMMA frommg-scale up to 1.5 m flame spread over PMMA panels in a
corner-wall configuration [92].

38



In total, six parallel panel experiments were conducted on PMMA. For Tests R1 to R5,
the preliminary burner configurationwas used; Test R6 used the final burner configuration.
In the first test, PMMA R1 (the very first experiment conducted in this series), the propane
burner was turned off after just 90 s, which led to sustained flaming ignition of only the
left (x = −15 cm) panel; in this test, ignition of the right panel was not observed until
flames had reached the top of the left panel. In Tests R2 to R5, the propane burner was
left on for 120 s (i.e., until t = 2:00). In each of these four tests, burner flames could show
preferential attachment to one wall (either the left or the right, in some tests alternating
sides after approximately 30 s to 45 s). Relatively uniform ignition was observed across the
base of both panel walls in Tests R2 and R3.

In test PMMA R4, the burner was briefly turned off at t = 120 s, but it was apparent
that sustained flaming ignition of the right panel wall was not achieved; propane flow to
the burner was therefore turned back on at t = 150 s, and remained on until t = 210 s.
After the burner was turned off in these four tests, although sustained flaming was ob-
served on both walls (at least to a degree), limited flame coverage and/or delayed flame
spread was observed on one wall for the first 60 s to 120 s after ignition (i.e., between
120 s≤ t ≤ 240 s). In test R5, a crossflow from back to front (i.e., from +y to −y) re-
sulted in preferential flame attachement to the front edge (y = −30 cm) of panel walls
while flames spread upwards. Later in each test, as fires grew larger, uniform flaming was
observed across either wall (further details for each test are presented in Appendix C).

Prior to conducting test PMMA R6 (for all materials considered, the seventh test in this
series) the propane burner was adjusted (see Sec. 2.4) to improve its uniformity and re-
producibility. In Test PMMA R6, although the burner was supplied propane for the same
2 minutes as for Tests R2-R5, visual observations, HRR data, and heat flux measurements
suggested that uniform ignition across both panel walls occurred earlier (approximately
100 s after burner ignition). Earlier ignition (of both panels) observed in Test PMMA R6
matches previous observations (see Sec. 2.4) that the final burner configuration (as com-
pared to the preliminary configuration) provided not only more repeatable, uniform flam-
ing conditions but also higher heat fluxes at the base of the panels.

Figure 13 plots measured HRR of all six PMMA tests as a function of time after burner
ignition. Measurements from Tests R2, R3, and R6 are highlighted here as relatively uni-
form ignition of the base of (and subsequent upward flame spread over) both panel walls
was observed in these tests and these time-resolved HRR curves may be considered as val-
idation datasets for simulations of fire growth (supported by this specific PMMA, burning
in this configuration, when ignited by the propane burner in either of its two configura-
tions). Although delays in ignition due to burner non-uniformity led to shifts (i.e., time
delays) in initial fire growth, excluding PMMA R1 (in which only one wall was burning for
themajority of the experiment) fire growth rate and peak fire size are quite comparable be-
tween each of these experiments. This suggests that measurements (e.g., wall flame heat
flux) recorded in separate tests can be analyzed together when compared at the same HRR
(rather than simply at the same time).
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Fig. 13. Measured heat release rate during parallel panel experiments on PMMA. Here, time t = 0
is defined by burner ignition.

Images of typical fire development13 in PMMA tests are presented in Fig. 14. As shown
here, after sustained ignition was achieved, flames spread readily upwards across both
panel walls. In each test, while total HRR was less than 1.5 MW, the flames on either panel
wall remained separate (attached to their respective walls); however, as total fire size in-
creased, these two flames merged to fill the volume between the panel walls. A peak HRR
of approximately 3.1 MW (mean of all six repetitions) was observed approximately 240 s
to 270 s after ignition/burner shut off. To quantify this fire growth behavior, an average
fire growth rate can be defined as dQ̇

dt =
(Q̇0.85∗peak−Q̇min)

(t0.85∗peak−tmin)
, where Q̇min is the minimum HRR

measured shortly after burner shutoff, Q̇0.85∗peak is equal to 85 % of the peak HRR mea-
sured during the test, and tmin and t0.85∗peak are the times [s] at which these heat release

rates were measured. Tabulated values of dQ̇
dt are provided for each material

14 and test

repetition in Table 8. For PMMA Tests R2 and R3, dQ̇
dt equaled 12.1 kW s−1 and 12.2 kW s−1,

respectively; for PMMA Test R6, dQ̇
dt = 22.1 kW s−1.

13Representative images of fire development, including flame behavior at ignition, are provided for all test
repetitions in Appendix C.

14Note: For some materials, the burner was not turned off in a test. In these experiments, average fire
growth rate was therefore calculated as: dQ̇

dt =
(Q̇0.85∗peak−90 kW)

(tpeak−t90 kW) , where t90 kW is well after propane burner
ignition at which HRR measured 90 kW. 90 kW was used rather than the nominal propane burner HRR of
63 kW to allow for the the fire growth rate to be dominated by flame spread across the panels, and to
not capture the noise in the HRR measurement. All other terms in this expression are used identically as
previously defined.
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(a) Just prior to sample ignition (b) Flame spread 60 s after ignition

(c) Peak HRR, Q̇ = 3.6MW

Fig. 14. Fire behavior of PMMA slabs during parallel panel experiments.

Melt flow and dripping was not observed during PMMA tests; however, as samples
heated, softened, and/or burnedout across their height, small sections of remaining PMMA
(which were no longer securely attached to the panel walls) could be observed to fall.
Although these sections would typically burn to completion at the base of the panels, a
sudden spike or decrease in HRR was measured when this detachment occurred. Four
representative images of material burning behavior (pre-test, ignition, peak HRR, end of
test) are provided for each experiment (including all six tests on PMMA and all tests on
each of the other combustible solids) in Appendix C.
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Flame Heat Flux
Flame heat flux measurements were obtained in all six PMMA test repetitions using an
array of up to 12 water-cooled heat flux gauges. In each test, gauges were placed at up to 8
out of 9 possible heights, z, across each panel wall. At 4 heights (i.e., z = 0.20 m, 0.50 m,
1.0 m, and 1.8 m) flame heat flux was also recorded at up to 4 locations across the width
(y-dimension) of the panel. Careful review and post-processing of this datawas required to
ensure the quality and reliability of these measurements and to allow for their combined
analysis as one aggregate dataset. This process required multiple steps (some manual,
others assisted by a series of custom analysis scripts written in MATLAB) conducted in a
systematic order. A brief summary of this post-processing procedure is described below:

• First, time-resolved heat flux measurements recorded by each individual gauge (in
each test) were manually reviewed alongside test pictures, video (multiple camera
angles), and notes taken by hand during each experiment. This allowed for the iden-
tification of ‘good’ data (e.g., when flame coverage was uniform across the sam-
ple wall) and ‘bad’ data (e.g., when sample deformation affected gauge readings or
when uneven flaming was observed).

• Next, heat flux measurements were processed such that they could be analyzed as a
function of fire size, HRR, (rather then time, t) to minimize the impact of burner vari-
ability on final results. This required smoothing of each dataset, determination of
the resolution of measurements in HRR-space (i.e., given instantaneous measured
fire growth rates for each material and a data reporting frequency of ∆t=1 s, what is
(on average) the finest interval, ∆Q̇ [kW], at which measurements were reported),
and interpolation of measurements to regularly ordered reporting intervals [kW]
such that statistics could be calculated for repeated heat flux measurements ob-
tained at the same HRR in different experiments.

• Finally, using this processed data, average profiles (e.g., evolution of flame heat flux
at a given location with increases in HRR or the flame heat feedback profile across
the surface of the panels at a given HRR) could be calculated and presented. For all
materials tested in this work, the same analysis steps and statistics were calculated
(given the availability of measurement data).

This post-processing procedure is detailed in this section using PMMA flame heat flux
measurements as exemplar data. For heat flux measurements obtained from tests on all
other materials, the same processing steps are used but only the final results are pre-
sented.

Figure 15 plots total wall flame heat flux, q̇
′′
total, as measured by water-cooled Schmidt-

Boelter heat flux gauges positioned at the centerline of panels (y= 0) at a height of z= 1.8m
during repeated parallel panel experiments on PMMA. This data was recorded on both the
left and right walls (i.e., x = -0.15 m and x = 0.15 m) during tests PMMA R1, R3, and R5.
In Fig. 15a, raw, unsmoothed measurements of q̇

′′
total (i.e., the original measurements, as

recorded during the experiment) are plotted as dotted lines as a function of time after
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burner ignition. Highlighted on this figure, as solid lines, are recorded values of q̇
′′
total that

were identified by manual review as ‘good’. As seen here, the cutoff for ‘good’ heat flux
data occurred well before the end of the experiment.

In general (i.e., for all materials considered in this work), corruption or distortion of
q̇
′′
total data could occur for a variety of reasons, including: sample dripping ormelt flow over
the front of the gauge, deformation that caused the front surface of the sample to move
relative to the heat flux gauge (e.g., sample swelling or growth of an intumescent char
layer), sample burnout or fall off, or heavy deposition of soot at the gauge’s front surface.
For the tests shown in Fig. 15a, q̇′′

total measurements are typically identified as ’bad’ prior to
the end of testing due to sample deformation and/or detachment from the wall; in many
instances for PMMA, material detaches from the wall and forms a puddle at the base of
the wall on top of the burner, marking the beginning of unacceptable data. Test notes
and video also indicated non-uniform flaming across both walls in test PMMA R5, prior
to t = 270 s (due to a crossflow from back to front of the assembly; i.e., from +y to −y).
Consequently this subset of data (in Fig. 15a, see light red anddark green curves, prior to t =
270 s) is marked as ’bad’ and excluded from further analysis. Later in test PMMA R5, when
fires grew (i.e., when HRR > 500 kW) and uniform flaming was observed across either
wall, measurements of q̇

′′
total taken on the left wall (which supported continuous flaming

throughout the duration of the experiment) converges with those obtained in other test
replicates, thus this data is included for further analysis.

For all experiments conducted in this work (including all materials and all heat flux
gauge locations) time-resolved measurements of q̇

′′
total (both ‘good’ and ‘bad’, as solid and

dotted lines, respectively) are plotted in Appendix B.4. Digital copies of only ‘good’ heat
flux data are also provided (as .csv files) online, as links on the project page of the NIST Fire
Calorimetry database: www.https://www.nist.gov/el/fcd/vertical-upward-flamespread-on-parallel-panels.

After ’good’ and ’bad’ q̇′′
total measurements are carefully identified, they are processed

such that they can be compared across different experiments at the same fire size (i.e., at
the same HRR, Q̇); this allows for the calculation of mean values (and related statistics) of
repeated q̇

′′
total measurements recorded at the same HRR in different experiments. First,

at each time step (∆t = 1 s) that ‘good’ data is recorded, a simple running average (+/-3 s
interval) of measurement data is calculated to determine the average (‘smoothed’) HRR
and q̇

′′
total at that time. Both original and ‘smoothed’ measurements are plotted in Fig 15b

(as thin and thick lines, respectively); as seen here, this smoothing removes a substantial
amount of noise in q̇

′′
total measurements while still providing an accurate representation of

measured values.
Next, a linear interpolation is performed using these smoothed measurements such

that q̇
′′
total can be reported at regular intervals of HRR (∆Q̇ [kW]); this allows for direct

comparison of q̇
′′
total data even when obtained at slightly different HRR (in separate experi-

ments). This processing step is required because, although measurement data is recorded
at 1 Hz for all experiments, depending on the fire growth rate, dQ̇

dt , measured during each
test, q̇

′′
total may be effectively recorded at different intervals [kW] in HRR-space. These in-

tervals are calculated for all experiments across all tests and a minimum ∆Q̇ (i.e., finest
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Fig. 15. Total wall flame heat flux measured at z = 1.8m (at the centerline, y = 0, of panels)
during repeated parallel panel experiments on PMMA, plotted as a function of (a) time after
burner ignition and (b) heat release rate, Q̇ [kW]. In plot (a) solid and dashed lines represent
‘good’ and ‘bad’ data, respectively (see main text). In plot (b) thick and thin lines represent
filtered and unfiltered data, respectively [smoothed and unsmoothed data, respectively]. The
shaded area around each curve represents the expanded uncertainty of the heat flux
measurements (Uc; 95% confidence interval, coverage factor = 2), as described in Appendix B.2.

resolution) is defined for each material such that 90 % of all measurements are resolved
within that interval. This interpolation interval, ∆Q̇, could vary for different materials or
during different stages of the experiment (e.g., initial versus peak fire growth rate). For
PMMA, when Q̇ < 500 kW, ∆Q̇ = 10 kW; and when Q̇ > 500 kW, ∆Q̇ = 30 kW or 40 kW.
For most other materials considered in this work15 (which supported slower fire growth)
this reporting interval is defined as ∆Q̇ = 5 kW.

Once this interpolation is performed, average values of total heat flux, q̇′′
total, are cal-

culated at each HRR interval, Q̇i, as the mean of interpolated values recorded at a specific
height, z, across±3∆Q̇:

(
q̇′′

total

)
i
=

1

((∑
N j
j=1 Ni))

N j

∑
j=1

i+3

∑
i−3

(
q̇
′′
total

)
i,j

(1)

Here, the subscript j identifies sepeate measurements obtained by unique heat flux
gauges at the same height, z, in either (a) the same test on opposite panel walls or (b)
repeated tests, on either panel wall. The standard deviation, σi, is then calculated at each

15For ABS and HIPS, which both supported rapid fire growth, ∆Q̇ = 10 kW while Q̇ < 300 kW and ∆Q̇ varied
between 50 kW≤ ∆Q̇ ≤ 80 kW whileQ̇ > 300 kW.
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HRR, Q̇i, as:

σi =

√√√√√
 1

((∑
N j
j=1 Ni)−1)

N j

∑
j=1

i+3

∑
i−3

((
q̇′′

total

)
i,j −

(
q̇′′

total

)
i

)2

 (2)

In these twoequations,N j represents the total number of recordings (either from repeated
tests, or the same test on opposite panel walls) that provided ’good’measurements of q̇′′

total
at the location and the heat release rate, Q̇i, of interest; Ni represents the number of q̇

′′
total

measurements available for a given recording in the +/- 3∆Q̇ interval around Q̇i. These
same processing steps— i.e., data quality check, smoothing, interpolation, and calculation
of statistics — are performed for all heat flux measurements obtained at all location in all
tests (and for all materials).

Figure 16 plots total wall flame heat flux, q̇
′′
total, measured at the centerline of panels

(y = 0) at a height of z = 1.8 m during repeated parallel panel experiments on PMMA.
Here, colored lines represent ’filtered’ q̇

′′
total data from individual tests and solid crosses

indicate linearly interpolated values of q̇
′′
total, plotted at 10 kW≤ ∆Q̇ ≤ 40 kW intervals. As

seen here, interpolated values of q̇
′′
total nearly perfectly overlap the ’filtered’ q̇

′′
total curves

from which they were determined. The average total heat flux, q̇′′
total, measured in these

tests is plotted as a solid black line with shaded gray error bars indicating expanded un-
certainty (95 % confidence interval, coverage factor = 2, see Appendix B.4) of measured
values obtained within the +/- 3∆Q̇ interval around Q̇i. As seen here, great reproducibility
in q̇

′′
total data is observed between repeated measurements obtained in repeated experi-

ments (and on both the left and right walls) when q̇
′′
total data is considered as a function of

HRR (i.e., fire size).

The analysis procedure outlined above for q̇
′′
total data obtained at z = 180 cm was re-

peated for measurements recorded at multiple heights between 0.1 m ≤ z ≤ 2.2 m; aver-
agewall flame heat fluxes at each height (all obtained along the centerline of panels, y=0)
are plotted as a function of HRR in Fig. 17. As shown here, at the beginning of tests (i.e., as
flames spread upwards towards each gauge location; see Fig. 17a), q̇′′

total rapidly increases at
each height. After flames extend beyond each gauge location, the rate of increase of mea-
sured heat flux decreases. At higher z, it takes progressively longer in each experiment
(thus larger HRR are required) for this inflection point to be observed; this delay corre-
sponds to the additional time needed for the flame front to reach higher heights across
the panel walls. At heights z < 1.0 m, q̇

′′
total measured between 40 kW m−2 and 50 kW

m−2 when flames first extend above the heat flux gauge (i.e., at this inflection point). At
z ≥ 1.0 m, q̇

′′
total measured between 50 kW m−2 and 75 kW m−2 at this inflection point.

After continuous flaming is observed across each gauge location (which occurs at approxi-
mately Q̇ = 500 kW), q̇′′

total measurements continue gradually increasing by approximately
40 % to 55 %, at all measurement locations (see Fig. 17b). This increase in q̇

′′
total likely arises

due to some combination of: the thickening of flames along each wall (see Fig. 14b vs.
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Fig. 16. Total wall flame heat flux measured at z = 1.8m (at the centerline, y = 0, of panels)
during repeated parallel panel experiments on PMMA. Here, solid lines represent smoothed
q̇“totalmeasurements and crosses indicate interpolated values. The gray shaded area around the
black average curve represents expanded uncertainty of the heat flux measurements (Uc; 95%
confidence interval, coverage factor = 2), as described in Appendix B.2.

Fig. 14c), potentially greater temperatures during prolonged flaming between the panel
walls, and further heating (in-depth) of opposing panel walls, which would lead to greater
reradiation between panels.

The centerline q̇
′′
total data shown in Fig. 17 can be converted into spatially resolved pro-

files (q̇′′
total vs. z at a given HRR) by taking the average heat flux measurements recorded all

heights, z, at a specific HRR and plotting these values versus their respective heights16. Sev-
eral height-resolved q̇

′′
total profiles obtained by this procedure (measured at HRR between

300 kW and 2800 kW) are displayed in Fig. 18.
In Fig. 18a, q̇′′

total profiles illustrate the change in flame structure during the early stages
of fire growth (i.e., Q̇≤ 500 kW). Shortly after ignition, continuous flaming is only observed
near the base of the panel walls and, correspondingly, q̇

′′
total measurements are negligible

for z > 0.75 m. For larger and larger fires, elevated heat flux measurements are recorded
at increasing heights across the panel walls until, by Q̇ = 500 kW (when continuous flames
are observed across the full length of panel walls), all measurement locations show ap-
proximately q̇

′′
total = 50 kW m−2, or greater. For qualitative comparison, representative

images of flame structure taken at each HRR for which q̇
′′
total profiles are plotted in Fig. 18a

are shown in Fig. 19.

16Determination of centerlien heat flux profiles can be visualized as taking vertical ’slices’ of q̇′′
total data plotted

in Fig. 17.
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Fig. 17. Total wall flame heat flux measured at the centerline, y = 0, and across the height, z, of
panels during repeated experiments on PMMA. In (a), q̇′′

total measurements are highlighted during
the early stages of fire growth (rapid changes due to upward flame spread); in (b), q̇′′

total are shown
through the duration of these tests. For each curve, errorbars represent the expanded
uncertainty (Uc; 95 % confidence interval, coverage factor = 2).
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Fig. 18b, plots several representativewall flame heat flux profilesmeasured during later
stages of these tests, when flames covered the full surface of panel walls. As seen here,
q̇
′′
total monotonically increases with height, z, for all fires when continuous flaming is ob-
served across the panel walls. Specifically, at a measured HRR of 1500 kW, q̇

′′
total increases

from approximately 55 kW m−2 at z = 30 cm to 86 kW m−2 at z = 220 cm. Additionally,
as HRR increases from 780 kW to 2800 kW, q̇

′′
total continuously increases (on average by

50 %) at each measurement location across the full height of the panel walls.
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Fig. 18. Height-resolved measurements of total wall flame heat flux measured at the centerline,
y = 0, of panels during repeated experiments on PMMA. In plot (a), q̇′′

total profiles are highlighted
during the early stages of fire growth (i.e., Q̇ < 500 kW); in plot (b), q̇′′

total profiles are plotted at
the later stages of these tests, when flames covered the full surface of panel walls. Error bars
indicate expanded uncertainty of the heat flux measurements (Uc; 95% confidence interval,
coverage factor = 2), as described in Appendix B.2.

49



(a) Q̇ = 100 kW (b) Q̇ = 200 kW (c) Q̇ = 300 kW (d) Q̇ = 500 kW

Fig. 19. Representative images of flame structure during the early stages of fire growth due to
upward flame spread over PMMA panels; corresponsding q̇

′′
total profiles are plotted in Fig. 18a.

50



3.1.2. ABS, poly(acrylonitrile butadiene styrene)

Heat Release Rate and Observed Burning Behavior
Three parallel panel experiments were conducted on ABS; images of typical fire devel-
opment in these tests are shown in Fig. 20. In each test, samples ignited readily and
the propane burner was turned off after 75 s. Immediately after ignition, the burner
was covered with a steel shield (to protect it from molten remnants of ABS panels that
would fall down towards the end of tests). Although both walls ignited simultaneously
after burner exposure in each test, in Test R1, the front edge of both panel walls (i.e., -
30 cm≤ y ≤−22 cm) did not support continuous flaming at burner shutoff (i.e., ignition);
however, within approximately 55 s after ignition, uniform flaming was observed across
the full width of panels walls in Test R1. In all three tests, approximately 60 s after sample
ignition, when total HRR was between 1.5 MW and 2.0 MW, the flames on either panel
wall merged to fill the volume between the panel walls

As seen in Fig. 20, ABS samples produced a significant amount of soot while burning.
Some of this soot attached to the front surface of panels, quickly blackening them; how-
ever, most of it was observed to travel upwards with other combustion products, away
from the panels and through the exhaust system. In previous tests of laminar flame spread
over ABS (15 cm tall, 5 cm wide samples) [73], it was observed that this soot readily ad-
hered to the surface of the polymer, forming a continuous dark layer across the full length
of the sample that continued to deposit during burning to create a low density layer (of
fairly uniform thickness) that measured up to 3 mm to 3.5 mm thick. In the absence of
an external heat flux (in that study, as applied by an external radiant panel) this soot layer
“inhibited progression of the pyrolysis front, ultimately causing sample extinction when
the initial pyrolysis zone reached burnout”. In the full-scale experiments conducted in this
work, despite this soot deposition, ABS samples readily supported flame spread across
their surface. It is possible that this occurred due to differences in system scale, strength
and size of the initial burner used for ignition, and/or radiative heating from the opposite
panel and the wall flame it supported.

In Tests R1 and R2, the burning behavior of ABS was highly repeatable: flames spread
rapidly across the full height of each panel wall, reaching a peak HRR between 3.5 MW
and 3.8 MW approximately 125 s after sample ignition (i.e., at t = 180 s to 200 s; see
Fig. 21). In ABS Test R3, a strong cross flow (from back to front of samples; i.e., from +y
to−y) resulted in preferential flame attachement to the front edge (y =−30 cm) of panel
walls while flames spread upwards; in this test, although flames reached the top of the
assembly relatively quickly, uniform flaming was not observed across either wall until later
in the test as a result of lateral flame spread. As seen Fig. 21, this resulted in slower rate of
rise in HRR and a delayed time to peak HRR, though peak HRR was largely unaffected. This
shift inmeasured HRR behavior is similar to that observed in test PMMAR5, whichwas also
impacted by a strong cross flow (see Fig. 13). It is believed that this cross flow is externally
driven (e.g., by the room’s configuration and ventilation). Of all the solid materials tested
in this work (i.e., neglecting porous polymer foams), ABS samples supported the highest
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(a) Ignition (b) Flame spread 60 s after sample ignition;
Q̇ = 2.5MW

(c) Peak HRR, Q̇ = 3.8MW (d) Heavy soot formation (t = 360 s)

Fig. 20. Fire behavior of ABS slabs during parallel panel experiments.

fire growth rates measured. Specifically, between tests R1 and R2, ABS dQ̇
dt averaged 52.3

kW s−1; this is approximately 3.6x greater than the average fire growth rate supported by
PMMA panels.

Within 30 s after peak HRR was observed, small sections of the ABS panels were ob-
served to detach from the wall (due to softening/burnout at attachment points) and con-
tinue to burn at the base of the panels. Samples were allowed to burn out until complete
extinction; however, after approximately t = 350 s, complete burnout was observed along
the walls and flaming was only observed on sections of the sample that had detached and
fallen down from the assembly walls.
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Fig. 21. Measured heat release rate during parallel panel experiments on ABS.

Flame Heat Flux
Figure 22 plots the average value of total wall flame heat flux, q̇

′′
total, measured at the

centerline of panels (y = 0) at heights 0.3 m≤ z ≤ 1.8mduring repeated parallel panel ex-
periments on ABS. As shown here, at each height, q̇

′′
total rapidly increases at the beginning

of tests as fires grow (i.e., as HRR increases and flames spread upwards towards, and over,
each gauge location). After flames extend beyond each gauge location, the rate of increase
of measured heat flux substantially decreases. Similarly as for tests on PMMA, a progres-
sively higher HRR is required for this inflection point to be observed at higher heights, z;
this delay corresponds to the additional time needed for the flame to spread across the
panel walls (see Figs. 23a and 24). However, once continuous flaming was observed across
the height of samples, the heat flux profile measured for ABS wall flames showed notable
differences compared to that measured for PMMA flames.

When continuous flaming is observed across the height of samples, q̇
′′
total is substan-

tially higher near the top of the assembly for ABS flames than for PMMA flames (see
Fig. 23b). Specifically, as seen in Fig. 23, at a measured HRR of 2000 kW, q̇

′′
total is approx-

imately 114 kW m−2 at z = 220 cm. Additionally, after flames extend beyond each gauge
location (as HRR increases from 800 kW to 3000 kW), q̇′′

total continuously increases (on av-
erage by 25 %) at each measurement location across the full height of the panel walls (see
Fig. 22). Figure 23b, highlights how this increase in q̇

′′
total occurs fairly uniformly across the

height of samples. It is possible that this relative difference between flame heat feedback
profiles (and their development) arises because ABS supports dark, sooty, optically thick
flames that quickly filled the volume between the two panel walls shortly after sample ig-
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nition (see Fig. 20b). Not until Q̇ = 3000 kW are the flame heat flux profiles supported by
ABS and PMMA similar (within their measured uncertainties).

In tests ABS R2 and R3, Repeated measurements of radiation heat flux were obtained
at z = 1.0 m, 1.8 m in order to calculate the fraction of total wall heat flux attributed to
radiation (i.e., q̇rad(%) =

q̇
′′
rad

q̇′′total
). These results are presented in detail (along with similar

radiation measurements obtained for five other materials) in Sec. 3.3.
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Fig. 22. Total wall flame heat flux measured at the centerline, y = 0, and across the height, z, of
panels during repeated experiments on ABS. The shaded area around each curve represents
expanded uncertainty of the heat flux measurements (Uc; 95% confidence interval, coverage
factor = 2), as described in Appendix B.2.
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Fig. 23. Height-resolved measurements of total wall flame heat flux measured at the centerline,
y = 0, of panels during repeated experiments on ABS. In plot (a), q̇′′

total profiles are highlighted
during the early stages of fire growth (i.e., Q̇ < 500 kW); in plot (b), q̇′′

total profiles are plotted at
the later stages of these tests, when flames covered the full surface of panel walls. Error bars
indicate expanded uncertainty of the heat flux measurements (Uc; 95% confidence interval,
coverage factor = 2), as described in Appendix B.2.

(a) Q̇ = 120 kW (b) Q̇ = 160 kW (c) Q̇ = 200 kW (d) Q̇ = 300 kW (e) Q̇ = 480 kW

Fig. 24. Representative images of flame structure during the early stages of fire growth due to
upward flame spread over ABS panels. Corresponding height-resolved flame heat feedback
profiles are plotted in Fig. 23a. Error bars indicate expanded uncertainty of the heat flux
measurements (Uc; 95% confidence interval, coverage factor = 2), as described in Appendix B.2.
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3.1.3. GPO-1, fiberglass-reinforced polyester laminate

Three parallel panel experiments were conducted on GPO-1; images of typical fire devel-
opment in these tests are shown in Fig. 25. In Tests R1 and R2, the front 10 cm of one panel
(i.e., 20 cm ≤ y ≤ 30 cm on either the left or right panel) did not initially ignite due to
burner non-uniformity; however, sustained flaming was observed on both walls and the
burner was turned off between t = 210 s and t = 225 s. In Test R3, sustained flaming was
observed across the full width of both walls and the burner was turned off at t = 210 s.
Figure 26 plots time-resolved HRRmeasurements from each of these experiments; as seen
here, initial fire growth is quite similar between Tests R1 and R2, but faster in Test R3. Just
prior to burner shutoff in each test, wall flames were observed up to z = 1.5 m and total
HRR measured between 200 kW and 250 kW; however, for 45 s to 60 s immediately after
burner shutoff, flames decreased in size and measured HRR reduced by approximately a
factor of two. In all three tests, flames gradually spread upwards across the full height
of the panel. Although peak measured HRR is highly repeatable, averaging approximately
475 kW and varying by less than 10 % across all three tests, time to peak HRR was much
shorter for Test R3 (t = 410 s) versus Tests R1 and R2 (approximately t = 570 s).

Of all materials tested in this study for which self-sustained flaming and upward flame
spread were observed, flame spread was second slowest17 on GPO-1. Specifically, for Tests
R1, R2, and R3, dQ̇

dt measured 1.6 kW s−1, 1.4 kW s−1, and 3.7 kW s−1, respectively. This
is approximately 0.1x to 0.25x the average fire growth rate supported by PMMA panels.
Similarly as tests on PMMA, these results demonstrate that relatively small changes in ig-
nition conditions may propagate into larger deviations in fire growth rate. Throughout the
duration of each test, even at peak HRR, the flames on either GPO-1 panel wall remained
separate (i.e., attached to their respective walls, without merging). Within approximately
120 s of peak HRR18, burnout (i.e., local extinction) was first observed near the bottom
(z = 0) and towards the center (-15 cm ≤ y ≤ 15 cm) of each wall panel. This burnout
front steadily advanced upwards and outwards, leaving behind a residual structure (layers
of glass fabric reinforcement) until complete extinction of the samples (towards the end of
tests, small flamelets were only observed along the side and upper edges of the assembly).
Despite this burnout, samples maintained their original shape, remaining flat against the
panel walls throughout experiments. Figure 25 presents a series of representative images
from each test showing flame spread and subsequent burnout during these tests.

Figure 27 plots the average value of total wall flame heat flux, q̇
′′
total, measured at the

centerline of panels (y = 0) at heights 0.1 m ≤ z ≤ 2.2 m during repeated parallel panel
experiments on GPO-1. At each height, q̇′′

total steadily increases at the beginning of tests as
fires grow and flames spread upwards, towards each gauge location. At some measure-
ment locations, a small spike/discontinuity in q̇

′′
total is observed at lower heights, z, when

17POM-GF samples supported the slowest average fire growth rates measured in this test series.
18First observations of the time to burnout at the base of GPO-1 samples varied from test to test, but generally
occurred shortly before or after peak HRR was measured.
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(a) Shortly after ignition, Q̇ = 120 kW (b) Flame spread, Q̇ = 165 kW

(c) Peak HRR, Q̇ = 498 kW (d) Burnout at base of sample, Q̇ = 160 kW

Fig. 25. Fire behavior of GPO-1 slabs during parallel panel experiments.
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Fig. 26. Measured heat release rate during parallel panel experiments on GPO-1.

60 kW < Q̇< 100 kW: this represents the transition between the flames supported by the
propane burner and the wall panels themselves. Unlike tests on PMMA, after continuous
flaming is observed across the surface of each gauge in tests on GPO-1, measured flame
heat flux remains relatively constant (at z < 50 cm , q̇

′′
total remains constant, even as mea-

sured HRR increases from 150 kW to 400 kW; at z≥75 cm, q̇′′
total increases by approximately

5 % after this inflection point). Note: throughout the duration of each test on GPO-1, the
flames spreading on either panel wall remained separate (i.e., they did not merge in the
volume between the panels).

Figure 28 plots height-resolved wall flame heat flux profiles measured in GPO-1 tests
at HRRs of 120 kW, 180 kW, 300 kW, and 450 kW; Fig. .29 shows representative images of
flame structure when each of these HRRs was measured in Test GPO-1 R3. As seen here,
after flames covered the full surface of panel walls and when Q̇ = 400 kW, q̇′′

total increases
as a function of height, z, from approximately 40 kW m−2 at z = 20 cm to approximately
80 kWm−2 at z = 220 cm. Compared to PMMA flames, when fire size is the same (e.g., at
Q̇ = 400 kW or 500 kW) and when both support continuous flames across the full length
of panel walls, q̇′′

total is higher in GPO-1 tests. It is possible that this occurs due to increased
reradiation from front surface of the opposite panel walls: not only can the front-most
layer of glass fabric reinforcement observed at the front surface of samples reach higher
temperatures than the surrounding polyester resin (as it remains thermally stablewhile the
sample is continuously exposed to a wall flame) but, because flames spread more slowly
in GPO-1 tests, each panel wall has been heated for considerably longer in tests on GPO-1
(vs. in PMMA tests) by the time a HRR or 500 kW is measured.
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Repeated measurements of radiation heat flux were also obtained at z = 0.5 m, 1.0 m,
1.8 m (in tests GPO-1 R1, R2, and R3) in order to calculate the fraction of total wall heat flux
attributed to radiation (i.e., qrad(%) =

q̇
′′
rad

q̇′′total
). These results are presented in detail (along

with similar radiation measurements obtained for five other materials) in Sec. 3.3.
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Fig. 27. Total wall flame heat flux measured at the centerline, y = 0, and across the height, z, of
panels during repeated experiments on GPO-1.The shaded area around each curve represents the
expanded uncertainty of the heat flux measurements (Uc; 95% confidence interval, coverage
factor = 2), as described in Appendix B.2.
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Fig. 28. Height-resolved measurements of total wall flame heat flux measured at the centerline,
y = 0, of panels during repeated experiments on GPO-1. Error bars indicate expanded uncertainty
of the heat flux measurements (Uc; 95% confidence interval, coverage factor = 2), as described in
Appendix B.2.

(a) Q̇ = 120 kW (b) Q̇ = 180 kW (c) Q̇ = 300 kW (d) Q̇ = 450 kW

Fig. 29. Representative images of flame structure during the early stages of fire growth due to
upward flame spread over GPO-1 panels. Corresponding height-resolved flame heat feedback
profiles are plotted in Fig. 28.
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3.1.4. GPO-3, fiberglass-reinforcedpolyester laminate (Redboard: improvedarc- andflame-
resistance)

Three19 parallel panel experiments were conducted on Redboard (GPO-3); images of typ-
ical fire behavior in these tests are shown in Fig. 30. In each test, self-sustained flaming
could not be achieved: despite application of the propane burner for up to 20 minutes,
flame spread was not observed beyond the original preheated region. Figure 30a, shows
peak flame height during these tests (wall flames extend only up to the mid-height of the
panels, approximately equal to the height of the burner flames) and Fig. 30b, shows un-
burned sections of the sample (red) at the top of the panel walls following a 20 minute
burner exposure. As seen in Fig. 31, peak HRR measured never exceeded 135 kW in any
of the three repetitions (note: this value includes the 63 kW of energy released by the
propane burner at the base of samples) even though samples were continuously exposed
to the propane burner. In each test, samples self-extinguished shortly after the burner was
turned off; this result is consistent with the high arc-, carbon-track-, and fire-resistance rat-
ing of this material. Flame heat fluxmeasurements were not recorded during experiments
on Redboard.

(a) Peak HRR, Q̇ = 135 kW (b) After 20 min. exposure to 63 kW burner

Fig. 30. Fire behavior of GPO-3 (Redboard) slabs during parallel panel experiments.

19For the third repetition, Test_R3, Redboard panels were only 1.22 m tall. Measured peak HRR and total
heat release in this test was similar to that observed when using full sizes, 2.44 m tall, panels, as flames
were never observed to spread above z = 1.22m.

61



0 200 400 600 800 1000 1200
0

20

40

60

80

100

120

Redboard_R1
Redboard_R2
Redboard_R3

Fig. 31. Measured heat release rate during parallel panel experiments on GPO-3 (Redboard).
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3.1.5. HDPE, high density polyethylene

HDPE is known tomelt at relatively low temperatures (130◦C to 135◦C) [100, 101] and it has
been shown that this can have a strong impact on the burning behavior of and flame spread
over HDPE-jacketed copper wires [102]. In this parallel panel test series, significantmelting
of HDPE panels was observed after peak burning (which created a potentially hazardous
pool fire that was particularly difficult to extinguish and clean up), thus only one test was
conducted on thismaterial. Figure 32 provides a representative series of images illustrating
burning behavior during this test on HDPE.

AlthoughHDPE burned vigorously in the parallel panel configuration, sustained flaming
ignition of the panel walls (and subsequent burner extinction) was not observed until t =
230 s. After ignition, flames rapidly spread upwards to the top of the assembly, reaching
a peak HRR of 2.8 MW just 100 s after sample ignition (i.e., at t = 330 s); this equates to
an average spread rate of dQ̇

dt = 26.7 kW s−1, which is approximately 1.84x the average fire
growth rate supported by PMMA panels. Figure 33 plots total HRR measured during this
test on HDPE. Flame heat flux measurements were not recorded during experiments on
HDPE due to expected melting behavior.

Only minor dripping / melt flow was observed at the front surface of samples prior to
peak burning; however, shortly after this peak HRR was observed, a significant melt flow
event occurred in which approximately half of the total specimenmass softened, detached
from the panel walls, and fell to the burner and surrounding platform below. Measured
HRR decreased substantially following this melt flow event, though the polymer melt con-
tinued burning as a pool fire until manual suppression (by water-line). Note: as seen in
Fig. 32d, the flaming polymer melt produced during this test on HDPE was particularly
difficult to extinguish. Application of water by a hose line would splash and spread this
polymer melt (which could still continue burning), similarly as a liquid pool fire might be-
have.
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(a) Burner application (b) Sample ignition t = 230 s

(c) Peak HRR, Q̇ = 2.8 MW (d) Suppression of pool fire, t = 448 s

Fig. 32. Fire behavior of HDPE slabs burning in parallel panel configuration.
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Fig. 33. Measured heat release rate of HDPE slabs burning in parallel panel configuration.
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3.1.6. HIPS, high impact polystyrene

Four parallel panel experiments were conducted on HIPS. Additionally, one experiment
was conducted using a single HIPS panel (opposite panel, including Marinite insulation,
removed). Images of typical fire behavior in HIPS parallel panel tests are shown in Fig. 34;
as seen here, HIPS samples produced a significant amount of soot while burning. Much
like ABS, previous tests at the bench scale have demonstrated that soot formed by burn-
ing slabs of HIPS can adhere to the front surface of the polymer, continuously thickening
and forming a thermally stable layer that can ultimately cause auto-extinction of samples
(so long as samples remain in place without significant dripping or melt flow). In these
full-scale experiments, however, although soot readily formed and adhered to the front
surface of panels, blackening them (as well as any exposed surfaces of the parallel panel
assembly), much of the soot was carried upwards and away with other combustion prod-
ucts and significant dripping event occurred within minutes after ignition. Although the
exhaust system was increased to its maximum flow rate during these tests, during periods
of peak burning and soot production, the density of soot in the exhaust flow system ex-
ceeded the maximum limit of the measurement system (i.e., across the path length of the
laser, the soot was optically thick; see further discussion in Section. 3.4 and test-specific
results in Appendix C).

For each repeated parallel panel test on HIPS, ignition was achieved by approximately
t = 75 s, at which point the propane burner was turned off and the burner was covered
with a steel shield. As seen in Fig. 35, time-resolved HRR mesaured in tests R1, R2, and
R4 was highly repeatable. For test R3, although the maximum rate of rise of HRR and
peak HRRwere similar to that measured in the other three tests, rapid fire growth occured
approximately 20 s sooner. In Test R3, flames ignited uniformly across the base of each
panel wall. In Tests R1, R2, and R4, the front 10 cm (approximately y ≤ -20 cm) of the
right panel (x = 15 cm) did not ignite initially; lateral flame spread was observed in these
tests and wall flames covered the full surface of both panel walls within 80 s to 90 s after
ignition. In all four tests, shortly after the burner was turned off, a minor decrease in fire
size was observed; by t = 115 s in Test R3 and by approximately t = 130 s in Tests R1, R2,
and R4, flame tips were first observed to reach the top of the panel walls, at which point
a rapid increase in measured HRR was recorded. For all parallel panel tests conducted on
HIPS, dQ̇

dt averaged 38.2 kW s−1; this is approximately 2.6x greater than the average fire
growth rate supported by PMMA panels. Neglecting porous polymer foams, HIPS samples
supported the second highest fire growth rates measured in this test series (close to that
measured for ABS: dQ̇

dt ≃ 52.3 kW s−1)
After a period of approximately 30 s, during which time fires burned at or near a peak

HRR between 3.0 MW and 3.2 MW while maintaining their shape, HIPS panels were ob-
served to detach from the wall and fall to the base of the panel assembly where they con-
tinued burning. After approximately t = 480 s, complete sample separation from the walls
was observed and flaming was only observed on parts of the sample that had detached
and fallen down to the base of the assembly. Periodically, water was applied to contain the
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(a) Ignition (b) Peak HRR, Q̇ = 3.0 MW

(c) Dripping and Heavy Soot Formation (d) Continued burning and heavy soot
formation of pool fire

Fig. 34. Fire behavior of HIPS slabs burning in parallel panel configuration.

melt pool and protect the back of the parallel panel assembly from direct flame exposure;
however, this drip pool was allowed to burn until auto-extinction.

Figure 36 plots the average value of total wall flame heat flux, q̇
′′
total, measured at the

centerline of panels (y = 0) at heights 0.2 m ≤ z ≤ 1.8 m during repeated parallel panel
experiments on HIPS. As seen here, at each height, q̇′′

total rapidly increases at the beginning
of tests as HRR increases and flames spread upwards towards, and over, each gauge loca-
tion. After flames extend beyond each gauge location (which takes progressively longer at
higher heights, z) the rate of increase of measured heat flux substantially decreases.

Similarly as for ABS, after continuous flaming is observed across the full height of HIPS
panels, q̇

′′
total measurements demonstrate a strong dependence on height, z (i.e., q̇

′′
total is

substantially higher near the top of the assembly). Specifically, as seen in Fig. 37, at a
measured HRR of 1000 kW, q̇

′′
total increases from approximately 60 kW m−2 at z = 30 cm
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Fig. 35. Measured heat release rate of HIPS slabs burning in parallel panel configuration.

to approximately 120 kW m−2 at z = 220 cm. Additionally, as seen in Fig. 36, after con-
tinuous flaming is observed across each gauge location (consider measurements between
400 kW≤ Q̇ ≤ 3000 kW), q̇

′′
total measurements increase by (on average) just 20 % across

the full length of samples (comparatively, in tests on PMMA, q̇′′
total continues increasing by

approximately 40 % to 55 % after this inflection point)20. It is possible that this occurs be-
cause dark, sooty, optically thick flames quickly filled the volume between the two panel
walls (see Fig. 34).

20Note: by the time this inflection point is observed, q̇′′
total is substantially higher for both ABS andHIPS flames

(than for PMMA flames), with q̇
′′
total ≥ 75 kW m−2 for all heights z ≥ 0.75m.
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Fig. 36. Total wall flame heat flux measured at the centerline, y = 0, and across the height, z, of
panels during repeated experiments on HIPS. The shaded area around each curve represents the
expanded uncertainty of the heat flux measurements (Uc; 95% confidence interval, coverage
factor = 2), as described in Appendix B.2.
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Fig. 37. Height-resolved measurements of total wall flame heat flux measured at the centerline,
y = 0, of panels during repeated experiments on HIPS. Error bars indicate expanded uncertainty
of the heat flux measurements (Uc; 95% confidence interval, coverage factor = 2), as described in
Appendix B.2.
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(a) Q̇ = 120 kW (b) Q̇ = 200 kW (c) Q̇ = 510 kW (d) Q̇ = 765 kW

Fig. 38. Representative images of flame structure during the early stages of fire growth due to
upward flame spread over HIPS panels. Corresponding height-resolved flame heat feedback
profiles are plotted in Fig. 37.
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Figure 39 plotsmeasurement data (HRR and flameheat flux) demonstrating the impact
of sample configuration (parallel panel versus single panel) on measured fire growth rate
and flame heat flux. As seen in Fig. 39a, fire growth rate was considerably slower in the
single panel test: with just one panel burning, it required approximately 3x longer (200 s
versus 70 s) after the burner was turned off for a rapid increase in HRR to be observed.
Although fire growth rate was considerably slower for the single panel test, peak HRR was
only approximately half that measured in the parallel panel test. Thus, nominally, peak
HRR scaled with sample surface area.

Figure 39b plots measured flame to wall heat flux along the centerline of panel walls,
q̇
′′
total, versus width-normalized HRR, Q̇/w (here, w represents total sample width: in the
single panel configuration, w = 0.6 m; in the parallel panel configuration, w = 1.2 m).
As seen here, in the single panel configuration, larger values of Q̇/w are required before
rapid increases in q̇

′′
total are measured; however, peak, quasi-steady state q̇

′′
total is generally

comparable or slightly higher (10% to 20% higher)21. This demonstrates that, at the same
relative fire size (i.e., Q̇/w) flame height (i.e., region of the sample exposed to elevated
flame heat fluxes) is lower in the single panel configuration. Because flame to wall heat
fluxes under the continuous flame sheet were notmeasured to be lower in the single panel
configuration, this suggests that burning configuration (i.e., single versus parallel panel)
primarily affects fire growth rate by altering flame structure.

Repeated measurements of radiation heat flux were also obtained in parallel panel
tests at z = 0.5 m, 1.0 m, 1.8 m (in tests HIPS R1, R2, and R4) in order to calculate the frac-
tion of total wall heat flux attributed to radiation (i.e., qrad(%) =

q̇
′′
rad

q̇′′total
). To validate this

measurement technique versus other results available in the literature [59, 60], measure-
ments of radiation heat flux were also obtained at z = 1.0 m and 1.8 m when HIPS burned
in the single panel configuration. These results are presented in detail (along with similar
radiation measurements obtained for five other materials) in Sec. 3.3.

21For Q̇/w between 200 kW/mand 1600 kW/m, flameheat fluxmeasurements at z= 50 cmare considerably
higher in the single panel configuration (versus parallel panel configuration); this behavior is inconsistent
with heat flux measurements at z = 30 cm and z = 75 cm. It is possible that sample deformation (e.g.,
dripping, warping, or panel separation) affected this measurement; however, only one single panel test
was conducted and this result cannot be confirmed.
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Fig. 39. Comparison of fire growth rate and flame heat flux measurements for HIPS burning in the
parallel panel or single panel configurations. Fig. (a) demonstrates the delay in fire growth rate
and reduced peak HRR observed in the single panel test. Fig. (b) shows reduced flame heat fluxes
at all heights in the single panel configuration when plotted as a function of width-normalized
HRR, Q̇/w. The shaded area around each curve represents the expanded uncertainty of the heat
flux measurements (Uc; 95% confidence interval, coverage factor = 2), as described in Appendix
B.2.
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3.1.7. OSB, oriented strand board

Three parallel panel experiments were conducted on OSB; images of typical fire develop-
ment in these tests are shown in Fig. 40. Although themoisture content of OSB panels was
not measured prior to testing, the panels were stored (for a minimum of 7 days) in a room
that maintained an average humidity of 25 %. In the first test, OSB R1, it appeared that
strong ignition of samples had been achieved (flame tips were observed above z = 2.0m;
HRR > 300 kW) and so the propane burner was turned off at t = 135 s. However, after
burner shutoff, wall flames were not self-sustaining, thus the burner was turned back on
at t = 165 s. Throughout the duration of the second and third tests (OSB R2 and R3) the
burner was continuously supplied with propane. Figure 41 plots time-resolved HRR mea-
surements fromeachof these experiments; in all three tests, flames spreadupwards across
the full height of the panels, reaching an initial peak fire size of approximately 600 kW be-
tween 180 s and 210 s after burner ignition.

Note: in Test OSB R3, due to poor initial performance of the propane burner (flaming
only observed along the front edge of the burner, -30 cm ≤ y ≤ 25 cm), ignition was can-
celled after the first attempt (burner quickly turned off after 15 s) and the test restarted.
During the second attempt at ignition, burner flaming was more uniform; however, be-
cause the burner and gas lines were pre-loaded with propane, initial burner HRR (and re-
sulting flame heat flux) increased faster than normal (as discussed in Sec. 2.4). As a result,
in this test, sample ignition occured earlier (at t = 11 s in Test R3, versus t = 39 s and 45 s
in Tests R1 and R2, respectively) and initial HRR was slightly higher during the first 60 s of
the experiment (see Fig. 41).

After this first peak in measured HRR, flames decreased in size22, remaining fully sepa-
rate on either panelwall (though still fully covering the surface of bothwalls) andmeasured
HRR decreased for a period of approximately 200 s. As samples continued to burn, crack-
ing was observed across their front surface and measured HRR increased once again until
burnout, separation, and collapse of charred sections of OSB was observed across the sur-
face of the panel walls; at this time, the propane burner was turned off and flames began
to gradually self-extinguish23 (see Fig. 40c). Following extinction of the burner, smolder-
ing of sample remnants continued and smaller flames continued burning in two distinct
regions: towards the top of the panels, where OSB was not yet fully charred through and
remained attached to the assembly and above a pile embers that had formed at the base
of the panels/at the top of the burner.

The two peaks in HRRmeasured in these experiments likely evolve due to surface char-
ring dynamics and the continued heating of these samples (with finite thickness). Similar
results have been observed in previous bench scale tests in which OSB samples were ex-
posed to a range of incident heat fluxes (25 kW m−2 to 50 kW m−2) in cone calorimeter
experiments [103]. In each case, measured burning rate increases shortly after sample
22Note: the rapid decrease and increase in HRR measured during Test R1 between150 s ≤ t ≤ 200 s corre-
sponds to temporary burner shutoff and reignition.

23A second peak in measured HRR is observed in each dataset at the time of burner shut off; however, it is
possible that larger fires could have been observed had the burner been left on for longer.
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ignition before decreasing as a char layer forms and thickens at the surface of samples.
This char layer acts as a thermal barrier (insulator), thus decreasing the net heat (from
the flame above) available for pyrolysis of the virgin wood below. As samples continue
burning, the thermal wave penetrating the sample reaches the backing insulation and the
sample is heated through in-depth: at this point, burning rate accelerates and a second
peak in HRR is observed. It is possible that the relatively quick development of this second
peak in HRR in parallel panel tests on OSB was also influenced by rate at which cracking of
the char layer was observed across the surface of panels in these tests (first seen within
minutes of ignition).

Although flames quickly spread across the front surface of samples, average fire growth
rate (which is calculated here based on the rate of rise in HRR to its first peak) was relatively
low, as compared to other materials tested in this work. Between Tests R2 and R3, dQ̇

dt
averaged 2.2 kW s−1, which is approximately 0.15x the average fire growth rate supported
by PMMA panels) due to the low peak HRR observed in these experiments. Note: when
the burner was not turned off in a test, average fire growth rate was calculated as: dQ̇

dt =
(Q̇0.85∗peak−90 kW)

(tpeak−t90 kW) , where t90 kW is well after burner ignition at which HRR measured 90 kW
and all other terms in this expression are used identically as previously defined.

Figure 42 plots the average value of total wall flame heat flux, q̇
′′
total, measured at the

centerline of panels (y = 0) at heights 0.1 m ≤ z ≤ 2.2 m during repeated parallel panel
experiments on OSB. At each height, q̇′′

total increases to approximately 75 kWm−2 as flames
spread upwards, towards, and over the surface of each gauge location. After continuous
flaming is observed over each gauge in OSB tests, q̇

′′
total measurements remain relatively

constant across the full height of samples, increasing by no more than 10 % while HRR
remains below 500 kW.

A discontinuity is observed in the heat fluxes measured z = 10,75,140, and 220 cm
when Q̇ > 600 kW. This discontinuity arises because the flame heat flux data plotted in
Fig. 42 only includes measurements recorded while HRR is increasing. As noted above,
HRR temporarily decreases (before rising again) during tests on OSB, resulting in two HRR
peaks throughout the course of the experiment. In Test OSB R2, HRRs greater than 600 kW
were only measured during this second peak in HRR, approximately 300 s after a first HRR
peak was measured. As a result, all heat flux data plotted in Fig. 42 when Q̇ > 600 kW is
obtained from Test OSB R2 during this second increase in HRR (i.e., after t = 400 s). During
the middle stages of all OSB tests, while HRR temporarily decreases before rising again,
time-resolvedmeasurements of q̇

′′
total continue tomonotonically increase at all heights z <

140 cm; towards the top of the panel walls, q̇
′′
total first decreases before increasing along

with the second rise in HRR. It is possible thatmuch of thismeasured increase in q̇
′′
total arises

due to increasing reradiation from the opposite panel wall: as seen in Fig. 40d, after flames
spread to the top of the assembly, glowing combustion (i.e., smoldering) is observed across
the full surface of OSB panels.

Repeated measurements of radiation heat flux were also obtained at z = 0.5 m, 1.0 m,
1.8 m (in tests OSB R1, R2, and R3) in order to calculate the fraction of total wall heat flux
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(a) Prior to ignition (b) Early flame spread, Q̇ = 300 kW

(c) Near first peak in HRR, Q̇ = 500 kW (d) Decay: Local burnout, smoldering (glowing
combustion) of charred panels, and continued
flaming of remaining sample remnants

Fig. 40. Fire behavior of OSB panels during parallel panel experiments.
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Fig. 41. Measured heat release rate during parallel panel experiments on OSB.

attributed to radiation (i.e., qrad(%) =
q̇
′′
rad

q̇′′total
). These results are presented in detail (along

with similar radiation measurements obtained for five other materials) in Sec. 3.3.
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Fig. 42. Total wall flame heat flux measured at the centerline, y = 0, and across the height, z, of
panels during repeated experiments on OSB. The shaded area around each curve represents the
expanded uncertainty of the heat flux measurements (Uc; 95% confidence interval, coverage
factor = 2), as described in Appendix B.2.

76



0 50 100 150
0

50

100

150

200

250

Fig. 43. Height-resolved measurements of total wall flame heat flux measured at the centerline,
y = 0, of panels during repeated experiments on OSB. From left to right, q̇′′

total profiles are plotted
as HRR increases during upward flames spread and until the later stages of these tests, after peak
HRR was measured, while HRR decreases when flames still covered the full surface of panel walls
(i.e., before local burnout is observed at the base of samples). Error bars indicate expanded
uncertainty of the heat flux measurements (Uc; 95% confidence interval, coverage factor = 2), as
described in Appendix B.2.
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(a) Q̇ = 120 kW (b) Q̇ = 180 kW (c) Q̇ = 300 kW (d) Q̇ = 500 kW (e) Q̇ = 600 kW

Fig. 44. Representative images of flame structure during the early stages of fire growth due to
upward flame spread over OSB panels. Corresponding height-resolved flame heat feedback
profiles are plotted in Fig. 43.
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3.1.8. PBT, poly(butylene terepthalate)

One parallel panel test was conducted on PBT in this series; flame heat flux measurements
were not recorded during this experiment. Local ignition of either wall was first observed
by t = 170 s (see Fig. 45a and the propane burner was turned off at t = 210 s, at which
point sustained flaming was observed across the surface of either panel wall and flame
tips just reached the top of the assembly. After burner shutoff, as seen in Fig. 46, mea-
sured HRR increased rapidly, reaching 2.7 MW approximately 50 s later (i.e. by t = 260 s).
This equates to an average fire growth rate of dQ̇

dt = 56.0 kW s−1, which is comparable to
the value calculated for ABS panels (52.3 kW s−1). PBT is known to melt at approximately
225◦C (roughly 180◦C before its primary decomposition reaction) and its melt flow behav-
ior during burning is known to affect its performance in standard fire tests [104, 105]. In
this full-scale test, small drips were first observed to fall from the sample shortly after sus-
tained flaming was observed. From t = 260 s until t = 310 s (i.e., the time at which peak
HRR was observed), measured HRR remained relatively constant, increasing or decreasing
slightly as relatively small (≤ 10 cm) sections of PBT detached from the assembly walls, fell
to the base of the assembly, and continued burning.

Unlike most of the other materials tested in this work, which were large enough to
cover the full surface of each parallel panel wall, PBT was obtained in the form of 1.22 m
long, 0.30 m wide slabs that were attached side by side, four each on either panel wall.
Because samples were not continuous across the width and height of the parallel panel
walls (where they were attached to the assembly by a series of flat, metal clamps) they
could detach more easily while burning. By t = 310 s, the edges of most PBT sections had
separated from the assembly walls, at which point a significant melt flow / dripping event
occurred and the majority of the remaining PBT fell down, where it continued burning
as a pool fire. Molten PBT that dripped or spread to the back sides of the parallel panel
assembly was extinguished (suppression by application of water) and the remaining drip
pool closest to the burner was allowed to burn until self-extinction.

(a) Ignition of base of panel walls, just prior to
burner shutoff

(b) Peak HRR, Q̇ = 2.8MW

Fig. 45. Fire behavior of PBT slabs burning in parallel panel configuration.
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Fig. 46. Measured heat release rate of HIPS slabs burning in parallel panel configuration.

80



3.1.9. PMMA-PVC alloy (Kydex)

Two parallel panel tests were conducted on a PMMA-PVC alloy (Kydex); flame heat flux
measurements were not recorded during these experiments. Burning behavior in these
tests was repeatable and shared characteristics of separate experiments on pure PMMA
and pure PVC slabs (see discussions in Sections 3.1.1 and 3.1.12, respectively). In PMMA-
PVC Tests R1 and R2, the propane burner was continuously supplied with propane until
t = 600 s, though measured HRR was approximately 15 % of its peak value t = 300 s. Rep-
resentative images of typical fire development in these tests are shown in Fig. 47. Sample
ignition likely occurred at t = 90 s, as evidenced by increased flame heights, heavy soot
formation, and measured HRR exceeding Q̇ = 120 kW (i.e., twice the value of the propane
burner; see Fig. 48).

Much like tests on PMMA panels, flames spread upwards across the surface of PMMA-
PVC panels, with flame tips reaching the top of the panel assembly by approximately t =
180 s to t = 195 s. However, both peak HRR (Q̇ ≃ 1.1 MW) and average fire growth rate
(dQ̇

dt = 5.1 kW s−1) were approximately 3x lower in PMMA-PVC tests than in PMMA tests.
As seen in Fig. 47, throughout the duration of tests on PMMA-PVC, significant quantities
of soot were produced. Soot production was similarly observed during the burning of PVC
samples with measured soot yields, Ysoot, of PMMA-PVC samples comparable to those of
PVC samples (see discussion in Sec. 3.4) and both approximately 10x to 20x greater than
Ysoot measured for PMMA. Note: although the soot yields measured during the burning
of PMMA-PVC and PVC panels in this configuration were similar, peak fire sizes and total
energy released in PMMA-PVC tests was significantly greater (factor of 2�x), resulting in
substantially greater total soot production.

Figure 47b plots measured HRR from each of these experiments; as seen here, fire
growth rate was highly repeatable during the early stages of each test. After t = 180 s, as
samples continued to heat in-depth across their height, measured HRR increased, reach-
ing a peak value of Q̇ ≃ 1.1 MW. Several secondary burning behaviors may have affected
observed fire growth behavior. First, PMMA-PVC samples charred at their front surface.
In some locations, this char layer may have formed an effective fire barrier; in others,
charred sample remnants were observed to detach from the panel walls and fall to the
top of the burner. Written observations made during experiments (prior to peak burning)
also indicated that, along sample edges, small sections of PMMA-PVC slabs could separate
from the assembly walls (in some cases folding forwards, but not fully detaching). When
this behavior was observed, visual observations suggested that fire size could vary consid-
erably: increasing or decreasing depending on whether the detached sample continued
burning in place (at both its front and back surface) or fell to the base of the assembly.
Following burner extinction at t = 600 s, sample remnants that had fallen to the top of
the burner were allowed to continue burning (flaming combustion) until self-extinction
(which occurred between t = 2100 s and t = 2700 s). These fires remained relatively
small, Q̇ < 30 kW, and appeared to sustain themselves, in part due to their configura-
tion: i.e., the charred sample remnants arranged in this porous matrix could retain heat
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(a) Ignition of panel walls, approximately 90 s
after burner exposure

(b) Peak HRR, Q̇ = 1.1MW

(c) Continued burning of (and heavy soot
formation) charred sample remnants at the
base of panels, towards the end of a test

Fig. 47. Fire behavior of PMMA-PVC slabs during parallel panel experiments.

while oxgygen penetrated the pile in-depth (as evidenced by visual observations of glowing
and flaming), thus sustaining combustion in a manner not observed when charred panels
remain separated, flat against the parallel panel assembly. Compared to PMMA panels,
which burned to completion, approximately half of the initial mass of PMMA-PVC samples
remained at the end of each of these experiments (mostly as partially degraded and/or
charred residue).
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Fig. 48. Measured heat release rate of PMMA-PVC slabs burning in parallel panel configuration.
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3.1.10. Polyiso, polyisocyanurate foam

Eight total tests were conducted on (nominally) the same polyisocyanurate foam of three
different initial thicknesses: 13 mm , 25 mm , and 51 mm (nominally, 0.5 in., 1.0 in., and
2.0 in. thick). In the figures, tables, and text below, these three materials are referred to
as Polyiso05, Polyiso, and Polyiso2, respectively. Flame heat flux measurements were not
recorded during experiments on Polyiso foam.

Polyiso panels tested in this work consisted of a polyiso core bonded to Kraft-paper-
reinforced aluminum facers on each side; both sides have a reflective surface. Prior to
testing, the aluminum foil facer (and paper reinforcement) was completely removed from
one side of the panels. This side was exposed to the burner flame, while the back side
of the panel (with original foil facer still intact) was attached to the Marinite walls of the
parallel panel assembly. As seen in Fig. 49a, panels were held in place by lengths of 12
gauge steel wire that were stretched horizontally across the front surface of panels (from
y =−15 cm to y = 15 cm), pushed through the panels themselves, and connected at the
back side of the assembly; six such connections were made at various heights, 0.4 m ≤
z ≤ 2.2 m. For samples of all thicknesses, a horizontal strip of this same wire was also
wrapped around the entire front surface of samples and affixed to the back of the panel at
up to four heights between z = 0.25 m and z = 2.2 m. For Tests R2 and R3 on Polyiso05,
which burned to completion (see Fig. 52a), additional lengths ofwirewerewrapped around
the front of the sample to help hold it in place.

For each thickness of polyiso tested in this work, sample ignition and self-sustained
flaming was readily observed within seconds of ignition of the burner. Of all the materi-
als tested in this work (including each of the other porous foams), flame spread was most
rapid over polyiso panels (i.e., shortest time to peak HRR), with peak HRRs observed be-
tween t = 16 s and t = 23 s in each of the eight experiments. Although time to peak HRR
did not demonstrate any obvious dependence on sample thickness, peak HRR decreased
slightly with increasing sample thickness. This resulted in average fire growth rates of
(dQ̇

dt = 137.2 kW s−1, 129.1 kW s−1, and 112.1 kW s−1 for Polyiso05, Polyiso, and Polyiso2,

respectively). On average, in the parallel panel configuration tested here, dQ̇
dt was approx-

imately 8.7x higher for Polyiso foam as compared to solid PMMA slabs.
Because of this rapid flame spread, a discrete sample ignition time could not be reliably

defined in real time (i.e., as experiments were conducted) and so, to improve test to test
repeatability, the propane burner was left on throughout the duration of experiments. In
general, polyiso samples retained their shape throughout the duration of experiments (see
Fig. 52 with burnout observed only near the base of 1 in.- and 2 in.-thick polyiso samples
(after prolonged burner exposure and extinction of the upper regions of the panels). The
Polyiso05 samples maintained their shape throughout the duration of experiments, but
would fragment and separate from the panel walls towards the end of tests as they burned
to completion (see Fig. 52a).

As seen in Fig. 50, despite the rapid ignition and fire growth supported by polyiso sam-
ples (and the breakup of 13 mm thick samples towards the end of tests), burning behav-
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ior of polyiso slabs was highly repeatable24. While measured total heat release, THR, in-
creased with sample thickness (average THR =18 MJ, 31 MJ, and 38 MJ, for Polyiso05, Poly-
iso, and Polyiso2, respectively). Peak HRR decreased with sample thickness (the average
peak HRR of Polyiso05, Polyiso, and Polyiso2 measured 1.03 MW, 0.96 MW, and 0.79 MW,
respectively). Residue yield — i.e., final mass remaining at the end of the test divided by
initial sample mass µres) — increased with sample thickness (average µres =0.17, 0.27, and
0.57 for Polyiso05, Polyiso, and Polyiso2, respectively. The heat of combustion measured
for polyiso foam samples burning in the parallel panel configuration showed no statistically
significant dependence on sample thickness, averaging 21.2 kJ g−1 across all 8 tests.

Uniquetime-resolvedHRRprofiles are observed for eachof the three thicknesses tested
here. Both 0.5 in. and 1.0 in. thick samples show two peaks in HRR (for Polyiso05, these
peaks are approximately 10 s apart and support approximately the same HRR; for 1.0 in.-
thick samples, these peaks are separated by approximately 60 s apart, and second peak
HRRmeasured 0.3x to 0.5x that of of the first) whereas only one peak and amonotonic de-
cay in HRR is observed for 2.0 in thick samples. Collectively, these results (along with visual
observation of sample residue (Fig. 52) suggest that, although flammable, thicker polyiso
panels retained some of their capabilities as thermal insulators while burning thus limit-
ing the involvment of the backside of panels. While the thinnest polyiso samples quickly
heated through in-depth, burning nearly to completion, it took longer for a thermal wave
to reach the back surface of 1.0 in thick panels and the 2.0 in. thick samples were thick
enough (at least in this burning configuration, with this burner exposure) to never heat
through in-depth to sufficient temperatures such that complete thermal decomposition
of the sample was observed.

24Note: the slight delay in the rapid rise in HRR measured in Tests Polyiso05_R3 and Polyiso_R1 appears to
be related to sample ignition behavior. In both of these tests, burner flames first ignited along the back
edge of the assembly (i.e., at y = 30 cm); seconds later, flames were observed across the width of the base
of samples.
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(a)Mounting of Polyiso panels prior to ignition (b) Initial flame height seconds after ignition of
2.0 in. thick polyiso samples

Fig. 49. Polyiso samples prior to and shortly after ignition in parallel panel tests.
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(c) Nominal thickness = 2.0 in.

Fig. 50. Measured heat release rate of polyisocyanurate foam samples burning in parallel panel
configuration.
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(a) Nominal thickness = 0.5 in., Q̇ = 1.02MW (b) Nominal thickness = 1.0 in., Q̇ = 0.97MW

(c) Nominal thickness = 2.0 in., Q̇ = 0.80MW

Fig. 51. Peak fire size in parallel panel tests on polyiso samples of three thickness. Measured peak
HRR decreased with sample thickness (the average peak HRR of 13 mm, 25 mm, and 51 mm thick
samples measured 1.03 MW, 0.96 MW, and 0.79 MW, respectively).
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(a) Nominal thickness = 0.5 in., complete
burnout and fragmentation of residue

(b) Nominal thickness = 1.0 in., near complete
burnout, residue mostly in tact

(c) Nominal thickness = 2.0 in., unburnt sample
visible at backside of panels away from burner

Fig. 52. Variations in remaining sample residue in parallel panel tests on polyisocyanurate foam
samples of three different thickness.
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3.1.11. POM-GF, glass-fiber reinforced poly(oxymethylene)

Previous measurements show that POM melts at relatively low temperatures (between
165◦C and 180◦C [100, 106]). In preliminary tests (bench scale flame spread experiments
on 30 cm tall samples) it was observed that pure POM slabs canmelt and flow readily while
burning in a vertical configuration (thismelt flow can have a strong impact on its fire growth
behavior) but POM samples reinforced with chopped glass fibers would better retain their
shape while burning 25. In full scale parallel panel tests conducted in this work, continuous
(but relatively slow) melt flow was observed at the front surface of each panel throughout
the duration of experiments. Shortly after peak HRR was observed, a significant melt flow
event occurred, at which point the lower half of each sample slab had softened and/or
melted substantially such that it fully detached from the panel walls, and fell to the burner
and surrounding platform below. Although polymer melt continued burning as a pool fire
at the base of the assembly, measured HRR dropped precipitously following this melt flow
event. As tests continued, POM-GF remained attached to the panel walls at z > 1.2m and
continued burning in place for an additional 60 s to 150 s before total collapse. The melt
pool at the base of the panel walls was allowed to gradually burn out until approximately
50 minutes to 60 minutes after burner ignition.

Local sample softening, ignition, and flame attachment (to the panel walls) was first
observed near the base of the assembly at approximately t = 30 s; however, the propane
burner was not turned off until approximately t = 180 s, when sustained, uniform flaming
across the width of panel walls (with advancement of the wall flame front beyond the
original height of the burner flames). In Tests R1 and R2, a crossflow from front to back (i.e.,
from −y to +y) resulted in preferential flame attachment to the back edge (y =+30 cm)
of panel walls. In Test R3, the same initial burning behavior was observed, however the
crossflow of air moved from back to front of the assembly (i.e., from+y to−y).

Although approximately 10 cm of the front edge (i.e., -30 cm ≤ y ≤ −20 cm) of both
panel walls in Test R1 and just the right panel wall in Test R2; or the back edge, 20 cm ≤
y ≤ 30 cm, in Test R3) did not initially ignite due to this crossflow (and the resulting non-
uniformity of the burner flame), in all tests, sustained flaming was similarly observed on
both panel walls after the burner was turned off at t = 180 (Fig. 53a). As seen in Figs. 53b
and 53c, lateral flame spread allowed for near-uniform coverage of either panel wall ap-
proximately 200 s to 240 s after sample ignition. This figure also demonstrates the unique
nature of flames supported by burning POM-GF samples: even at peak burning (Q̇ ≃
500 kW when flame tips extended beyond z =2.5 m ) soot production was not observed

25Preliminary flame spread tests were conducted on 30 cm tall, 5 cm wide slabs of pure POM and POM
reinforced by 20 wt.% chopped glass-fibers (i.e., the POM-GF tested in this work at full scale). In these
tests, both samples were ignited at their base and flames were allowed to spread freely upwards. Melt-
ing and dripping (flaming) of pure POM was observed shortly after ignition; however, POM-GF samples
showed limited melt flow at their surface and generally maintained their shape (though thermal bowing
was observed).
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and flames remained nearly transparent26. Note: POM-GF slabs used for Test R3 were
slightly thicker than those used in Tests R1 and R2 (approximately 9.5 mm thick versus
7.0 mm thick) resulting in (1) a slightly lower initial fire growth rate and (2) a longer pe-
riod of steady burning where the POM-GF slabs remained fixed to the panel walls before
ultimately softening, melting, and detaching.

Figure 54 plots time-resolved measurements of HRR from repeated tests on POM-GF
panels; as seen here, fire growth was highly repeatable. In all tests, initial fire growth dur-
ing burner application (0 s < t < 180 s) was nearly identical. After burner shutoff, flames
gradually spread upwards across the full height of the panels, reaching a peak fire size of
approximately 500 kW by t = 577 s in Test R1 and t = 663 s in Test R2. Of all materials
tested in this work for which self-sustained flaming and upward flame spread were ob-
served, fire growth was slowest on POM-GF. Specifically, dQ̇

dt averaged 0.98 kW s−1, which
is approximately 0.07x the average fire growth rate supported by PMMA panels.

Figure 55 plots the average value of total wall flame heat flux, q̇
′′
total, measured at the

centerline of panels (y = 0) at heights 0.2 m≤ z ≤ 2.2mduring repeated parallel panel ex-
periments on POM-GF. A similar trend is observed here as for each of the materials tested
in this work: at each height, q̇′′

total steadily increases at the beginning of tests as fires grow
and flames spread upwards, towards each gauge location. However, as panels continued
burning, polymer melt flow at the front surface of each sample could cover the surface of
heat flux gauges, thus invalidating their measurements. As a result, there is a limited avail-
ability of flame heat flux data at higher HRR, especially at lower measurement locations.
At heights z ≥ 180 cm, q̇′′

total measurements were still obtained after continuous flaming is
observed across the surface of the panel walls (for HRR up to 450 kW). As seen in Fig. 55,
measured flame heat flux remains relatively constant at each height after steady flaming
is observed.

Fig. 56 plots height-resolved wall flame heat flux profiles measured in GPO-1 tests at
heat release rates between 120 kW and 500 kW. As seen here, at all heights, z, after con-
tinuous flaming was observed at each measurement location, q̇′′

total reaches approximately
50 kW m−2. When flames were observed across the full length of panel walls, q̇

′′
total is no-

tably lower for POM-GF than for all other materials tested in this work (when compared at
the same HRR). It is possible that this is a result of the limited soot production by, and radi-
ation heat ransfer from, these (mostly) transparent, and relatively thin27 flames. Repeated
measurements of radiation heat flux were obtained at z = 1.0 m, 1.8 m, and 2.0 m (in tests
POM-GF R1, R2, and R3) in order to calculate the fraction of total wall heat flux attributed
to radiation (i.e., qrad(%) =

q̇
′′
rad

q̇′′total
): of all materials tests in this work, qrad(%)was lowest for

POM-GF. These results are presented in detail (along with similar radiation measurements
obtained for five other materials) in Sec. 3.3.

26Unfortunately, the yellow and orange highlights captured in photographs somewhat hide the predomi-
nantly transparent, blue flames that were observed during testing.

27Throughout the duration of each test on POM-GF, even at peak HRR, the flames spreading on either panel
wall remained separate (i.e., they did notmerge in the volumebetween the panels) andmostly transparent.
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(a) Initial flame height shortly
after the sample is ignited and the
burner is covered in Test R3
(t = 194 s).

(b) Flame sheet covering left
panel wall in Test R3, showing
transparent blue flame (t = 280 s)

(c) Flame sheet covering base of
left panel wall in Test R3; still
primarily transparent, and
reaching the top of assembly
(t = 438 s)

(d) Flame sheet covering left
panel wall up to z =1.5 m in Test
R3, flame tips above top of
assembly (t = 576 s)

(e) Flame sheet covering full
surface of left panel wall in Test
R3 near peak burning,
Q̇ > 450 kW (t = 650 s)

(f) Continued burning of melted
POM-GF at the front base of
panels, towards the end of Test R3
(t = 1474 s)

Fig. 53. Representative fire behavior of POM-GF slabs during parallel panel experiments. These
images are from the rear of the setup. ”Left panel wall” refers to the left panel when viewing from
the front of the setup.

92



0 200 400 600 800 1000 1200 1400 1600
0

100

200

300

400

500

POMGF_R1
POMGF_R2
POMGF_R3

Fig. 54. Measured heat release rate of POM-GF slabs burning in parallel panel configuration.
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Fig. 55. Total wall flame heat flux measured at the centerline, y = 0, and across the height, z, of
panels during repeated experiments on POM-GF. The shaded area around each curve represents
the expanded uncertainty of the heat flux measurements (Uc; 95% confidence interval, coverage
factor = 2), as described in Appendix B.2.
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Fig. 56. Height-resolved measurements of total wall flame heat flux measured at the centerline,
y = 0, of panels during repeated experiments on POM-GF. As seen here, q̇′′

total reaches a peak
value of approximately 50 kW m−2 at all measurement locations when steady flaming is
observed. As fire size (i.e., Q̇) increases, heat flux data is not available at lower heights due to
polymer melt flow over the surface of the lower heat flux gauges. Error bars indicate expanded
uncertainty of the heat flux measurements (Uc; 95% confidence interval, coverage factor = 2), as
described in Appendix B.2.

94



3.1.12. PVC, poly(vinyl chloride)

Two parallel panel tests were conducted on PVC. In Test R1, to determine if self-sustained
flaming of samples could be achieved, the propane burner was turned off twice when
flames were observed at or above z = 1m on both panel walls. After each burner shutoff,
flames quickly began to extinguish and so the burner was reignited and allow to burn until
t = 1500 s. In Test R2, the burner was continuously supplied propane until t = 1200 s.
As seen in Fig. 58, throughout the majority of tests, total HRR measured approximately
Q̇ = 130 kW (note: this value includes the contribution from the propane burner, approx-
imately 63 kW). Although fires remained relatively small throughout the duration of each
test (HRR<250 kW; flames typically remaining below z = 1.5 m) as seen in Fig. 57, heavy
smoke formation occurred throughout the duration of tests. Significant charring was also
observed across the height of samples, most notably towards the base of the assembly,
where PVC panels were continuously exposed to flames from the propane burner. In both
tests, flame spread was not observed across the height of samples, although temporary
increases in fire size allowed flame tips to reach up to approximately z= 2m. Measured in-
creases in HRR always coincided with visual observation of taller flames (i.e., involvement
and burning of a larger region of the panel walls); in some cases, these increases in HRR
were observed after partial separation (local) of the edges of PVC slabs from the parallel
panel assembly or detachment of the char layer at their front surface.

A limited amount of heat flux data is available from each test repetition on PVC; these
measurements are plotted in Fig. 59 from ignition until the first decrease in HRR (i.e., in
Test R1, until the burner was first shut off at t = 180 s, and, in Test R2, until approximately
t = 260 s, when the char layer was observed to thicken at the sample’s surface). At each
height, q̇

′′
total steadily increases as fires grow, with higher heat fluxes always observed at

lower heights, z. This confirms the repeatability of measurements obtained at different
locations in either test repetition. Note: heat flux measurements plotted in Fig. 59 include
heat transfer from the flames supported by the propane burner, which account for at least
50 % of total heat released in the dataset presented here.

(a) Peak HRR, Q̇ = 236 kW (b) Charring at base of PVC panels at end of test

Fig. 57. Fire behavior of PVC slabs during parallel panel experiments.
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Fig. 58. Measured heat release rate of PVC slabs burning in parallel panel configuration.
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Fig. 59. Total wall flame heat flux measured at the centerline, y = 0, and across the height, z, of
panels during repeated experiments on PVC. The shaded area around each curve represents the
expanded uncertainty of the heat flux measurements (Uc; 95% confidence interval, coverage
factor = 2), as described in Appendix B.2.
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3.1.13. SIS Wire, switchboard wire

Two parallel panel tests were conducted on SIS wire. As seen in Fig. 60a, in each test,
between 90 and 96 strands of SIS wire were attached to a 60 cm wide strip of wood that
was attached to (or folded over) the top of either wall of the parallel panel assembly. SIS
wire strandswere evenly distributed (in a single layer) across thewidth of samples and held
in place using lengths of 12 gauge steel wire that wrapped around either panel wall at four
locations: z ≃0.1 m, 0.5 m, 1.0m, and 1.5 m. In Test R1, SIS wire was layered directly against
theMarinite board insulationof the parallel panel assembly. In Test R2, a 6.2mmthick layer
of Redboard (GPO-3) was first attached to the Marinite and then the SIS Wire was placed
in front to determine if the combined fuel load could support flaming combustion.

In each test, despite prolonged burner exposure (15 minutes in Test 1; 25 minutes in
Test 2) flame spread over samples was not observed and total flame extinction was ob-
served once the propane burner was turned off. Production of thick, white/gray smoke
throughout the duration of propane burner application indicated the generation of high
molecularweight gaseous pyrolyzates that did not burn. As seen in Fig. 61 total HRR peaked
shortly after burner ignition, though it never exceeded Q̇ = 150 kW in either experiment,
and then settled to a quasi-steady value of 95 kW or 70 kW (with or without the pres-
ence of Redboard behind SISWire) throughout the remainder of the test. Note: measured
HRR includes the contribution from the propane burner, Q̇ = 60 kW. These results are
consistent with previous measurements on Redboard (see Sec. 3.1.4 and demonstrate that
the SIS Wire tested here (in this configuration and with this particular, though reasonably
severe, ignition source) does not represent a significant fuel load and will not support self-
sustained flaming.

Flame heat flux measurements were recorded at four heights (z = 20, 50, 100, and
140 cm) during SIS Wire Test R2. These measurements are plotted as a function of time
in Fig. 62. As seen here, measured flame heat flux — absolute value and flame extension
length (i.e., height, z, at which elevated heat fluxes aremeasured)— is only slightly greater
than that measured in response to application of the propane burner against an inert wall.
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(a) Distribution of SIS Wire across the left
panel wall in Test R2

(b) Peak HRR, Q̇ = 142 kW

(c) Burnout at base of panels after 25 minute burner exposure

Fig. 60. Fire behavior of SIS Wire during parallel panel experiments.
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Fig. 61. Measured heat release rate of SIS Wire burning in parallel panel configuration.
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Fig. 62. Total wall flame heat flux measured at the centerline, y = 0, and across the height, z, of
GPO-3 panels covered with 96 vertically-oriented strands of SIS Wire.
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3.1.14. Western Red Cedar

Four parallel panel experiments were conducted on Western Red Cedar. Although the
moisture content of Western Red Cedar panels was not measured prior to testing, the
panels were stored (for a minimum of 7 days in a room) that maintained an average hu-
midity of 25 %. In Test R1, multiple attempts were made to turn off the burner when flame
tips were observed above z = 2.0m; however, sustained flaming of samples was not main-
tained after the burner was turned off. Thus, for the remainder of test R1 (t > 220 s), and
throughout the duration of Tests R2, R3, and R4, the burnerwas continuously suppliedwith
propane. Likely, the inability of this material to sustain flaming in this test configuration
without an external heat source arises, at least in part, due to the char layer that forms
at the sample’s front surface during burning. This char layer is thermally stable and can
act as an insulator, thus decreasing the net heat transfer (from the flame above) available
for pyrolysis of the virgin wood below. Images of typical fire behavior in these tests are
shown in Fig. 63. As seen here, the front surface of Western Red Cedar samples quickly
blackened and charred after burner exposure; however, as seen in Fig. 63d, in tests R2,
R3, and R4, although surface charring was observed (especially near the propane burner),
samples remained fully intact28 throughout the duration of experiments (approximately
400 s to 600 s). However, in Test R1, when panel walls were exposed to the burner for
more than 1200 s, sustained smoldering combustion (i.e., glowing) was observed across
the lower half of samples (i.e., near the flames of the propane burner) after the burner
was turned off.

Figure 64 plots time-resolved HRR measurements from each of these experiments. In
all tests, when the burner was continuously kept on (i.e., Tests R2, R3, and R4), burning be-
havior (i.e., fire growth rate, time to peak HRR, and decay behavior) was highly repeatable:
flames spread readily across the full height of the panels, but fire growth was short lived
and fires remained relatively small (in these three tests, an average peak HRR of approxi-
mately 370 kWwasmeasured between 90 s and 120 s after burner ignition). After this peak
HRR was measured, fires quickly decreased in size to approximately 150 kW (including the
contribution from the 63 kW propane burner). In these three tests, the burner was turned
off before a second increase in HRR was observed because fires were no longer growing
and continued heating appeared to risk damage to the heat flux gauges embedded in each
sample29.

28The relatively slow charring behavior of Western Red Cedar (i.e., prior to t = 600 s, limited cracking of the
char layer was observed and thus detachment, falloff, and/or burnout of charred sample remnants did not
occur; additionally, after the burner was turned off, self-sustained smoldering combustion at the sample’s
surface was not achieved) differs from that of OSB samples, which readilly showed signs of cracking and
glowing combustion across their surface much earlier in experiments (see Sec. 3.1.7).

29Unlike most of the other materials tested in this work, which were wide enough to cover the full surface
of each parallel panel wall, Western Red Cedar was obtained in the form of 2.5 m long, 0.28 mwide planks
(approximately 0.021 m thick) that were attached side by side (two each, centered on either panel wall). A
crack could form and widen during prolonged burning along the centerline of these two planks, exposing
heat flux gauges positioned across the height of the sample at y = 0 cm).
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(a) Ignition
(b) Peak HRR, Q̇ = 322 kW

(c) Charring at the front surface of samples (top)
and continued flaming (bottom, near burner) at
time, t = 160 s after ignition

(d) Extinction shortly after burner shutoff:
charring at the front surface of samples and
smoldering combustion near the burner

Fig. 63. Fire behavior of Western Red Cedar panels during parallel panel experiments.

For test R1, in which Red Cedar samples were exposed to the propane burner for twice
as long, a gradual (but small; i.e.,< 10 %) increase inHRRwasmeasured between t = 600 s
and t = 1200 s. During this time, the panels continued heating in-depth, and cracks in
the char layer developed across the lower half of the panel walls. In this test, continued
smoldering (glowing combustion) and local flaming was observed after the burner was
turned off until samples were finally extinguished by application of water (hose stream).
30

Although flames quickly spread across the front surface of the samples, the peak HRR
was relatively low compared to other materials tested. The average rate of increase in the
HRR for Test R2, R3, and R4, starting from the time the fire reached 63 kW and ending at
its peak, is 1.8 kW/s, approximately 10 % of the growth rate of PMMA and half that of OSB.

Figure 65 plots the average value of total wall flame heat flux, q̇
′′
total, measured at the

centerline of panels (y = 0) at heights 0.1 m ≤ z ≤ 2.2 m during repeated parallel panel

30The behavior ofWestern Red Cedar panels after extended exposure to the propane burner— i.e., cracking
of the char layer, increased HRR later in experiments, and sustained glowing combustion near the base of
panel walls after burner shutoff— is similar to that observed at earlier times in tests on OSB samples (see
Sec. 3.1.7).
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Fig. 64. Measured heat release rate during parallel panel experiments on Western Red Cedar.

experiments on Western Red Cedar. After continuous flaming was observed across each
gauge location, q̇′′

total maintains a fairly steady value between approximately 70 kWm
−2 (at

z > 75 cm) and 80 kWm−2 (at lower heights, where the panel walls are continuously ex-
posed to the propane burner flames). Similarly as in tests on OSB (the other wood-based
material tested in this work), after continuous flaming is observed over each gauge and
while HRR continues to increase at the start of the test, q̇′′

total can increase by 10 % to 15 %
(potentially due to increasing reradiation from the opposite panel wall). For Western Red
Cedar samples, this increase is only measured near the base of the sample (i.e., near the
flames of the propane burner, where sample charring is most pronounced); however, for
OSB, q̇

′′
total increases at all heights. Similarly, distinct differences in smoldering behavior

were observed at each sample’s surface. In tests on OSB, after flames spread to the top of
the assembly, char cracking and glowing combustion (i.e., smoldering) is observed across
the full surface of panels (see Fig. 40d); however, in tests onWestern Red Cedar, panels re-
main mostly black (no evidence of smoldering) above z > 1.2m, with glowing combustion
only observed across parts of the sample that were continuously exposed to the propane
burner flames (see Figs. 63c and 63d). For both materials, the flames spreading on either
panel wall remained separate (i.e., they did not merge in the volume between the panels)
throughout the duration of tests while Q̇ < 650 kW.

Measurements of radiationheat fluxwere obtained at z=0.5mand 1.0m (in Test R3) in
order to calculate the fraction of total wall heat flux attributed to radiation (i.e., qrad(%) =
q̇
′′
rad

q̇′′total
). These results are presented in detail (along with similar radiation measurements

obtained for five other materials) in Sec. 3.3.
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Fig. 65. Total wall flame heat flux measured at the centerline, y = 0, and across the height, z, of
panels during repeated experiments on Western Red Cedar. The shaded area around each curve
represents the expanded uncertainty of the heat flux measurements (Uc; 95% confidence interval,
coverage factor = 2), as described in Appendix B.2.
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Fig. 66. Height-resolved measurements of total wall flame heat flux measured at the centerline,
y = 0, of panels during repeated experiments on Western Red Cedar. Error bars indicate
expanded uncertainty of the heat flux measurements (Uc; 95% confidence interval, coverage
factor = 2), as described in Appendix B.2.
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(a) Q̇ = 100 kW (b) Q̇ = 150 kW (c) Q̇ = 200 kW (d) Q̇ = 250 kW (e) Q̇ = 300 kW

Fig. 67. Representative images of flame structure during the early stages of fire growth due to
upward flame spread over Western Red Cedar panels. Corresponding height-resolved flame heat
feedback profiles are plotted in Fig. 66.
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3.1.15. XLPE, cross-linked polyethylene foam

Eight total tests were conducted on (nominally) the same XLPE foam of the same initial
thicknesses with three different densities: 2 lb/ft3, 4 lb/ft3, and 6 lb/ft3 (i.e., 2.57×10−2 kg
m−3, 5.14×10−2 kgm−3 and 7.71×10−2 kgm−3). In the figures, tables, and text below, these
threematerials are referred to as XLPE2, XLPE4, and XLPE6, respectively. XLPE panels were
held in place by lengths of 12 gauge steel wire that were stretched horizontally across the
front surface of panels (from y =−15 cm to y = 15 cm), pushed through the panels them-
selves, and connected at the back side of the assembly; six such connections were made
at various heights, 0.4 m≤ z ≤2.2 m. Samples were also held in place by a series of long,
flat steel clamps that attached along the edges of the parallel panel assembly. Flame heat
flux measurements were not recorded during experiments during XLPE foam tests.

For each thickness of XLPE tested in this work, sample ignitionwas achieved by approx-
imately t = 30 s (as evidenced by self-sustained wall flames spreading beyond z = 1.0 m
on each panel wall) at which point, the propane burner was turned off and then covered
with a steel shield (to protect it from flaming portions of XLPE panels that would drip/fall
down towards the end of tests). Following ignition, flames spread rapidly over XLPE pan-
els, which were allowed to burn out until complete extinction leaving little solid residue
behind. Figure 68 plots a series of representative images depicting fire growth during Test
R2 on XLPE4. Note: just 11 s separates Figs. 68a and 68d in which measured HRR increases
from 250 kW to 2000 kW.

Figure 69 plots time-resolved HRR measurements from all parallel panel tests con-
ducted on XLPE foam. As seen here, fire development (i.e., time to ignition, fire growth
rate, and peak fire size) was highly repeatable, except in test XLPE2 R1, which showed de-
layed fire growth (though similar peak fire growth rate and peak fire size as compared to
other test repetitions on this material). As seen in Fig. 70, which shows representative
burner flame structure during these two tests, the delayed fire growth in test XLPE2 R1
may arise due to non-uniformity (from wall to wall) of the burner flame (see related dis-
cussion in Sec. 2.4). Additionally, Test XLPE2 R2 was the only test on XLPE foam in which
the burner was not covered by a steel shield after sample ignition (see Table 5); the appli-
cation of this burner shield was observed to immediately decrease the thickness of wall
flames near the base of samples and to reduce overall fire size.

Time-resolvedmeasurements of HRR are smooth and continuous for all tests on XLPE2
because these samples remained attached to the panel walls (until complete burnout)
throughout the duration of burning. However, shortly after peak HRR was observed in
tests on XLPE4 and XLPE6, but prior to complete burnout, small sections of the panels
were observed to detach from the wall and to continue burning at the base of the assem-
bly. As seen in Fig. 69c, sudden increases or decreases in HRR could bemeasuredwhen this
detachment occurred; this behavior was more pronounced for the higher density XLPE6
samples. For XLPE4, the initial rise in HRRmeasured at ignition (t = 35 s) in Test R1 was no-
tably larger than that measured in Tests R2 and R3, potentially due to the additional time
needed before the burner could be safely shielded (see Table 5).
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Table 5. Timing of burner shutoff (propane flow) and shield application in XLPE foam tests

Test Burner off Shield On
XLPE2 R1 t = 41 s t = 67 s
XLPE2 R2 t = 41 s No Shield
XLPE4 R1 t = 40 s t = 41 s
XLPE4 R2 t = 35 s t = 36 s
XLPE4 R3 t = 36 s t = 38 s
XLPE6 R1 t = 41 s t = 51 s
XLPE6 R2 t = 41 s t = 50 s
XLPE6 R3 t = 40 s t = 48 s

For each test on XLPE foam, peak HRRs between 2.8 MW to 4.2 MW were measured
approximately 30 s to 40 s after the burner was turned off. No systematic sensitivity to
sample density was observed in peak HRR or time to peak HRR measured in each of these
XLPE tests. It is possible that trends (with respect to sample density) in peak HRR and the
time at which it was observed are occluded due to detachment of sections of XLPE4 and
XLPE6 samples from the panel walls (see Fig2. 69b and 69c). Both average fire growth
rate31, dQ̇

dt , and total heat release
32 increased monotonically with sample density. The cal-

culated average fire growth rates (126 kW s−1 ≤ dQ̇
dt ≤ 184 kW s−1) for XLPE foam samples

were the highest measured of all materials tested in this work. On average, in the parallel
panel configuration tested here, dQ̇

dt was approximately 11.0x higher for XLPE foam as com-
pared to solid PMMA slabs. The heat of combustion measured during parallel panel tests
on XLPE foam showed no statistically significant dependence on sample density, averaging
38.2 kJ g−1 across all 8 tests.

31Measured dQ̇
dt (average value between repeated tests) increased with sample density from 127 kW s−1, to

168 kW s−1, and to 184 kW s−1 for XLPE2, XLPE4, and XLPE6, respectively.
32Measured total heat release (THR, average value between repeated tests) increased with sample density
from 103 MJ, to 178 MW, and to 286 MW for XLPE2, XLPE4, and XLPE6, respectively.
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(a) Q̇ = 250 kW,
t = 50 s

(b) Q̇ = 500 kW,
t = 53 s

(c) Q̇ = 1000 kW,
t = 56 s

(d) Q̇ = 2000 kW,
t = 61 s

(e) Q̇ = 2875 kW,
t = 75 s

Fig. 68. Representative images of flame structure during rapid fire growth over XLPE4 panels.
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Fig. 69. Measured heat release rate of polyiso slabs burning in parallel panel configuration.
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(a) Test XLPE2_R1 showing preferential flame
attachment to the right wall (x = 15 cm)

(b) Test XLPE2_R2 showing uniform flame
attachment to both panel walls

Fig. 70. Burner flame structure at t = 16 s (i.e., as samples begin to ignite) in XLPE2 tests.
Non-uniform burner flame structure in Test XLPE2 R1 (left) may have contributed to the delayed

rise in measured HRR (see Fig. 69).
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3.1.16. XPS, extruded polystyrene foam

Twelve total testswere conducted on XPS panels thatwere produced by twodifferentman-
ufacturers (see Table 1) in two different colors (green or pink). It is not expected that the
color of these samples would significantly affect material flammibility response; rather,
these two samples were considered to explore the variability in burning behavior of differ-
ent samples of nominally the same material (obtained from two different sources). Both
green and pink panels were tested in two different initial thicknesses: 25 and 51 mm (nom-
inally 1.0, and 2.0 in. thick). In the figures, tables, and text below, tests on these twomate-
rials are therefore referred to by sample color and thickness (e.g., XPSgreen1 or XPSpink2).
XPS panels were held in place by lengths of 12 gauge steel wire thatwere stretched horizon-
tally across the front surface of panels (from y=−15 cm to y= 15 cm), pushed through the
panels themselves, and connected at the back side of the assembly; six such connections
were made at various heights, 0.4 m≤ z ≤2.2 m. For samples of all thicknesses, a horizon-
tal strip of this samewire was also wrapped around the entire front surface of samples and
affixed to the back of the panel at up to four heights between z = 0.25 m and z = 2.2 m.
Flame heat flux measurements were not recorded during experiments during tests on XPS
foam.

For each thickness of XPS foam tested in this work, sample ignition was achieved by
approximately t = 25 s (as evidenced by notable soot production and the presence of wall
flames extending up to approximately z = 0.75m). Following ignition, the propane burner
was kept on and flames spread rapidly over both XPS panels. Images of typical fire behav-
ior in these tests are shown in Fig. 71; as seen here, XPS samples produced a significant
amount of soot while burning. Peak burning was observed for each test between t = 60 s
and t = 80 s, at which point flaming sections of panels were observed to detach from the
wall and fall to the base of the panel assembly where they continued burning. After ap-
proximately t = 120 s to t = 150 s, complete burnout was observed along the walls and
flaming was only observed on parts of the sample that had detached and fallen down from
the panel walls. This drip pool was allowed to burn until complete extinction, leaving lit-
tle solid residue behind; flame extinction occurred shortly after the propane burner was
turned off (typically at t = 600 s).

Figure 72 plots time-resolved HRR measurements from all parallel panel tests con-
ducted on XPS foam. As seen here, all tests (except for Test XPSgreen1 R3) demonstrated
rapid fire growth and qualitatively similar time-resolved HRR profiles; however, measured
time to ignition (and the onset of rapid fire growth) was not as repeatable in XLPE foam
tests as that observed in tests on other materials. Specifically, although the maximum rate
of rise of HRR was fairly similar between repeated tests, time to peak HRR and, especially
for thinner samples, peak HRR showed notable variations. A careful analysis of test notes,
pictures, and video indicated that these variations could primarily be attributed variations
in ignition conditions and sample burnout/meltflow (especially for thinner samples).

To account for variations in sample ignitionbehavior, Figs. 72c and 72dplot time-resolved
HRR measured in XPS foam tests with a time shift such that fire growth in repeated exper-
iments is compared beginning at the same fire size, Q̇ = 130 kW, after sample ignition.
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(a) Q̇ = 75 kW (b) Q̇ = 250 kW

(c) Q̇ = 1500 kW

Fig. 71. Representative images of flame structure during the early stages of fire growth due to
upward flame spread over XPS foam panels.
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That is, in these two plots, a new time scale is defined as t − t130 kW, where t130 kW is
uniquely determined in each test as the first time at which measured heat release rate
exceeded Q̇ = 130 kW. This fire size was selected as it is approximately twice the HRR of
the propane burner at steady state33 and, at this HRR, flame tips still extend to just the
midpoint (1.4 m≤ z ≤ 1.5m) of the panel walls.

For 2 in. thick samples of XPS foam, application of this time-shift greatly improves re-
producibility in the HRR profiles measured in repeated experiments (see Fig. 72d). Specif-
ically, without this time shift, measured time to peak HRR varies within a ±19 s for green
foam tests and a ±6 s window for pink foam tests; however, with this time shift, time
to peak HRR (t − t130 kW) varies with ±2 s for both foams. This result suggests that mea-
sured variations in fire growth rate during these tests on XPS foams are less likely due to
variations in material composition and/or thermophysical properties and more strongly
affected by initial test conditions34. This further highlights the extreme sensitivity of flame
spread and fire growth rate over these foams to evenminor changes in ignition conditions.
Note: with this time shift, peak HRR is repeatedly measured several seconds later in tests
on XPSgreen versus XPSpink.

For 1 in. thick samples of XPS foam, application of this time-shift improves the repro-
ducibility of apparent fire growth rate and time to peak HRR measured in XPSpink1 tests;
however, significant deviations are still observed in XPSgreen1 tests, especially Test XPS-
green1_R3 (see Fig. 72c). It is believed that this is a result of deformation (i.e., shrink-
ing/collapse) of XPS foams when heated. During all tests on XPS foam, it was observed
that the sample would collapse (i.e., shrink away, in the x-direction) where exposed to the
burner. For thicker samples, ignition could still occur because enoughmaterial remained to
burn in place while the front surface of the panels heated and collapsed; however, for thin-
ner samples, this shrinkage effectively allowed the foam to recede away from the burner
without igniting. In some cases, this would just lead to delayed fire growth or reduced
peak HRR as burnout (or melting/collapse) was observed towards the base of the panels
prior to full involvement and burning of the top of the sample. However, in Test R3 on XPS-
green1, the sample fully collapsed (shrank, melted, detached from the sample wall, and/or
burned away) below z < 1.2 m and did not support flame attachment or burning farther
downstream (i.e., at higher heights, z). At the start of XPSgreen1 Test R3, it was observed
that foam panels were notably thinner (18.3 mm to 18.6 mm) than their nominal, average
thickness (25 mm).

Comparing the two XPS foam types (i.e., XPSgreen vs. XPSpink) and thicknesses tested
here, the following observations can bemade. First, peak HRR does not show a statistically
significant dependence on foam type when both panels burn to completion in this config-

33Note: HRR measurements shown in Fig. 72a are not corrected for the HRR of the propane burner, which
was left on throughout the duration of experiments.

34The rapid fire growth observed in Test XPSgreen2 R1 (nearly 20 s shift in peak HRR, as compared to Tests
R2 and R3) may have resulted from early ignition of the back edge (i.e., y = 30 cm) of the left panel wall.
In this test, when ignition was finally observed across the base of the panel walls (i.e., when t = 0 was
defined during the experiment), flames were already observed up to z =25 cm along this back edge of the
left wall (flame attachment at this location was first observed at t =−3 s).
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uration. However, on average, peak HRR increases with sample thickness from 1.11 MW
for 1 in. thick samples to 1.67 MW for 2 in. thick samples (neglecting tests R2 and R3 on
XPSgreen1, due to sample collapse and resulting limited fire growth). At both thicknesses,
time to peak HRR was slightly shorter in tests on XPSpink versus those conducted on XPS-
green. Neglecting the results from tests R2 and R3 on XPSgreen1, average fire growth rate
was fairly similar 35 for both types and thicknesses of XPS foam, averaging 44.1 kW s−1. The
calculated average fire growth rate for XPS foam was slightly higher than that supported
by solid HIPS samples (dQ̇

dt averaged 38.2 kW s−1); this is approximately 3.0x greater than
the average fire growth rate supported by PMMA panels.

35Calculated dQ̇
dt is slightly lower for XPSgreen samples, but this difference is not statistically significant.
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(c) 1 in. (25 mm) thick samples, time shifted
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(d) 2 in. (51 mm) thick samples, time shifted

Fig. 72. Measured heat release rate of XPS foam slabs burning in parallel panel configuration.
Note: in plots (a) and (b), HRR is plotted as measured, as a function of time after burner ignition;
in plots (c) and (d), HRR is time-shifted, such that time t = 0 corresponds to the first time in the
experiments when measured HRR equaled or exceeded 130 kW.
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3.2. Scaling of Flame Heat Flux Data During Fully-Involved Burning

In the previous section, similarity was observed in measured flame heat feedback profiles
across the full length of the panel walls when continuous flaming was observed (that is,
for each material, it appeared that measured flame heat flux could be expressed as a sim-
ple function of HRR and height above the burner: q‘′ = f (z, Q̇)). As seen in Fig. 73, we
identified a means to collapse/scale this data accordingly and so we have provided several
representative plots of flame heat flux (measured at all locations, times, and HRRs when
steady flaming was observed) versus a normalized length scale ( f (z, Q̇) = (c1+c2 ∗ Q̇∗z+
(c3 + c4 ∗ Q̇)).

Table 6. Tabulated values of constants used to scale flame heat flux data (c1, c2, c3,and c4) as
f (Q̇,z) = q′′total (see Fig. 73).

Material c1 c2 c3 c4
ABS 6.4E-5 0.4353 0.0117 34.2538
HIPS 1.6E-5 0.3434 0.0133 32.0329
PMMA 5.1E-5 0.1199 0.0085 39.5806
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Fig. 73. Heat flux data taken while the materials have full flame coverage; collapsed into a single
fit as a function of both heat release rate and height on the panel. Open circles represent flame
heat flux measurements at z > z f (i.e., downstream of the continuous flaming region). Constants
(c1, c2, c3,and c4) are shown in Table 6 for each material.
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3.3. Radiative Fraction of Total Wall Flame Heat Flux, qrad(%)

The fraction of total wall flame heat flux attributed to radiation (qrad(%) = q̇′′rad/q̇′′total) was
determined by measuring q̇′′rad and q̇′′total with a pair of water-cooled Schmidt-Boelter heat
flux gauges, one fitted with a ZnSe window for the radiative component only, 7.5 cm from
the centerline. These measurements were made at up to four heights, z = 0.50 m, 1.0 m,
1.8 m, and 2.2 m. To protect both gauge’s front surfaces from deposits, they were shielded
during the initial stages of experiments by small, custom fitted pieces of insulation (see
Fig. 5). Once steady flaming conditions were observed across the surface of both gauges,
the shields were removed by pulling a wire connected to the spring-loaded tension rods
holding them in place (see Fig. 74), and a “clean gauge” measurement of heat flux was
recorded. In separate tests, shields were removed at different times based on the time
needed for continuous flaming to be observed across the panel wall at the gauge location
of interest; at the same height, shields were always removed simultaneously to expose
both the total heat flux gauge and the radiometer to flames at the same time. Calibration,
setup, and use of these twoheat flux gauges is discussed in detail in Sec. 2.3.3 of this report.

Fig. 74. Senior Technician Laurean DeLauter safely removes shields from heat flux gauges to
enable measurements of flame-to-surface radiation heat flux during Test ABS R3.

Figure 75 plots time-resolved measurements of q̇′′rad and q̇′′total recorded by two pairs
of shielded heat flux gauges positioned at z = 1.0 m and z = 1.8 m during Test OSB R2. A
rapid increase in measured heat flux was observed when the gauge shields were removed
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at t = 180 s. Similar rapid increases in heat flux were observed whenever the shields were
removed successfully36.
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Fig. 75. Measured total and radiation heat flux at z = 1.0m and z = 1.8m during Test OSB R2.

In a few experiments, q̇′′total increased after shield removal when flames continued to
grow (e.g., growing thicker or taller if and when fire size, HRR, continued to increase) or
when panel walls continued heating later in tests (e.g., due to smoldering combustion of
wood-based samples or prolonged exposure and continued heating of thermally stable
samples such as the glass fiber reinforcement of GPO-1). Although continuous flaming was
observed across the surface of each heat flux gauge when shields were removed, in most
cases measured flame heat flux, especially q̇′′rad, decreased after shield removal. This could
occur due to a variety of physical changes at the gauge’s front surface including: soot de-
position, melting or dripping of heated sections of sample that were originally above the
heat flux gauge, physical deformation of the sample panel such that its front surface was
no longer flush with the front surface of the gauge. In all tests, a decrease inmeasured q̇′′rad
was consistently observed by the radiometers after shield removal for these reasons (most
notably, soot deposition) and due to the gradual degradation (i.e., reduction in transmis-
sivity) of their ZnSe windows. Consequently, given the potential for measured flame heat
flux to vary after shield removal, q̇′′rad and q̇′′total are therefore reported as discrete values:
specifically as the maximum average heat flux (6 s running average) recorded within 10 s

36In a few experiments, shields could not be simultaneously removed from both the radiometer and total
heat flux gauge (e.g., if the shields shifted or became embedded into the wall due to sample melting or
other deformation). In these tests, a rapid increase in measured heat flux was therefore not observed and
qrad(%) was not calculated from this data.
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Fig. 76. Radiative fraction of total wall flame heat flux, qrad(%), measured at multiple heights, z,
when continuous flaming was supported by six materials (ABS, GPO-1, HIPS, OSB, and POM). Error
bars indicate expanded uncertainty of the heat flux measurements (Uc; 95% confidence interval,
coverage factor = 2), as described in Appendix B.2.

of shield removal. This subset of measurement data used for the calculation of q̇′′rad and
q̇′′total is highlighted as the bolded sections of heat flux measurements plotted in Fig. 75.

Table 7 lists q̇′′rad and q̇′′total measurements obtained shortly after shield removal in all
replicate tests on ABS, GPO-1, HIPS, POM-GF, OSB, and Western Red Cedar. Included in
this table are the gauge locations and measured HRR at the time of shield removal. Uncer-
tainties reported in this table represent expanded uncertainties (95% confidence interval),
which are calculated with explicit consideration for gauge calibration uncertainty 2.28 %
and fluctuations measured values during the 6 s averaging window after shield removal
(mean random error due to fluctuations during testing, approximately 2.4 %). A detailed
description of this uncertainty calculation is provided in Appendix B.2.

Also provided in Table 7 are calculated values of radiative fraction, qrad(%). To visualize
potential trends in thismeasurement data, qrad(%) is plotted as function of height in Fig. 76
and as a function of HRR in Fig. 77. As seen here, qrad(%) shows a strong dependence on
material composition but limited systematic variation as a function ofmeasurement height
or fire size.

For the least sooty of these fuels, (POM-GF, which produced a blue, nearly transparent
flame; see Fig. 53) qrad(%) averaged just 16 %. Conversely, for ABS and HIPS (which sup-
ported large, sooty fires; see Secs. 3.1.2 and 3.1.6) qrad(%) averaged closer to 40 %. Note:
this average does not include the two highest radiative fractions measured in ABS Test
R2 (qrad(%) = 58.4 % and 69.7 %), which were both obtained shortly after peak HRR was
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Fig. 77. Radiative fraction of total wall flame heat flux, qrad(%), measured at multiple HRR, Q̇,
when continuous flaming was supported by six materials (ABS, GPO-1, HIPS, OSB, POM-GF, and
Western Red Cedar). Error bars indicate expanded uncertainty of the heat flux measurements (Uc;
95% confidence interval, coverage factor = 2), as described in Appendix B.2.

observed when ABS samples had completely detached from the apparatus walls (due to
softening/burnout at attachment points) but continued to burn at the base of the assem-
bly37. The qualitative observation of increasing radiative fraction with increasing sample
sooting propensity is consistent with measured values of soot yield, Ysoot, presented in
Sec. 3.4; similar observations of flame radiance from plastic pool fires (including PMMA,
POM, and HIPS) and gaseous wall fires of different smoke yields have been made else-
where [107, 108].

The radiative fractions measured here, even for the highly sooty flames (presumably
optically thick) produced by ABS andHIPS, are notably lower than those calculated in previ-
ousworks (both for solid fuels [59, 60] and gaseouswall burners [109, 110]). These previous
studies reported that heat transfer in large, turbulentwall flames is dominated by radiation

37In Test ABS R2, heat flux gauge shields did not remove cleanly when pulled (likely because they had become
stuck to the panel walls as the material softened) and the gauges were only uncovered when the sample
(and these shields) completely detached from the panel walls. At this time, a sudden increase in q̇

′′
rad

and q̇
′′
total was measured at both z = 100 cm and z = 180 cm, HRR still exceeded 1.2 MW, and the volume

between the panel walls was fully engulfed in flames. This allowed for an estimate of qrad(%); however,
it is emphasized that the sample burning configuration at this time (flames filled the volume between the
panel walls, but this fuel was formed by the pyrolysis of ABS that was burning in a pool fire configuration
at the base of the assembly and the panel walls themselves were uncovered marinite insulation panels) is
not the same as for all other measurements plotted in Fig. 76 (sample slabs lining each panel wall). Time
resolved measurements of q̇′′rad and q̇′′total from Test ABS R2 are presented in Appendix C.
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(75 % to 80 % of total heat transfer at heights above 75 cm to 100 cm). In these previous
measurements on solid fuels, PMMA slabs up to 3.56 m tall were burned in the vertical
configuration (single panel, 41 cm to 91 cmwide, with water cooled sidewalls). Total flame
to wall flame heat flux was calculated by measuring local sample burning rate and mate-
rial heat of vaporization and radiation heat transfer from flame to wall was estimated by
means of a gray flame analysis and using measurements (from a narrow angle radiometer)
of flame radiation away from the wall. Measurements of gaseous wall flames supported
in a similar configuration— porous, water-cooled gas burners up to 65 cm tall, with water-
cooled sidewall(s) — also calculated q̇′′rad using a radiometer positioned at a distance away
from the wall and either a large (65 cm by 38 cm water-cooled heat transfer plate) above
the burners or highly spatially-resolved measurements of temperature across the flame
sheet. It is highlighted that total heat fluxes, q̇′′total , measured in this work (parallel panel
configuration) can be a factor of 2x to 3x greater than those reported in previous studies;
this may be one factor influencing the relative difference in calculated qrad(%).

To assess how sample configuration affected measurements of qrad(%), an additional
experiment was conducted on HIPS in which one of the parallel panel walls was removed.
This allowed the opposite panel to burn freely without the influence of a nearby obstruc-
tion on air entrainment, flame structure, or reradiation. In Table 7, this test is listed as
HIPS1Panel R1. Measurements of q̇′′rad, q̇′′total, and qrad(%) are relatively similar (even at a
different HRR) when HIPS burned in the single wall or parallel panel configuration, as seen
in Figs. 76 and 77 and in Table 7. It should be noted that the shields were removed from
the gauges well after flame spread occurred across the gauge locations and flames are pre-
sumably optically thick. Therefore, it is inferred that heat fluxmeasurements in these tests
are primarily from the optically-thick and sooty flames, and not as much from re-radiation
of the opposite panel.

Both high and low values of qrad(%) are measured in separate tests on Western Red
Cedar. This variation arises primarily due to the state of the flame and glowing char oxida-
tion in the opposite panel at the time of gauge shield removal. In Western Red Cedar Test
R2, at the time of shield removal (HRR=150 kW), flame tips only intermittently covered
the heat flux gauges at z = 100 cm and they were not present at all at z = 180 cm. Addi-
tionally, although the full length of the sample showed at least some signs of blackening
at the time of shield removal, cracks in the char and evidence of active smoldering were
only observed near the propane burner flames (i.e., below z < 100 cm). Consequently,
in this test, reduced heat fluxes were measured by shielded gauges at both z = 100 cm
and 180 cm. At z = 180 cm, the measured value of qrad(%) = 19 % confirms that heating
occurs primarily by convection (heating from the thermal plume rising above the flames).
In Western Red Cedar Test R3, substantially higher values of qrad(%) (approximately 60 %)
are measured at both z = 50 cm and z = 100 cm. At the time of shield removal in Test R3,
fire size was approximately 50 % greater than that in Test R2 (i.e., HRR = 240 kW), flame
tips extended up to the top of the panel walls, but only intermittent flaming was observed
across each gauge location. Most importantly, both panel walls were brightly glowing due
to smoldering combustion, providing significantly higher radiation from the opposite panel
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wall than heat fluxes measured from the flames of any other material tests at the time of
shield removal.

For OSB, qrad(%)was measured at three heights (z =50 cm, 100 cm, and 180 cm) with
repeat measurements taken at 100 cm and 180 cm. In each test, at the time of shield re-
moval, HRR measured between 450 kW and 520 kW and flames covered the full length of
the panel walls (flames measured approximately 8 cm to 10 cm thick on either wall). For
4 out of 5 of these measurements, qrad(%) measured approximately 40 %±3 %; each of
thesemeasurements was obtained before peak HRRwasmeasured. In OSB Test R1, shields
were removed just after peak HRR and qrad(%)measured 27%; it is possible that this differ-
ence inmeasured radiative fraction arises due to the local variations in smoldering/glowing
behavior at the surface of the developing char layer (see description in Section 3.1.7).

For GPO-1, qrad(%) was measured at three heights (z = 50 cm, 100 cm, and 180 cm)
with repeat measurements taken at 50 cm and 100 cm. For each of 5 of these measure-
ments, qrad(%)measured between 26% and 48%. No significant correlationwas observed
between qrad(%) variations and either (a) measurement location, (b) HRR, or (c) time at
which the shields were removed. It is noted, however, that individually q′′rad and q′′total do
increase with gauge height, except for the measurements from a single experiment. In
test R1, the shields are pulled much earlier (i.e., at a lower HRR) than in the other exper-
iments. Since the glass fibers in this material are highly thermally stable and likely could
maintain elevated temperatures above the pyrolysis temperature of the materials tested
in this work, sample surface temperature (and resulting surface reradiation to the opposite
wall) may have increased in all tests except for R1, where the sample has not been heated
for nearly as long as the samples in the other tests.
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Table 7. Tabulated values of radiative and total flame heat flux .

z HRR q̇′′rad q̇′′total qrad(%)
Test [m] [kW] [kW/m2 ] [kW/m2] [%]

ABS
ABS R2 1.0 1200 110.7± 2.4 189.6± 2.8 58± 4.3
ABS R3 1.0 2220 25.3± 2.9 66.7± 2.5 38± 2.9
ABS R2 1.8 1300 157.2± 2.6 225.5± 3.2 70± 5.7

GPO-1
GPO R1 0.5 160 20.2± 2.5 48.7± 2.6 42± 3.0
GPO R3 0.5 510 15± 3.4 43.3± 2.6 35± 3.0
GPO R1 1.0 160 16.2± 4.6 63± 2.5 26± 2.7
GPO R2 1.0 310 29.1± 2.7 60.8± 2.8 48± 3.7
GPO R3 1.8 360 31.3± 2.4 70.7± 2.6 44± 3.1

HIPS
HIPS R2 1.0 1300 32.1± 10.9 74.3± 9.5 43± 12.5
HIPS R4 1.0 2520 31± 2.5 93.2± 2.6 33± 2.4
HIPS R2 1.8 1470 50.1± 5.3 113.2± 2.6 44± 5.3
HIPS1panel R1 1.8 730 39.7± 2.9 101.9± 3.2 39± 3.4

OSB
OSB R1 0.5 450 27.5± 2.9 69.1± 2.8 40± 3.2
OSB R1 1.0 450 19.5± 3.1 73.4± 2.7 27± 2.2
OSB R2 1.0 520 30.1± 4.5 74.1± 2.5 41± 4.2
OSB R2 1.8 520 35.9± 2.8 84.2± 3.0 43± 3.5
OSB R3 1.8 460 30.9± 3.0 77.1± 2.6 40± 3.2

POM
POM R2 2.2 330 5.8± 2.6 50.8± 2.8 12± 0.9
POM R3 1.0 290 9.3± 2.4 70.5± 3.9 13± 1.2
POM R3 1.8 340 11.6± 2.7 51± 2.8 23± 1.8

Western Red Cedar
Red Cedar, R3 0.5 220 42.4± 2.8 67.2± 2.6 63± 4.8
Red Cedar, R2 1.0 150 21± 3.2 53.7± 4.7 39± 4.4
Red Cedar, R3 1.0 230 40.2± 3.6 68.5± 2.9 59± 5.4
Red Cedar, R2 1.8 150 2.7± 2.7 14.5± 4.1 19± 1.8
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3.4. Heat Release and Product Yields

Table 8 provides a summary of the heat release rate measurements. “Ignition Time” is
defined here as the first time in the experiment at which the measured heat release rate
exceeds the burner HRR by both 20 % and 5 kW 38.

“Heat Released” [MJ] is corrected for the presence of the propane burner by remov-
ing its contribution (i.e., subtracting the product of [average burner heat release rate]
and [burner application duration]). “Peak HRR” is not corrected for contribution of the
propane burner and therefore the burner may contribute to reported Peak HRR in some
tests. “Growth Rate” is calculated as the average rate of increase of the HRR from just
after the burner is shut off until the HRR reaches 85 % of its peak value. In cases where
the burner is not shut off, the growth rate is calculated starting from the time at which the
HRR is 90 kW.

“Heat of combustion” is the total energy released (kJ) per unit mass (g) of gaseous
volatiles produced over the entire experiment. The mass of gaseous volatiles produced
was calculated as measured total mass lost (initial minus final mass) when measurements
of both the initial and final mass of the sample was available. In some cases, one or both
of these values was not recorded (e.g., due to significant melt flow, difficulty completely
removing sample remnants from base of the parallel panel assembly and/or the cement
board at the base of this apparatus, or the inability to measure final sample mass after
the test was complete due to continued production of hazardous volatiles). When sample
remnants could not be cleanly or completed removed from the ground and/or the test ap-
paratus at the end of an experiment, uncertainty in final samplemass was correspondingly
increased (estimated as a Type B uncertainty).

Measured ignition time varied by a factor of up to 30, with low density materials (i.e.,
polymer foams) igniting and growing to peak HRR substantially faster than othermaterials.
In general, fire growth rates were highest for these foams, but also positively correlated
with peak fire size and heat of combustion; thus, for the large fires supported by highly
energetic materials such as ABS, HDPE, and HIPS, the growth rate was comparable to that
of some foams (e.g., each of XPS foams tests). For XLPE tests conducted on nominally
the samematerial with three different densities (i.e., 2.57×10−2 kg m−3, 5.14×10−2 kg m−3

and 7.71×10−2 kgm−3), peak HRR and time to peak HRR did not demonstrate a dependence
on sample density (potentially due to sample detachment prior to complete burnout, see
Sec. 3.1.15); however, both the fire growth rate and total heat released monotonically in-
creased with sample density. XLPE heat of combustion showed no statistically significant
dependence on sample density, averaging 38 kJ/g across all 8 tests.

In general, the total amount of heat released increased with the heat of combustion
and amount of material available (e.g., fires supported by solid HDPE samples yielded
larger Total HR than low-density XLPE foams); however, clear outliers in this trend arise
38The second criteria (5 kW) ensured that ignition would not be mistakenly identified very early on in an
experiment, as the burner’s HRR was still increasing. For most tests, this ignition time (as identified by HRR
measurements) coincides with the time at which sustained, uniform flaming was first observed across the
base of both panel walls.
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if and when sample deformation strongly impacted material burning behavior. For ex-
ample, although PMMA has a lower heat of combustion than ABS or HIPS, it maintained
its shape (and attachment to the panel walls) for significantly longer during these experi-
ments, thus they had comparable amounts of energy released. Sample deformation also
strongly affected fire growth rate and peak HRR in tests on polymer foams. As discussed
in Section 3.1.16, XPS foam samples would rapidly shrink when exposed to the burner and,
for thinner samples, this caused the foam to completely recede without igniting. In some
cases, this would just lead to delayed fire growth or reduced peak HRR as burnout (ormelt-
ing/collapse) was observed towards the base of the panels prior to full involvement and
burning of the top of the sample; in others, the sample fully collapsed (shrank, melted, de-
tached from the sample wall, and/or burned away) without supporting sustained flaming
farther downstream.

Depending on the physical and thermal stability of the virgin material, increases in
sample thickness affected burning behavior in different ways. For example, in tests on XPS
foams between 25 mm and 51 mm thick (XPS foams were observed to burn to completion
leaving little solid residue behind, see Sec. 3.1.16), peak HRR and growth rate both increase
with sample thickness. However, in tests on polyiso foams between 13 mm and 51 mm
thick, peak HRR and growth rate both decrease with increasing sample thickness (polyiso
foam produced a relatively stable porous char that mostly retained its shape throughout
the duration of burning; see Sec. 3.1.10).
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Table 8. Tabulated values of fire size, growth rate, and energy release

Ignition Ignition Peak Time to Growth Heat Heat of
Polymer TimeA HRR HRR Peak Rate Released Combustion

[s] [kW] [kW] [min] [kW/s] [MJ] [kJ/g]
“Pure” Synthetic Polymers

HDPE R1 126 74.4 2817± 167 5.4 26.7 284± 18 NM
HIPS R1 36 55.5 2955± 152 3.5 37.4 509± 29 28.3± 1.7
HIPS R2 33 51.7 3228± 166 3.4 33.0 504± 29 28.0± 1.6
HIPS R3 50 65.5 3094± 159 3.1 47.6 535± 31 28.1± 1.7
HIPS R4 43 64.3 3173± 163 3.5 34.7 513± 32 28.7± 1.9
HIPS1panel R1 43 61.9 1465± 76 6.2 5.9 274± 17 28.8± 1.9
PBT R1 139 74.5 2821± 169 5.2 56.0 375± 25 NM
PMMA R1 91 74.5 2540± 111 12.4 4.0 506± 24 24.4± 1.2
PMMA R2 83 75.5 2882± 125 6.6 12.1 506± 24 24.4± 1.2
PMMA R3 86 75.3 3197± 139 6.6 12.2 506± 23 24.4± 1.2
PMMA R4 82 74.5 3140± 137 7.0 15.8 504± 24 24.3± 1.2
PMMA R5 78 74.3 3166± 138 7.1 10.6 504± 24 24.3± 1.2
PMMA R6 58 71.2 3579± 156 5.4 22.1 503± 23 24.3± 1.2
PVC R1 141 75 163.2± 8.8 11.9 1.1 61.9± 9 NM
PVC R2 118 75 236± 12 8.9 0.1 84± 9.7 NM

Copolymers
ABS R1 33 51.2 3821± 228 3.4 63.7 547± 35 29.3± 1.9
ABS R2 35 54.4 3538± 211 3.1 40.9 566± 36 29.7± 1.9
ABS R3 34 53.3 3541± 181 3.8 28.3 550± 31 28.6± 1.7
PMMA-PVC alloy R1 45 64.4 1060± 67 4.3 4.8 111± 11 9.6± 1.0
PMMA-PVC alloy R2 47 64.3 1070± 68 4.3 5.5 182± 17 10.42± 1.0

Porous Polymer Foams
XLPE 2# R1 27 45 3992± 237 1.4 142.7 101.4± 6.7 37.3± 2.6
XLPE 2# R2 21 38.9 4186± 248 1.3 110.8 104.9± 7 37.1± 2.6
XLPE 4# R1 25 45.4 3169± 162 1.9C 56.9 211± 11 37.9± 2.8
XLPE 4# R2 23 73.8 2876± 146 1.3 134.4 149.1± 8.3 36.9± 3.3
XLPE 4# R3 18 61.6 2830± 144 1.2 200.7 174.4± 9.5 37.5± 3.1
XLPE 6# R1 25 42.3 3500± 207 1.3 196.3 278± 17 39.4± 4
XLPE 6# R2 25 43 3459± 205 1.4 147.2 280± 17 39.9± 2.5
XLPE 6# R3 26 75.1 3427± 203 1.3 208.1 304 39.7
PolyIso (0.5 in.) R1 7 26.8 1056± 64 0.3 153.4 18.6± 1.4 20.6± 2.5
PolyIso (0.5 in.) R2 7 26.2 997± 61 0.3 124.6 18.2± 1.4 21.1± 2.7
PolyIso (0.5 in.) R3 9 50 1022± 62 0.3 133.6 17.9± 1.4 18.7± 2.2
PolyIso (1 in.) R1 11 27.3 949± 58 0.4 120.0 28.6± 3.6 21.7± 2.9
PolyIso (1 in.) R2 8 31.5 974± 59 0.3 125.3 32± 3 21.9± 2.2
PolyIso (1 in.) R3 8 24.3 954± 58 0.3 141.9 31± 3 21.4± 2.2
PolyIso (2 in.) R1 9 21 784± 48 0.4 112.3 37.6± 4.8 22.1± 2.9
PolyIso (2 in.) R2 9 26.3 801± 49 0.4 111.8 38.8 21.8± 2.8
XPS (Green 1 in.) R1 31 74.1 1255± 76 1.1 38.6 54.9± 6.5 26.1± 3.2
XPS (Green 1 in.) R2 31 73.6 628± 39 1.4 15.1 49.1± 6.2 23.3± 3
XPS (Green 1 in.) R3 32 51 174± 10 1.6 2.9 22.9± 3.8 25.4± 9
XPS (Green 2 in.) R1 26 73.6 1946± 117 1 55.4 105± 10 24.5± 2.4
XPS (Green 2 in.) R2 9 19.1 1839± 95 1.3 48.0 110± 10 26.2± 3
XPS (Green 2 in.) R3 27 45.8 1426± 74 1.3 37.0 97.8± 9.1 27.5± 3.4

Table 8 – Continued on next page
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Ignition Ignition Peak Time to Growth Heat Heat of
Polymer TimeA HRR HRR Peak Rate Released Combustion

[s] [kW] [kW] [min] [kW/s] [MJ] [kJ/g]
XPS (Pink 1 in.) R1 33 76.5 812± 50 1 37.8 50.4± 6.2 26.1± 3.3
XPS (Pink 1 in.) R2 25 42.4 1080± 65 1.1 45.6 47.1± 6 24.3± 3.2
XPS (Pink 1 in.) R3 22 39.5 1332± 80 1 54.1 55.3± 6.3 28.7± 3.4
XPS (Pink 2 in.) R1 22 38.4 1687± 101 1.1 52.1 100.6± 9.2 27.9± 2.6
XPS (Pink 2 in.) R2 22 39 1510± 78 1.2 39.7 84.5± 8.4 27.4± 3.7
XPS (Pink 2 in.) R3 28 72.2 1580± 81 1.1 43.7 93.2± 8.2 30.3± 3

Composite Materials
GPO-1 R1 130 75 498± 31 9.4 1.6 235± 17 21.7± 1.7
GPO-1 R2 113 75 469± 29 9.7 1.4 246± 17 22.5± 1.7
GPO-1 R3 86 75 522± 32 6.8 3.7 232± 16 21.2± 1.6
GPO-3 R1 240 74.9 134.3± 9.2 12.0 0.1 43± 8.7 NM
GPO-3 R2 184 74.7 115± 8 7.1 0.2 37.8± 8.3 NM
GPO-3 R3 165 76.2 110± 7.7 7.0 0.5 36.2± 8 NM
POM-GF R1 19 34.4 503± 28 9.6 1.3 387± 26 15.5± 2
POM-GF R2 18 36.2 540± 29 11.1 0.8 367± 24 14.76± 0.97
POM-GF R3 22 38.8 536± 29 17.1 0.9 452± 29 14.52± 0.94

Other Materials
SIS Wire R1 39 59.6 132.8± 9.5 1.4 1.0 16± 5.3 NM
SIS Wire + GPO-3 R1 63 71.6 142± 10 1.2 1.3 47± 10 NM
OSB R1 39 58.9 622± 38 3.7 3.1D 243± 18 14.9± 3.3
OSB R2 45 63.4 894± 54 3.5 1.8D 243± 17 14.9± 1.9
OSB R3 11E 47.4 526± 28 3.2 2.6 262± 18 16.2± 1.1
Western Red Cedar R1 50 66.5 307± 17 2.6 3.7 139± 14 NM
Western Red Cedar R2 27 44.5 322± 18 2.1 4.6 44.4± 4.1 11.9± 1.4
Western Red Cedar R3 27 44.7 398± 22 1.5 7.4 38.8± 3.2 12.5± 1.5
Western Red Cedar R4 29 47.7 378± 21 1.9 4.7 65.1± 5.7 12.6± 1.3

NM = Not Measured
A Ignition time is defined when measured HRR was both 5 kW and 20 % above the burner
HRR
B Peak HRR includes contribution from burner used for sample ignition (nominally 63 kW)
C This peak is measured after partial sample detachment, see Fig 69
D Calculated based on initial rise in HRR
E See discussion in Sec. 3.1.7
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Table 9 provides average gas species and soot yields for each of the materials tested
in this work. The smoke particulate generated by the fire is measured via the light ex-
tinction of a HeNe laser beam across the center of the exhaust duct (assuming a specific
extinction coefficient[75] of flame generated smoke: 8.71 m2/g ± 0.47 m2/g). The design
and implementation of this optical technique is described elsewhere [74]. Gas species and
soot yields are calculated by dividing the time integral (from sample ignition to burnout)
of species mass flow rate in the exhaust hood by the measured total mass loss of the fu-
els. These yields therefore represent the mass of species generated per unit mass of fuel
consumed. Residue Yield, µres, is calculated by dividing the final mass by the initial mass
of the item; this value should not necessarily be interpreted as a char yield because final
mass could include glass-fiber reinforcement and/or portions of the original sample that
detached from the parallel panel apparatus during the course of the experiment without
burning to completion (e.g., due to melt flow, dripping, or simply separating from the wall
because of burnout of the material near mounting supports).

Gaseous species yields are corrected for CO and CO2 generation by the propane burner
by assuming that propane flames burn similarly in the presence of each combustible solid
vs. in open air, and subtracting the expected amount of CO and CO2 generated during the
burner applicationduration. For fuelswith gas-phase activeflame retardants (e.g., SISWire
or chlorinated materials such as PVC and PMMA-PVC), propane combustion may not be
complete, thus this correction (i.e., subtraction) may underestimate CO generation by the
propane burner flames and thus overestimate the calculated CO yield of the combustible
solid of interest.

For tests on GPO-3, HDPE, PBT, and SIS Wire, sample masses were not measured at
the end of experiments. Total mass loss during tests on these four materials (which is
needed for the calculation of combustion product yields) was therefore unknown and in-
stead estimated by dividing measured Total Heat Release by a representative heat of com-
bustion [111]. A representative upper-bound heat of combustion (which provides a con-
servative estimate of product yields) was calculated for each of these fuels on the basis of
microscale combustion calorimetry experiments [73, 112]. These experiments will be pre-
sented in detail in Volume 2 of this report. Heats of complete combustion (energy release
per gram fuel burned) measured in the MCC for each of these fuels are summarized:

• ∆HHDPE
c,complete = 46.1 kJ/g

• ∆HGPO−3
c,complete = 16.9 kJ/g

• ∆HPBT
c,complete = 23.7 kJ/g

• ∆HSISWire
c,complete = 28.3 kJ/g

Uncertainty in these heats of complete combustion (when used as surrogates to charac-
terize large scale burning behavior in the parallel panel assembly) is estimated as 15% (type
B uncertainty). This uncertainty is explicitly considered in calculations of soot and gaseous
species yields for each of these four fuels.
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Table 9. Tabulated values of soot, residue, and gaseous species yields

yCO yCO2 ysoot µres
Polymer Test # [g/g] [g/g] [g/g] [%]

‘Pure’ Synthetic Polymers
HDPEB R1 0.015± 0.003 2.81± 0.6 0.019± 0.005 65.8± 0.9
HIPS R1 0.068± 0.002 2.139± 0.084 0.2± 0.027 8.6± 1.4
HIPS R2 0.062± 0.002 2.085± 0.068 0.198± 0.027 8.9± 0.7
HIPS R3 0.066± 0.003 2.082± 0.081 0.21± 0.027 3.5± 1.4
HIPS R4 0.063± 0.003 2.108± 0.083 0.2± 0.028 9.2± 1.4
HIPS1panel R1 0.07± 0.003 2.23± 0.1 0.157± 0.021 3.5± 2.9
PBTC R1 0.057± 0.012 3.01± 0.64 0.079 NM
PMMA R1 0.005± 0.001 2.196± 0.085 0.005± 0.001 0.0± 1.4
PMMA R2 0.005± 0.001 2.208± 0.085 0.005± 0.000 0.0± 1.4
PMMA R3 0.005± 0.000 2.198± 0.085 0.005± 0.000 0.0± 1.4
PMMA R4 0.004± 0.001 2.219± 0.085 BDL 0.0± 1.4
PMMA R5 0.004± 0.001 2.194± 0.084 BDL 0.0± 1.4
PMMA R6 0.004± 0.001 2.247± 0.086 0.005± 0.000 0.0± 1.4
PVC R1 0.193± 0.03 1.45± 0.22 0.209± 0.041 NM
PVC R2 0.161± 0.02 1.31± 0.17 0.183± 0.033 NM

Copolymers
ABS R1 0.054± 0.002 2.178± 0.079 0.166± 0.023 1.9± 0.4
ABS R2 0.057± 0.002 2.183± 0.082 0.167± 0.022 2.0± 1.1
ABS R3 0.055± 0.002 2.141± 0.083 0.166± 0.022 1.0± 1.5
PMMA-PVC alloy R1 0.103± 0.005 0.62± 0.027 0.1± 0.018 53.1± 1.1
PMMA-PVC alloy R2 0.108± 0.004 0.719± 0.028 0.107± 0.017 29.2± 1.1

Porous Polymer Foams
XLPE 2# R1 0.021± 0.000 2.8± 0.12 0.017± 0.004 0.0± 2.1
XLPE 2# R2 0.020± 0.000 2.67± 0.11 0.018± 0.004 0.0± 2.0
XLPE 4# R1 0.022± 0.001 2.7± 0.17 0.026± 0.004 0.0± 5.1
XLPE 4# R2 0.020± 0.002 2.61± 0.21 0.025± 0.004 0.0± 7.0
XLPE 4# R3 0.020± 0.001 2.66± 0.19 0.024± 0.004 0.0± 6.1
XLPE 6# R1 0.021± 0.002 2.87± 0.25 0.032± 0.005 0.0± 8.0
XLPE 6# R2 0.020± 0.000 2.914± 0.096 0.028± 0.004 0.0± 0.8
XLPE 6# R3 0.020± 0.000 2.78± 0.1 0.030± 0.004 0.0± 0.7
PolyIso (0.5 in.) R1 0.072± 0.007 1.98± 0.2 0.061± 0.01 16.7± 7.9
PolyIso (0.5 in.) R2 0.07± 0.007 1.94± 0.2 0.063± 0.011 21.1± 7.8
PolyIso (0.5 in.) R3 0.053± 0.005 1.64± 0.16 0.057± 0.009 11.9± 7.8
PolyIso (1 in.) R1 0.073± 0.004 2.06± 0.12 0.055± 0.01 35.9± 2.7
PolyIso (1 in.) R2 0.066± 0.004 1.97± 0.1 0.023± 0.01 14.1± 2.8
PolyIso (1 in.) R3 0.076± 0.004 1.95± 0.1 0.059± 0.008 30.6± 2.8
PolyIso (2 in.) R1 0.098± 0.005 1.961± 0.096 0.050± 0.008 58.1± 1.4
PolyIso (2 in.) R2 0.092± 0.004 1.938± 0.093 0.049± 0.007 56.3± 1.4
XPS (Green 1 in.) R1 0.089± 0.004 2.142± 0.096 0.145± 0.019 0.0± 2.7
XPS (Green 1 in.) R2 0.080± 0.004 1.835± 0.082 0.141± 0.02 0.0± 2.7
XPS (Green 1 in.) R2 0.075± 0.024 1.85± 0.59 0.134± 0.046 48.9± 16.1 A
XPS (Green 2 in.) R1 0.084± 0.003 1.852± 0.071 0.171± 0.022 0.0± 1.3
XPS (Green 2 in.) R2 0.081± 0.006 1.96± 0.15 0.155± 0.025 0.4± 6.7
XPS (Green 2 in.) R3 0.082± 0.007 2.11± 0.18 0.149± 0.024 12.3± 7.0
XPS (Pink 1 in.) R1 0.088± 0.004 2.09± 0.097 0.142± 0.022 0.0± 2.9

Table 9 – Continued on next page
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yCO yCO2 ysoot µres
Polymer Test # [g/g] [g/g] [g/g] [%]
XPS (Pink 1 in.) R2 0.082± 0.004 1.971± 0.091 0.154± 0.021 0.0± 2.9
XPS (Pink 1 in.) R3 0.075± 0.004 2.16± 0.1 0.138± 0.02 0.0± 2.9
XPS (Pink 2 in.) R1 0.08± 0.003 2.139± 0.084 0.167± 0.022 0.0± 1.6
XPS (Pink 2 in.) R2 0.072± 0.007 2.03± 0.2 0.139± 0.03 16.3± 7.7
XPS (Pink 2 in.) R3 0.082± 0.005 2.35± 0.14 0.151± 0.021 16.1± 3.9

Composite Materials
GPO-1 R1 0.050± 0.002 2.069± 0.092 0.033± 0.005 69.1± 0.8
GPO-1 R2 0.050± 0.002 2.005± 0.089 0.032± 0.007 68.8± 0.8
GPO-1 R3 0.049± 0.002 1.979± 0.088 0.035± 0.005 68.8± 0.8
GPO-3C R1 0.127± 0.036 2.78± 0.8 BDL NM
GPO-3C R2 0.162± 0.055 3.6± 1.1 0.007± 0.003 NM
GPO-3C R3 0.149± 0.045 3.11± 0.93 0.018± 0.007 NM
POM-GF R1 0.008± 0.001 1.43± 0.17 BDL 25.4± 8.4
POM-GF R2 0.006± 0.000 1.318± 0.048 BDL 25.8± 0.3
POM-GF R3 0.007± 0.000 1.303± 0.048 BDL 20.4± 0.7

Other Materials
SIS WireC R1 0.038± 0.15 1.7± 0.66 0.44± 0.18 NM
SIS Wire + GPO-3C R1 0.42± 0.12 2.73± 0.82 0.272± 0.090 NM
OSB R1 0.016± 0.003 1.55± 0.33 BDL 31.0± 7.3
OSB R2 0.027± 0.003 1.48± 0.17 0.003± 0.002 31.0± 7.3
OSB R3 0.030± 0.001 1.604± 0.064 0.002± 0.001 31.0± 1.2
Western Red Cedar R1 0.11± 0.025 1.87± 0.43 BDL NM
Western Red Cedar R2 0.024± 0.002 1.147± 0.096 BDL 83.5± 1.3
Western Red Cedar R3 0.018± 0.002 1.22± 0.12 0.003± 0.001 85.4± 1.3
Western Red Cedar R4 0.039± 0.003 1.169± 0.077 0.004± 0.001 74.5± 1.3

Continued from previous page
BDL = Below Detection Limit
NM = Not Measured
A Material did not sustain flame spread during testing, therefore was not entirely consumed, see Sec.3.1.16
B Residue yield, µres, estimated by dividing measured Total Heat Release by a representative heat of combustion[111]
C An initial mass was not taken for this material. Therefore, residue yield, µres, cannot be estimated.
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4. Conclusions and Future Work

4.1. Summary of Results

This report presents measurements of heat release rate, product yields, and heat flux ob-
tained from a series of 90 full-scale fire experiments, including 66 conducted on 18 unique
combustible solids. The primary focus of this research is to quantify how material compo-
sition affects ignition, fire growth, and peak fire size in large fires. A variety of materials
was thus selected in order to provide a wide range of material compositions and burn-
ing behaviors such as swelling, charring, dripping, and soot formation. Materials tested
include: natural and synthetic polymers, copolymers, fiberglass-reinforced composite ma-
terials, porous polymer foams, and electrical cables. Additionally, for several of these ma-
terials (i.e., PolyIso, XLPE, and XPS foam) samples of nominally the same material were
tested with different densities or thicknesses or from two different suppliers. Two formu-
lations of glass-fiber-reinforced polyester resins with different arc-resistance ratings (i.e.,
GPO-1 and GPO-3) were also tested.

Fig. 78 highlights flame structure of each of the materials at an HRR of approximately
400 kW. Notable differences in flame structure (e.g., flame thickness, length, and conti-
nuity), soot production, and brightness/flame color can be observed for each of these ma-
terials even when compared at the same relative fire size (HRR). Fig. 79 illustrates flame
structure of each of thematerials at their respective peak HRRs (100 kW to 4200 kW). This
series of images highlights how material composition can strongly impact peak fire size.

Measurement data presented in this study also reinforces that (even for same mate-
rial) ignitability, fire growth rate, and peak fire size may be strongly affected by both (1)
ignition conditions and (2) sample deformation (e.g., due to swelling, melt flow, dripping,
and/or intumescence). Small changes in initial conditions may propagate into compara-
tively large differences in fire growth (positive feedback) and thus it is critical to carefully
characterize ignition source size (HRR and exposure length scale), strength (i.e., incident
heat flux), and duration in order to ensure test respectability and reproducibility (as well as
fire model accuracy). Although sample deformation is well known to strongly impact ma-
terial flammability response, it remains challenging to ensure these behaviors do not affect
the results of standard test methods, that they are accurately and completely character-
ized in research experiments, and that they (and their effects on wall/flame interactions)
are described with suitable accuracy (and reasonable computation cost) in numerical sim-
ulations.

This study also offers a comprehensive set of validation data for computational fluid dy-
namics (CFD) simulations of large scale fire growth due to flame spread over the surface of
combustible solids. Selected measurement data is presented and analyzed in this report;
representative images and detailed descriptions of individual experiments are provided in
Appendix C. A complete set of all measurement data and videos recorded during these
experiments is available online on the NIST Fire Calorimetry Database [1]: https://www.
nist.gov/el/fcd/vertical-upward-flamespread-on-parallel-panels. A summary of key mea-
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(a)

(b)

Fig. 78. Representative flame structure of each of the materials tested in this work when
HRR = 400 kW. Note: in the top row of images, flame structure for GPO-3, SIS Wire, and PVC
flame structure is shown when heat release rate measured approximately 100 kW, 150 kW, and
250 kW, respectively. These are the peak heat release rates measured during tests on these three
materials; these three HRRs are not corrected to account for the contribution of the propane
burner used for sample ignition (nominally, 63 kW).
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Fig. 79. Representative flame structure of selected materials tested in this work at their respective
peak heat release rates (peak HRR).

surement data (fire size and growth rate, heat transfer, and species production) obtained
during these experiments is provided in the sections below.

4.2. Fire Size (Heat Release Rate, HRR)

Figure 80 plots a representative heat release rate (HRR) curve of each of the materials
tested in this work. Significant differences in ignition time, growth rate, and peak HRR are
observed as a result of differences in material composition. These values are reported in
Table 8. Between the 18 different materials, ignition time varied by a factor of approxi-
mately 30, both Peak HRR and time to Peak HRR varied by two orders of magnitude, and
the heat of combustion (energy release per gram of gaseous volatiles produced) varied
by up to a factor of four. As highlighted in Sec. 3, it was observed that fire growth rate
and peak HRR could be strongly affected by sample deformation; often, peak HRR was
measured concurrently with a significant melt flow event or sample detachment from the
panel walls. It is emphasized that this parallel panel test configuration provides a fairly
severe flame spread scenario (e.g., due flame confinement and the potential for reradia-
tion between panel walls). As noted in Sec. 3.1.6, fire growth due to upward flame spread
over (and continued burning of) HIPS panels was considerably faster in the parallel panel
configuration versus a single panel burning independently (similar ignition conditions).
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Fig. 80. Time-resolved measurements of total HRR obtained during the burning of each of the
materials tested in this work (one representative HRR profile is provided for each material, even
when replicate data was available).
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4.3. Heat Transfer

Flame-to-surface heat transfer was measured across the full length of panel walls in ex-
periments involving ABS, GPO-1, HIPS, OSB, PMMA, POM-GF, PVC, SIS Wire, Western Red
Cedar. Width-resolved measurements of flame heat flux were also recorded in this ex-
perimental series at three heights (z = 50 cm, 100 cm, and 180 cm); this dataset will be
analyzed further in future volumes of this work to quantify potential variations of flame
heat flux and flame structure across the width of the panel walls as these fires developed.

Careful processing and analysis of heat flux measurements (see Section 3.1.1) allowed
for height-resolved flame heat feedback profiles to be defined as a function of HRR. Fig-
ure 81 provides heat feedback profiles measured during tests on PMMA alongside repre-
sentative images of flame structure at heat release rates between 120 kW≤HRR≤ 2800kW.
Figure 82 plots several exemplary flame heat feedback profiles measured for seven mate-
rials at three heat release rates (approximately 300 kW, 1 MW, and 3 MW). These heat
feedback profiles can be used as a validation set for CFD simulations of this configuration.
Note: in Fig. 82a, the elevated heat fluxes measured at low heights (z < 0.75 m) during
tests on OSB and Western Red Cedar likely arise due to the presence of flames supported
by the propane burner, which was left on to ensure the continued burning of these two
materials (but turned off during tests on each of the other materials shown in this figure),
and local smoldering (i.e., glowing combustion) of the wood panels.

Fig. 81. Height-resolved measurements of total flame to wall heat flux (as measured by an array of
water-cooled, Schmidt-Boelter heat flux gauges) during upward flame spread over black, cast
PMMA, and representative images of flame structure for measured heat release rates between
120 kW≤ Q̇ ≤ 2800 kW. Error bars indicate expanded uncertainty of the heat flux measurements
(Uc; 95% confidence interval, coverage factor = 2), as described in Appendix B.2.

For one material, HIPS, centerline heat flux measurements were recorded as panels
burned both in the parallel panel and the single panel configuration. Results presented
in Sec. 3.1.6 suggest that this change in burning configuration primarily affects fire growth
rate by altering flame height (rather than due to significant changes in peak flame heat flux
under the continuous region of the wall flame). Future experiments are planned to better
understand this relationship by quantifying the impact of sample configuration and panel
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Fig. 82. Height-resolved measurements of total wall flame heat flux measured at the centerline,
y = 0, of panels during repeated experiments on (ABS, HIPS, and PMMA). In (a), q̇′′

total profiles are
highlighted during the early stages of fire growth (i.e., Q̇ = 300 kW); in (b) and (c), q̇′′

total profiles
are plotted at the later stages of these tests, when flames covered the full surface of panel walls.
Error bars indicate expanded uncertainty of the heat flux measurements (Uc; 95% confidence
interval, coverage factor = 2), as described in Appendix B.2.
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spacing on flame structure, flame heat feedback, and fire growth rate. These results will
enhance our understanding of (and ability to predict) of common fire scenarios of higher
complexity (e.g., electrical enclosure fires or facade fires).

For 6 materials (ABS, GPO-1, HIPS, OSB, POM-GF, and Western Red Cedar), the frac-
tion of total wall flame heat flux attributed to radiation was determined at four heights
(z = 0.50 m, 1.0 m, 1.8 m, and 2.2 m) in multiple tests by simultaneously measuring q̇′′rad
and q̇′′total with a pair of water-cooled Schmidt-Boelter heat flux gauges (one radiometer
and one total heat flux gauge placed side by side). As discussed in Sec. 3.3, in this con-
figuration, the radiative fraction of the heat flux demonstrated a strong dependence on
material composition but limited systematic variations as a function of height or fire size
(so long as a continuous flame sheet was supported over the measurement location). In
general, the radiative fraction was higher for sootier fires (e.g., ABS and HIPS) versus less
sooty fires (e.g., POM-GF). However, elevated radiative fractions were also observed for
wood-based materials when smoldering (i.e., glowing combustion) at the surface.

4.4. Species Yields

Carbon monoxide (CO), carbon dioxide (CO2), and soot yields were measured in exper-
iments conducted in this test series. Soot yields varied substantially from undetectable
(POM-GF) to approximately 0.21 for styrene-containing polymers (i.e., ABS, HIPS, and XPS
foam).
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4.5. Future Work

Additional volumes of this report will include measurement data from a series of mg- and
g-scale experiments conducted on all 18 materials studied in this work. These bench-scale
experiments— including thermogravimetric analysis (TGA), differential scanning calorime-
try (DSC), microscale combustion calorimetry (MCC), and pyrolysis of coupon sized slabs
in a well-controlled, 1-dimensional heating environment — and the systematic method by
which their measurement data will be analyzed [113–116] are specifically designed to allow
for determination (i.e., calibration) of the material properties controlling heating, decom-
position, and production of gaseous volatiles by each of these materials. Collectively, the
measurement data obtained from each of these experiments (from bench- to full-scale)
will thus provide a comprehensive database of experimental measurements needed to
calibrate pyrolysis models for combustible solids, use these models for quantitative pre-
diction of fire growth using CFD tools, and validate the simulation results.

Future work can consider the impact of key secondary factors that affect fire growth
rate, flame structure, and/or flame heat feedback mechanisms: e.g., type and strength of
ignition source, aging of fuels, ventilation conditions, physical phenomena (e.g., melt flow
and dripping), and configuration factors such as panel spacing or fuel packing density, wall
size, orientation, and geometry. Some such experiments are ongoing andwill be presented
in related publications, currently in preparation (e.g., Ref. [117]). These configuration fac-
tors may be of great interest as previous cable fire research has demonstrated that, “the
parameter that has the most effect on the test results [i.e., the fire response of cables
in real-scale tests] is the method of mounting the tested cables” [43]. Additionally, fur-
ther analysis can explore relationships between quantities measured in tests conducted
at different scales as part of this experimental test series (e.g., correlating flame length,
flame heat flux distribution, and qrad(%) with fuel composition, sooting tendency, or Ysoot
or correlating measured fire growth rate to key material properties derived from small-
scale measurement data such as decomposition reaction temperature [118] or the the fire
growth capacity (FGC) [119]).
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B. Uncertainty of Measurements

Measurements presented in this report include heat release rate, heat flux, sensor posi-
tions, and species yields (e.g., soot, CO, CO2). Derived quantities calculated on the basis
of these measurements (e.g., heat of combustion, or radiation fraction of total flame heat
flux to the panels walls) are also calculated on the basis of these measurements. For each
measurand, Type A and/or Type B uncertainties, combined standard uncertainties, and
total expanded uncertainties were evaluated as presented below. Here, the following def-
initions apply:

• Bias: uncertainties from the calibration of the sensor

• Precision: uncertainty in the ability of the measurement instrument to resolve in-
formation from the sensor

• Random Error: result of a measurement minus the mean that would result from
an infinite number of measurements of the same measurand carried out under re-
peatability conditions (i.e., uncertainty due to random, unpredictable variations in
the measurement process).

• Type A Uncertainties: those which are evaluated by statistical methods

• Type B Uncertainties: those which are evaluated by other means

Type A uncertainties were determined using the method defined by Taylor and Kuy-
att [120]. Type B uncertainties were estimated by other means such as the information
available inmanufacturer’s specifications, from past experience, or engineering judgment.

In many cases (e.g., calculation of heat release rate or radiation fraction), a measure-
ment quantity, y, is notmeasured directly, but is instead calculated as a function ofN other
measured quantities:

y = f (xi,x2, ...,xN) (B.1)

Included in the quantities xi are both measured quantities and quantities that take into ac-
count other sources of variability (e.g., different observers, or instruments). When each of
these parameters are uncorrelated, the combined standard uncertainty of ameasurement
result, uc(y), is calculated as:

uc(y) =

√√√√( N

∑
i=1

(
∂ f
∂xi

)2

u2 (xi)

)
(B.2)

where u(xi) is the standard uncertainty of each input parameter and the partial deriva-
tives, ∂ f

∂xi
, are referred to as sensitivity coefficients. Thus, the combined standard uncer-

tainty of a measurement result, uc. is obtained by combining the individual standard un-
certainties using the law of propagation of uncertainty (i.e., the “root-sum-of-squares”).
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A series of repeated measurements allows for the calculation of statistics of their un-
certainties during steady burning or flaming conditions; in this case, the standard devia-
tion, σy, or the standard deviation of the mean, σmean,y = σy/

√
N, of the output estimate

is considered an uncertainty component. The expanded uncertainty,Uc, is defined as:

Uc(y) = k
√

uc(y)2 +σ2
mean,y (B.3)

where the coverage factor, k, is taken as equal to 2, so that the expanded uncertainty,Uc,
corresponds to a confidence level of approximately a 95%.

In the exemplary calculations provided below, average values of random errors for a
given measurement quantity are provided (often estimated as σmean,y of repeated mea-
surements of the same value) in order to offer a representative calculation of the expanded
uncertainty of a given measurement quantity. It is emphasized that the random errors
reported in this appendix are exemplary and measurements (and their respective random
errors) of the same type/quantity recorded in different locations, in different experiments,
and/or at different times during an experiment may vary from these values.

B.1. Heat Release Rate

Heat Release Rate

All tests conducted in this study were performed underneath the 3 MW calorimeter in the
National Fire Research Laboratory (NFRL). The measurement uncertainty (total expanded
uncertainty) for this calorimeter (calculated as per Bryant and Bundy [68]) is defined as as
6.5% to 7.0% for heat release rates between 0.5 MW ≤ HRR ≤ 3.0 MW (average value,
6.8%) for generic combustible fuels. Measurement repeatability improves for larger fires
and larger exhaust flows, and therefore its contribution to uncertainty decreases for these
conditions. Peak heat release rate is often a desired parameter from a fire test. Prelim-
inary experiments [68] suggest that the 3 MW calorimeter can accurately resolve a fire
event with a peak lasting more than 15 s. For smaller fires (e.g., the burner flame used
for ignition) heat release rate is considerably lower than the standard operating range of
the 3 MW calorimeter; thus the expanded uncertainty of such lower HRR measurements
is defined as 10 % (type B uncertainty).

Heat of Combustion

Heat of combustion, ∆Hc, measured during these parallel panel tests is calculated as as the
integral of heat release rate measured throughout the duration of experiments (corrected
for energy release by the propane burner while it is turned on) divided by total mass lost
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during the experiment:

∆Hc =

(∫ text
tign

Q̇dt −
∫ tburner o f f

tign Q̇burner dt
)

minitial −m f inal
=

T HR
∆m

(B.4)

Here, tign represents the start of the test, i.e., the time when the burner is first ignited;
tburner o f f represents the time when the burner is turned off; and text represents the time
at which extinction of sample flames was observed. The symbol Q̇ represents total mea-
sured heat release rate and Q̇burner represents energy from the propane burner flames;
the difference between these two integral values can be defined as total heat released by
the combustible solid, T HR. Here, Q̇burner is estimated as equal to the steady state heat
release rate measured in burner shakedown tests (i.e., Q̇burner = 63 kW; see Section 2.4).

The primary sources of uncertainty in ∆Hc are thus measurement uncertainty in (1)
total heat released, UT HR = 6.8% and (2) measured mass loss, 0.1% ≤ U∆m ≤ 4.0%39.
Expanded uncertainty in measured heat of combustion can thus be calculated as:

U∆Hc = 2
√

u2
T HR +u2

∆m (B.5)

Defining a representative value ofU∆m = 1.5 %, expanded uncertainty in ∆Hc can be

calculated as: U∆Hc = 2
√

6.8%
2

2
+ 1.5%

2
2
= 7.0 %.

B.2. Heat Flux Measurements

Heat flux measurements reported in this work were determined by scaling the voltage
generated by the thermopile of a Schmidt-Boelter heat flux gauge by a calibration constant
that quantifies gauge sensitivity in units of kW m−2 mV−1. Further details regarding heat
flux gauge calibration are presented in Section 2.3.3 of this report.

The considered sources of error in heat flux measurements are thus: (a) random er-
ror due to fluctuations in heat flux readings during testing, (b) bias due to uncertainty in
the calibration constant, and (c) the precision of the DAQ system used to resolve mea-
surements from these gauges. Random error due to fluctuations during experiments is
estimated by calculating the standard deviation of the mean of repeated measurements
obtained within a +/- 3 s window (in all tests, heat flux measurements were obtained at
1 Hz). This random error varies as a function of gauge location, material type, and test
number, thus a single combined uncertainty, uc, cannot be defined for all heat measure-
ments, rather it is defined uniquely (on a test-specific-basis, as needed) throughout this
report. To provide further guidance on interpretation of this data, uc for heat flux mea-
surements is calculated below assuming random error in heat flux gauge readings can be
approximated by its average value across tests (approximately 4.4 %). As seen in the exam-
ple calculations below, for both the comprehensive and expedited calibration techniques,
39Note: large test to test variability in reportedU∆m arises due to differences in material melt/dripping be-
havior, total amount of sample residue remaining at the end of an experiment, and the relative ease (or
difficulty) in cleanly removing this residue at the completion of each test.
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total uncertainty in heat flux measurements was dominated by this random error (fluctu-
ations during testing).

B.2.1. Total Heat Flux to Panel Walls

Tests 1 - 15, 20, 37, 45; all Burner Shakedowns
For the first series of experiments, heat flux gauges were calibrated by direct comparison
to an internal reference gauge (which was calibrated by the Radiometric Physics Division of
NIST) when both were exposed to the same, steady incident heat flux supplied by a high-
temperature tungsten lamp [80]. This calibration procedure is described in Section 2.3.3 of
this report. The combined uncertainty of this calibration technique is calculated as the root
sum of squares of the individual uncertainty components: blackbody calibration (1.5%),
tungsten lamp calibration repeatbility (0.5%), and measured average drift in gauge sensi-
tivity (1.3%).

• Precision (DAQ system: 0.01 %

• CalibrationBias (accuracy in tungsten lamp calibration apparatus):
√

1.52 +0.52 +1.32=2.08%

• Random error (mean random error due to fluctuations during testing): 4.4 %

• Combined Standard Uncertainty: uc(y) = 4.9%

• Total Expanded Uncertainty,Uc(y) = 9.8%

Tests 16-19, 21-36, 38-44, and 46-66;
For the experiments conducted later in this test series, heat flux gauges were recalibrated
by an expedited calibration procedure, as described in Section 2.3.3. Following this ap-
proach, at the start of a new round of testing, heat flux gauges were recalibrated as per the
tungsten lamp procedure described above; however, during this test series, after gauges
were cleaned and repainted, an average sensitivity coefficient was prescribed as the cal-
culated mean value of all recent calibration results40.

For each gauge, prior to testing, this average calibration was spot checked (but not ad-
justed) by placing the heat flux gauge of interest side by side with a secondary reference
gauge, such that they were both positioned 2.54 cm below the center of the radiant heater
of a cone calorimeter [82]. The cone heater was set to approximately 800◦C to provide an
incident radiant heat flux of approximately 50 kW m−2 and the response of the freshly
painted gauge was recorded. On average (236 total spot checks), measured gauge re-
sponse matched the reference value within 1%. Thus, this 1% average deviation is included
as an additional source of uncertainty (bias) when calculating combined uncertainty, uc.
The combined uncertainty of this calibration technique was calculated as the root sum of

40A review of the historical record from all calibrations conducted on all gauges used in this project in-
dicates that, after cleaning and repainting, individual calibrations (conducted as per the tungsten lamp
method [80]) matched their average value within, on average, 0.85%.
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squares of the individual uncertainty components: blackbody calibration (1.5%), tungsten
lamp calibration repeatability (0.5%), cone calorimeter calibration repeatability (0.75%),
and measured average drift in gauge sensitivity (1.3%).

• Precision (DAQ system): 0.01 %

• Calibration Bias (accuracy of tungsten lamp calibration, transfer calibration to cone
heat flux gauge):

√
1.52 +0.52 +0.752 +1.32=2.21%

• Calibration Bias (average variation of calibration spot checks): 1.0 %

• Random error (mean random error due to fluctuations during testing): 4.4 %

• Combined Standard Uncertainty: uc(y) = 5.0%

• Total Expanded Uncertainty,Uc(y) = 10.0%

B.2.2. Radiation Heat Flux to Panel Walls

Measurements of radiation heat flux to the panel walls, q̇′′rad, were obtained using water-
cooled Schmidt-Boelter heat flux gauges that had been fitted at their front surface with a
1 mm thick ZnSe window of viewing angle 150◦. This configuration will be referred to as a
radiometer. Prior to each test, after cleaning and repainting of gauges, ZnSewindowswere
cleaned (soaked in an acetone solution and gently wiped with an acetone-soaked cotton
cloth), reattached to a total heat flux gauge, and then calibrated beneath the heater of
a cone calorimeter as per the expedited calibration procedure described above. Because
this calibration requires comparison to a secondary standard (i.e., the cone calorimeter
reference gauge), the uncertainty of this gauge’s calibration constant (2.08%) is included
as an additional source uncertainty when calculating uc for the radiometer.

• Precision (DAQ system): 0.01 %

• Calibration Bias (accuracy of tungsten lamp calibration, transfer calibration to cone
heat flux gauge):

√
1.52 +0.752 +0.752 +1.32=2.28%

• Random error (mean random error due to fluctuations during testing): 2.4 %

• Combined Standard Uncertainty: uc(y) = 4.2%

• Total Expanded Uncertainty,Uc(y) = 8.4%
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B.2.3. Radiative Fraction of Total Heat Flux to Panel Walls

In this work, the fraction of total flame heat flux attributed to radiation was calculated
as qrad(%) =

q̇′′rad
q̇′′total

, where, q̇′′rad, represents radiation heat transfer to the wall and q̇′′total,
represents total heat transfer to the wall. In this work, multiple tests were conducted
in which q̇′′rad and q̇′′total were measured by a pair of water-cooled heat flux gauges each
located at the same height, z, and 7.5 cm from the centerline, y = 0, of one wall. To
protect the gauge’s surface from deposits (which could reduce gauge sensitivity, especially
that of the radiometer), both of these gauges were shielded during the initial stages of
experiments by small, custom fitted pieces of insulation. Once steady flaming conditions
were observed across the surface of both gauges, the shields were removed and a ‘clean
gauge’ measurement of incident heat flux was recorded.

For each measurement, (a) random error due to fluctuations in heat flux readings
shortly after shield removal, (b) bias due to uncertainty in the calibration constant, and
(c) the precision of the DAQ system used to resolve measurements from these gauges.
Given the potential for measured flame heat flux to vary after shield removal, q̇′′rad and
q̇′′total are calculated and reported as discrete values: specifically as the maximum average
heat flux (during a 3 s running average) recorded within 10 s of shield removal. Random
error in q̇′′rad and q̇′′total are thus estimated as the standard deviation of themean of “good”

41

heat flux measurements obtained during this time period; precision and bias components
of uncertainty are defined as noted above.

The combined standard uncertainty of qrad(%) is therefore calculated as the root sum
of squares of uc of both q̇′′rad and q̇′′total:

uc (qrad(%)) =

√(
uc(q̇′′rad)

)2
+
(
uc(q̇′′total

)2 (B.6)

The expanded uncertainty of qrad(%) is defined as:

Uc (qrad(%)) = k ∗uc (qrad(%)) (B.7)

where the coverage factor, k, is taken as equal to 2, to define a confidence level of approx-
imately a 95%.

B.2.4. Radiative Heat Flux Away From Panel Walls

The heat flux gauge positioned beneath the corner of the 3MWcalorimeter’s exhaust hood
tomeasure radiation heat transfer away from the panel walls was calibrated by direct com-
parison to an internal reference gauge (secondary standard which was originally calibrated
by the Radiometric Physics Division of NIST) when both were exposed to the same, steady
incident heat flux supplied by a high-temperature tungsten lamp. The combined uncer-
tainty, uc, for this heat flux gauge is thus calculated as follows:
41Heat flux measurements recorded by each individual gauge (in each test) were identified as “good” (e.g.,
when flame coverage was uniform across the sample wall) or “bad” (e.g., when sample deformation af-
fected gauge readings or when uneven flaming was observed) as discussed in Sec. 3.1.1.
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• Precision (DAQ system): 0.01 %

• Calibration Bias (accuracy of tungsten lamp calibration):
√

1.52 +0.752 +1.32=2.16%

• Random error (mean random error due to fluctuations in heat flux readings during
testing): 4.1 %

• Combined Standard Uncertainty: uc(y) = 5.4%

• Total Expanded Uncertainty,Uc(y) = 10.8%

B.3. Species Yields, YCO, YCO2 , and Ysoot

The generation rates of combustion products (carbon monoxide, CO; carbon dioxide, CO2;
soot) are calculated over the time period from ignition (tign) to fire out (tout ). These two
events are marked electronically in the data file and are required in order to generate the
standard report reported in the Fire Calorimetry Database [1]. Species yields are calculated
by dividing the total amount of a species generated between tign and tout by the mass of
fuel consumed by the fire, ∆mfuel. This mass, ∆mfuel, can estimated by the two different
methods listed below. If both fuel consumption measurements are available, the value
used to calculate species yields is the one with lower uncertainty.

• Mass loss by load cell measurements: ∆mfuel is calculated as the difference in spec-
imen mass measured (by a load cell) before and after the test. Here, uncertainty
includes the reported accuracy of the load cell (Type A uncertainty) and estimates
(Type B uncertainty) of how well the sample residue could be collected and mea-
sured at the end of a test (e.g., sample residue could be lost if stuck to the panel
assembly or remnants of aluminum foil, drywall, or marinite could have become
embedded in the sample residue/melt pool). On average, this uncertainty averaged
4.4 %.

• Mass loss by calorimetry: ∆mfuel is calculated by dividing the measured total heat
release (THR) by a measured fuel heat of combustion (here, heats of combustion
measured in the MCC are used; see discussion in Sec 3.4). Uncertainty in measured
heat release is discussed above; uncertainty in these heats of complete combustion
(when used as surrogates to characterize large scale burning behavior in the parallel
panel assembly) is estimated as 15% (type B uncertainty).

Gaseous Species Yields: YCO and YCO2

The total amounts of product species generated are given by:
Total CO2 =

MCO2
Mair

∑tout
t=tign [XCO2 −X0

CO2
]ṁe∆t

Total CO = MCO
Mair

∑tout
t=tign [XCO −X0

CO]ṁe∆t
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where:
ṁe = mass flow rate in exhaust duct, [kg/s]
Mi = molecular weight of gas i, [kg/kmole]
Xi = volume fraction of exhaust gas i, [L/L]
X0

i = volume fraction of ambient gas i, [L/L]

and the species yields are thus given by:
CO2 Yield = YCO2 =

Total CO2
∆mfuel

CO Yield = YCO = Total CO
∆mfuel

The combined uncertainty of each product species is calculated as the root sum of
squares of the individual uncertainty components: (1) total amount of species generated
and (2) mass of fuel consumed by the fire, ∆mfuel. A full uncertainty budget for measured
values of carbon monoxide and carbon dioxide is provided in Ref. [68]; for simplicity, ex-
panded uncertainties are reported here:

• Uc(CO)
XCO

= 0.0052

• Uc(CO2)
XCO2

= 0.0012.

Gaseous species yields are corrected for CO and CO2 generation by the propane burner
by assuming that propane flames burn similarly in the presence of each combustible solid
vs. in open air, and subtracting the expected amount of CO and CO2 generated during the
burner applicationduration. For fuelswith gas-phase activeflame retardants (e.g., SISWire
or chlorinated materials such as PVC and PMMA-PVC), propane combustion may not be
complete, thus this correction (i.e., subtraction) may underestimate CO generation by the
propane burner flames and thus overestimate the calculated CO yield of the combustible
solid of interest.

Soot Yield: Ysoot

The smoke particulate generated by the fire is measured via the light extinction of a HeNe
laser beam across the center of the exhaust duct (assuming a specific extinction coeffi-
cient [75] of flame generated smoke: 8.71 m2/g ± 0.47 m2/g). The design and implemen-
tation of this optical technique (and reported experimental uncertainties) are described
elsewhere [74].

In several parallel panel tests, the density of smoke in the exhaust duct was sufficiently
high that measured intensity (Si photodiode detector) was zero: I(t) = 0. At these times in
the tests, soot generation rate is thus greater than that which can be accurately measured.
Soot yields are therefore calculated by integratingmeasured soot generation rate between
calculated tign and tout only when I(t) > 0 and dividing this value be a reduced mass loss
(sample mass burned only during this time period, when I(t)> 0). This reduced mass loss

157



was calculated by scaling total sample mass loss, ∆mfuel, by the ratio of [measured heat
release during this time period] divided by [total heat released during the experiment].

B.4. Sensor Location

Precision, bias, and random error of all sensor location measurements are estimated as
Type B Uncertainties.

Heat Flux Gauges Mounted in Panel Walls

• Precision (ability to read tape measure with eye): 1 mm

• Bias (accuracy of tape measure increments): 1 mm

• Random error (estimate based on alignment of bottom panel of sample slab): 5 mm

• Combined Standard Uncertainty: uc(y) = 5.2mm

• Total Expanded Uncertainty,Uc(y) = 10.4mm

Heat Flux Gauge Positioned Away From Panel Walls

In all tests, the parallel panel apparatus was positioned at the center of the NFRL’s 3 MW
exhaust hood; this exhaust hood measures 6.1 m by 6.1 m square. To measure radiation
heat transfer at a distance away from the panels, a Schmidt-Boelter heat flux gauge was
positioned directly beneath one corner of this exhaust hood. Uncertainty in the location
of this heat flux gauge is calculated as follows:

• Precision (ability to align heat flux gauge with corner of exhaust hood): 15 cm

• Bias (accuracy of tape measure increments): 1 cm

• Random error (e.g., movement of gauge between test repetitions): 2.5 cm

• Combined Standard Uncertainty: uc(y) = 15.2 cm

• Total Expanded Uncertainty,Uc(y) = 30.5 cm
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C. Test-Specific Experimental Results: Measurement Data and Sample Behavior

C.1. ABS - Poly(acrylonitrile butadiene styrene)

Test 47 ABS R1

Test Description
1/4 in. thick, 24 in. wide, 96 in. tall panels of ABS backed by aluminum foil (bottom 1 foot
on the right side ONLY) mounted to 1 in. thick Marinite board. Panels were ignited using
a rectangular propane burner (60 kW nominal heat release rate) filled with layers of Pea
Gravel, Sand, and Kaowool Insulation (i.e., the ’Final Burner configuration’; see Fig. 12).
Burner flames uniformly attached to both panel walls after approximately 15 s and the
burner was shut off (t = 76 s) and shielded (t = 88 s) after sustained, uniform flaming of
panels. Flame to wall heat flux measurements were not recorded in this test.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 83. Photographs of Test 47 ABS R1.
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Heat Release Rate, Heat Flux at a Distance, and Species Yields
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Fig. 84. Test 47 ABS R1: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is measured

at x =-220 cm, y =-310 cm, z =90 cm); (b) Heat release rate and light extinction coefficient, K
(smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2, H2O, and CO.
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Test 51 ABS R2

Test Description
1/4 in. thick, 24 in. wide, 96 in. tall panels of ABS mounted to 1 in. thick Marinite board.
Panels were ignited using a rectangular propane burner (60 kW nominal heat release rate)
filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final Burner con-
figuration’; see Fig. 12). Burner flames were fairly uniform shortly after the burner was
turned on the burner was shut off (t = 77 s) and shielded (t = 85 s) after sustained flaming
of panels. Heat flux gauges were mounted flush with the fuel’s surface between z = 20 cm
and z = 180 cm. Shielded radiometers and total heat flux gauges were positioned side by
side at z =100 cm and z = 180 cm. The heat flux shields were removed at t =132 s.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 85. Photographs of Test 51 ABS R2.
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Heat Release Rate, Heat Flux at a Distance, and Species Yields
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Fig. 86. Test 51 ABS R2: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is measured

at x =-220 cm, y =-310 cm, z =90 cm); (b) Heat release rate and light extinction coefficient, K
(smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2, H2O, and CO.
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Flame Heat Flux
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Fig. 87. Total flame to surface flame heat flux to water-cooled Schmidt-Boelter heat flux gauges as
measured in Test 51 ABS R2. Here, raw, unsmoothed original measurments are plotted from each
gauges as a function of time. Solid lines highlight values of q̇′′total that were identified by manual
review as ”good” (see Sec. 3.1.1) and dotted lines represent ”bad” measurement data that should
not be considered for further analysis.
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Fig. 88. Temperature of water-cooled Schmidt-Boelter heat flux gauges during Test 51 ABS R2.
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Shielded Gauges

Measurements of total and radiation heat flux recorded by shielded heat flux gauges
(Sec. efssec: qrad). Gauge shields were removed at 235, 229, 227, and 231 seconds (gauges
5, 6, 8 and 9, respectively).
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Fig. 89. Shielded gauge data for Test51 ABS R2.
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Test 53 ABS R3

Test Description
1/4 in. thick, 24 in. wide, 96 in. tall panels of ABS mounted to 1 in. thick Marinite board.
Panels were ignited using a rectangular propane burner (60 kW nominal heat release rate)
filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final Burner con-
figuration’; see Fig. 12). The burner was shut off (t = 77 s) and shielded (t = 88 s) after
sustained flaming of panels. Unforunately, a significant cross flow was observed during
these tests (from back to front of the assembly), thus the flames do not cover centerline
gauges or the back side of the panels as the flames spread upwards across the panels. Al-
though flames reached the top of the assembly relatively quickly, uniform flaming was not
observed across either wall until later in the test, as a result of lateral flame spread. Heat
flux gauges weremounted flushwith the fuel’s surface between z= 30 cm and z= 180 cm.
Shielded radiometers and total heat flux gauges were positioned side by side at z =100 cm
and z = 180 cm. The heat flux shields were removed at t =174 s (after flames were ob-
served to fully cover both gauge locations).
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 90. Photographs of Test 53 ABS R3.
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Heat Release Rate, Heat Flux at a Distance, and Species Yields
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Fig. 91. Test 53 ABS R3: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is measured

at x =300 cm, y =-305 cm, z =90 cm); (b) Heat release rate and light extinction coefficient, K
(smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2, H2O, and CO.
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Flame Heat Flux
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Fig. 92. Total flame to surface flame heat flux to water-cooled Schmidt-Boelter heat flux gauges as
measured in Test 53 ABS R3. Here, raw, unsmoothed original measurments are plotted from each
gauges as a function of time. Solid lines highlight values of q̇′′total that were identified by manual
review as ”good” (see Sec. 3.1.1) and dotted lines represent ”bad” measurement data that should
not be considered for further analysis.
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Fig. 93. Temperature of water-cooled Schmidt-Boelter heat flux gauges during Test 53 ABS R3.

172



Shielded Gauges

Measurements of total and radiation heat flux recorded by shielded heat flux gauges
(Sec. efssec: qrad). Gauge shields were removed at 175, 176, and 176 seconds (gauges 5,
6, and 8, respectively).
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Fig. 94. Shielded gauge data for Test53 ABS R3.
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C.2. GPO-1 - Fiberglass-Reinforced Polyester laminate (limited arc- and flame-resistance)

Test 17 GPO1 R1

Test Description
1/4 in. thick, 24 in. wide, 96 in. tall panels of GPO-1 mounted to 1 in. thick Marinite board.
Panels were ignited using a rectangular propane burner (60 kW nominal heat release rate)
filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final Burner config-
uration’; see Fig. 12). In this test, although propane burner flames tended to attach more
to the right wall than to the left, the front 10 cm (i.e., 20 cm ≤ y ≤ 30 cm) of the right
panel did not initially ignite due to burner non-uniformity; however, sustained flaming
was observed on both walls (slightly higher flames along the right wall) by the time that
the burner was shut off (t = 215 s). Heat flux gauges were mounted flush with the fuel’s
surface, primarily between z = 20 cm and z = 50 cm, with one gauge at z = 220 cm. Heat
flux measurements recorded on the right wall at z = 50 cm and y = 25 cm are lower than
expected throughout the first 3�00 s of the test due to limite flame coverage resulting
from burner non-uniformity. Shielded radiometers and total heat flux gauges were posi-
tioned side by side at z =50 cm and z = 100 cm. The heat flux shields were removed at
t =392 s.

(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 95. Photographs of Test 17 GPO1 R1.
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Heat Release Rate, Heat Flux at a Distance, and Species Yields
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Fig. 96. Test 17 GPO1 R1: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is measured

at x =-100 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction coefficient, K
(smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2, H2O, and CO.
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Flame Heat Flux
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Fig. 97. Total flame to surface flame heat flux to water-cooled Schmidt-Boelter heat flux gauges as
measured in Test 17 GPO1 R1. Here, raw, unsmoothed original measurments are plotted from each
gauges as a function of time. Solid lines highlight values of q̇′′total that were identified by manual
review as ”good” (see Sec. 3.1.1) and dotted lines represent ”bad” measurement data that should
not be considered for further analysis.
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Fig. 98. Temperature of water-cooled Schmidt-Boelter heat flux gauges during Test 17 GPO1 R1.
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Shielded Gauges

Measurements of total and radiation heat flux recorded by shielded heat flux gauges
(Sec. efssec: qrad). Gauge shields were removed at 394, 394, 397, and 395 seconds
(gauges 3, 4, 5 and 6, respectively).
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Fig. 99. Shielded gauge data for Test17 GPO1 R1.
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Test 40 GPO1 R2

Test Description
1/4 in. thick, 24 in. wide, 96 in. tall panels of GPO-1 backed by aluminum foil (bottom 2
feet only) mounted to 1 in. thick Marinite Board. Panels were ignited using a rectangular
propane burner (60 kW nominal heat release rate) filled with layers of Pea Gravel, Sand,
and Kaowool Insulation (i.e., the ’Final Burner configuration’; see Fig. 12. In this test, the
front 15 cm (i.e., -30 cm ≤ y ≤ −15 cm) of the left panel did not initially ignite due to
burner non-uniformity (limited burner flame attachment at the front side of the left panel
wall); however, sustained flaming was observed on both walls by the time that the burner
was shut off (t = 228 s). Heat flux gauges were mounted flush with the fuel’s surface
between z = 10 cm and z = 140 cm. Shielded radiometers and total heat flux gauges were
positioned side by side at z =100 cm and z = 180 cm. The lower heat flux shields were
removed at t =470 s and the upper heat flux shields were removed at t =546 s; however,
reliable measurements of both total and radiation flame heat flux were obtained only at
z = 100 cm.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 100. Photographs of Test 40 GPO1 R2.
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Heat Release Rate, Heat Flux at a Distance, and Species Yields
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Fig. 101. Test 40 GPO1 R2: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is measured

at x =-232 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction coefficient, K
(smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2, H2O, and CO.
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Flame Heat Flux
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Fig. 102. Total flame to surface flame heat flux to water-cooled Schmidt-Boelter heat flux gauges
as measured in Test 40 GPO1 R2. Here, raw, unsmoothed original measurments are plotted from
each gauges as a function of time. Solid lines highlight values of q̇′′total that were identified by
manual review as ”good” (see Sec. 3.1.1) and dotted lines represent ”bad” measurement data that
should not be considered for further analysis.
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Fig. 103. Temperature of water-cooled Schmidt-Boelter heat flux gauges during Test 40 GPO1 R2.
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Shielded Gauges

Measurements of total and radiation heat flux recorded by shielded heat flux gauges
(Sec. efssec: qrad). Gauge shields were removed at 470, 470, and 546 seconds (gauges 3,
4, and 6, respectively).
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Fig. 104. Shielded gauge data for Test40 GPO1 R2.
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Test 49 GPO1 R3

Test Description
1/4 in. thick, 24 in. wide, 96 in. tall panels of GPO-1 mounted to 1 in. thick Marinite board.
Panels were ignited using a rectangular propane burner (60 kW nominal heat release rate)
filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final Burner config-
uration’; see Fig. 12). The burner was shut off (t = 210 s) after sustained, uniform flaming
of both panel walls. Heat flux gauges were mounted flush with the fuel’s surface between
z = 20 cm and z = 180 cm. Shielded radiometers and total heat flux gauges were posi-
tioned side by side at z =50 cm and z = 180 cm. The lower heat flux shields were removed
at t =396 s and the upper heat flux shields were removed at t =545 s; reliable measure-
ments of both total and radiation flame heat flux were obtained at both heights.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 105. Photographs of Test 49 GPO1 R3.
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Heat Release Rate, Heat Flux at a Distance, and Species Yields
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Fig. 106. Test 49 GPO1 R3: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-220 cm, y =-310 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Flame Heat Flux
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Fig. 107. Total flame to surface flame heat flux to water-cooled Schmidt-Boelter heat flux gauges
as measured in Test 49 GPO1 R3. Here, raw, unsmoothed original measurments are plotted from
each gauges as a function of time. Solid lines highlight values of q̇′′total that were identified by
manual review as ”good” (see Sec. 3.1.1) and dotted lines represent ”bad” measurement data that
should not be considered for further analysis.
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Fig. 108. Temperature of water-cooled Schmidt-Boelter heat flux gauges during Test 49 GPO1 R3.

189



Shielded Gauges

Measurements of total and radiation heat flux recorded by shielded heat flux gauges
(Sec. efssec: qrad). Gauge shields were removed at 398, 396, 553, and 545 seconds
(gauges 3, 4, 5 and 6, respectively).
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Fig. 109. Shielded gauge data for Test49 GPO1 R3.
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C.3. HDPE - High Density Polyethylene

Test 16 HDPE R1

Test Description
1/4 in. thick, 24 in. wide, 96 in. tall panels of HDPE mounted to 1 in. thick Marinite board.
Panels were ignited using a rectangular propane burner (60 kW nominal heat release rate)
filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final Burner config-
uration’; see Fig. 12). The burner was shut off (t = 231 s) after sustained flaming of panels;
both walls ignited uniformly across their base. Heat flux gauges were not installed in HDPE
panels due to expectedmelting behavior. Just 100 s after sample ignition (i.e., at t = 330 s),
significant melt flow was observed across the front surface of the panel followed by com-
plete collapse of the HDPE slabs.

(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 110. Photographs of Test 16 HDPE R1.
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(c)

Fig. 111. Test 16 HDPE R1: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is measured

at x =-100 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction coefficient, K
(smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2, H2O, and CO.
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C.4. HIPS - High Impact Polystyrene

Test 45 HIPS R1

Test Description
1/4 in. thick, 24 in. wide, 96 in. tall panels of HIPS mounted to 1 in. thick Marinite board.
Panels were ignited using a rectangular propane burner (60 kW nominal heat release
rate) filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final Burner
configuration’; see Fig. 12). The burner was shut off (t = 77 s) and shielded (t = 108 s)
after sustained flaming of both walls was achieved. In this test, the front 10 cm (i.e., -
30 cm≤ y ≤ 20 cm) of the right panel did not initially ignite due to burner non-uniformity;
however, lateral flame spread was observed in this test and wall flames covered the full
surface of both panel walls within 90 s after ignition. Heat flux gauges weremounted flush
with the fuel’s surface between z = 20 cm and z = 50 cm. Shielded radiometers and to-
tal heat flux gauges were positioned side by side at z =50 cm and z = 100 cm; however,
reliable measurements of both total and radiation flame heat flux were note obtained at
either location.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 112. Photographs of Test 45 HIPS R1.
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(c)

Fig. 113. Test 45 HIPS R1: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is measured

at x =-220 cm, y =-310 cm, z =90 cm); (b) Heat release rate and light extinction coefficient, K
(smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2, H2O, and CO.
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Flame Heat Flux

0 100 200 300 400 500 600
0

20

40

60

80

100

120

140

160

180

200
Test45_HIPS_R1

x=-15cm, y=0.0cm, z=20cm
x=-15cm, y=0.0cm, z=30cm
x=-15cm, y=0.0cm, z=220cm
x=15cm, y=0.0cm, z=20cm
x=15cm, y=0.0cm, z=30cm
x=15cm, y=-15.0cm, z=50cm
x=15cm, y=0.0cm, z=50cm
x=15cm, y=15.0cm, z=50cm
x=15cm, y=25.0cm, z=50cm
good data
bad data

Fig. 114. Total flame to surface flame heat flux to water-cooled Schmidt-Boelter heat flux gauges
as measured in Test 45 HIPS R1. Here, raw, unsmoothed original measurments are plotted from
each gauges as a function of time. Solid lines highlight values of q̇′′total that were identified by
manual review as ”good” (see Sec. 3.1.1) and dotted lines represent ”bad” measurement data that
should not be considered for further analysis.
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Fig. 115. Temperature of water-cooled Schmidt-Boelter heat flux gauges during Test 45 HIPS R1.
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Test 46 HIPS R2

Test Description
1/4 in. thick, 24 in. wide, 96 in. tall panels of HIPS mounted to 1 in. thick Marinite
board. Panels were ignited using a rectangular propane burner (60 kW nominal heat re-
lease rate) filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final
Burner configuration’; see Fig. 12). The burner was shut off (t = 77 s) and shielded (t = 77 s)
after sustained flaming of both walls was achieved. In this test, the front 10 cm (i.e., -
30 cm≤ y ≤ 20 cm) of the right panel did not initially ignite due to burner non-uniformity;
however, lateral flame spread was observed in this test and wall flames covered the full
surface of both panel walls within 90 s after ignition. Heat flux gauges weremounted flush
with the fuel’s surface between z = 10 cm and z = 140 cm. Shielded radiometers and total
heat flux gauges were positioned side by side at z =100 cm and z = 180 cm. The heat
flux shields were removed at t =228 s; reliable measurements of both total and radiation
flame heat flux were obtained at both heights.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 116. Photographs of Test 46 HIPS R2.
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(c)

Fig. 117. Test 46 HIPS R2: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is measured

at x =-220 cm, y =-310 cm, z =90 cm); (b) Heat release rate and light extinction coefficient, K
(smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2, H2O, and CO.
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Flame Heat Flux
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Fig. 118. Total flame to surface flame heat flux to water-cooled Schmidt-Boelter heat flux gauges
as measured in Test 46 HIPS R2. Here, raw, unsmoothed original measurments are plotted from
each gauges as a function of time. Solid lines highlight values of q̇′′total that were identified by
manual review as ”good” (see Sec. 3.1.1) and dotted lines represent ”bad” measurement data that
should not be considered for further analysis.
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Fig. 119. Temperature of water-cooled Schmidt-Boelter heat flux gauges during Test 46 HIPS R2.
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Shielded Gauges

Measurements of total and radiation heat flux recorded by shielded heat flux gauges
(Sec. efssec: qrad). Gauge shieldswere removed at 228, 227, 226, and 226 seconds (gauges
3, 4, 6 and 7, respectively).
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Fig. 120. Shielded gauge data for Test46 HIPS R2.
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Test 52 HIPS R3

Test Description
1/4 in. thick, 24 in. wide, 96 in. tall panels of HIPS mounted to 1 in. thick Marinite board.
Panels were ignited using a rectangular propane burner (60 kW nominal heat release rate)
filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final Burner config-
uration’; see Fig. 12). The burnerwas shut off (t = 77 s) and shielded (t = 77 s) after uniform,
sustained flaming of both walls was achieved. Flame to wall heat flux measurements were
not recorded in this test.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 121. Photographs of Test 52 HIPS R3.
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(c)

Fig. 122. Test 52 HIPS R3: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is measured

at x =-220 cm, y =-310 cm, z =90 cm); (b) Heat release rate and light extinction coefficient, K
(smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2, H2O, and CO.
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Test 56 HIPS R4

Test Description
1/4 in. thick, 24 in. wide, 96 in. tall panels of HIPS mounted to 1 in. thick Marinite Board.
Panels were ignited using a rectangular propane burner (60 kW nominal heat release rate)
filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final Burner con-
figuration’; see Fig. 12). The burner was shut off (t = 77 s) and shielded (t = 78 s) after
sustained flaming of both walls was achieved. In this test, the front 10 cm (i.e., (i.e., -
30 cm≤ y ≤ 20 cm) of the right panel did not initially ignite due to burner non-uniformity;
however, lateral flame spread was observed in this test and wall flames covered the full
surface of both panel walls within 90 s after ignition. Heat flux gauges weremounted flush
with the fuel’s surface between z = 30 cm and z = 180 cm. Shielded radiometers and total
heat flux gauges were positioned side by side at z =100 cm and z = 180 cm. An attempt
was made to remove the heat flux shields at t =165 s; however, the shields covering the
total heat flux gauges shifted (independently) earlier in the test and the shield covering
the upper radiometer could not be removed until approximately t = 235 s.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 123. Photographs of Test 56 HIPS R4.
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Fig. 124. Test 56 HIPS R4: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is measured

at x =300 cm, y =-305 cm, z =90 cm); (b) Heat release rate and light extinction coefficient, K
(smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2, H2O, and CO.
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Flame Heat Flux
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Fig. 125. Total flame to surface flame heat flux to water-cooled Schmidt-Boelter heat flux gauges
as measured in Test 56 HIPS R4. Here, raw, unsmoothed original measurments are plotted from
each gauges as a function of time. Solid lines highlight values of q̇′′total that were identified by
manual review as ”good” (see Sec. 3.1.1) and dotted lines represent ”bad” measurement data that
should not be considered for further analysis.
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Fig. 126. Temperature of water-cooled Schmidt-Boelter heat flux gauges during Test 56 HIPS R4.
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Shielded Gauges

Measurements of total and radiation heat flux recorded by shielded heat flux gauges
(Sec. efssec: qrad). Gauge shields were removed at 156, 167, and 230 seconds (gauges 5,
6, and 8, respectively).
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Fig. 127. Shielded gauge data for Test56 HIPS R4.
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Test 66 HIPS1panel R1

Test Description
Onepanel of 1/4 in. thick, 24 in. wide, 96 in. tall HIPSmounted to 1 in. thickMarinite board.
Opposite this panel, at the base of the assembly, a 50 cm tall, 60 cmwide panel ofmarinite
was installed to control airflow near the burner at the start of the test. The panel was
ignited using a rectangular propane burner (60 kW nominal heat release rate) filled with
layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final Burner configuration’;
see Fig. 12). The burnerwas shut off (t = 75 s) and shielded (t = 80 s) after sustainedflaming
after sustained flaming was achieved across the base of the panel wall. Peak HRR was
measured at t = 314 s; shortly thereafter, HRR quickly decreased as the sample detached
from the panel wall. Although peak HRR for this 1panel HIPS test was approximately half
that of the standard parallel panel tests (approximately 1.5 MW versus 3MW), average fire
growth rate was substantially slower (5.7 kW/s versus 38.2 kW/s, on average). Heat flux
gauges were mounted flush with the fuel’s surface between z = 30 cm and z = 220 cm.
Shielded radiometers and total heat flux gauges were positioned side by side at z =100 cm
and z = 180 cm. The lower heat flux shields were removed at t =287 s and the upper heat
flux shields were removed at t =304 s; however, reliable measurements of both total and
radiation flame heat flux were obtained only at z = 180 cm.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 128. Photographs of Test 66 HIPS1panel R1.
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Fig. 129. Test 66 HIPS1panel R1: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =300 cm, y =-305 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Flame Heat Flux
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Fig. 130. Total flame to surface flame heat flux to water-cooled Schmidt-Boelter heat flux gauges
as measured in Test 66 HIPS1panel R1. Here, raw, unsmoothed original measurments are plotted
from each gauges as a function of time. Solid lines highlight values of q̇′′total that were identified by
manual review as ”good” (see Sec. 3.1.1) and dotted lines represent ”bad” measurement data that
should not be considered for further analysis.
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Fig. 131. Temperature of water-cooled Schmidt-Boelter heat flux gauges during Test 66 HIPS1panel
R1.
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Shielded Gauges

Measurements of total and radiation heat flux recorded by shielded heat flux gauges
(Sec. efssec: qrad). Gauge shields were removed at 286, 308, and 307 seconds (gauges 4,
8 and 10, respectively).
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Fig. 132. Shielded gauge data for Test66 HIPS1panel R1.
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C.5. OSB - Oriented Strand Board

Test 20 OSB R1

Test Description
7/16 in. thick, 24 in. wide, 96 in. tall panels of OSB mounted to 1 in. thick Marinite board
(new Marinite). Panels were ignited using a rectangular propane burner (60 kW nominal
heat release rate) filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the
’Final Burner configuration’; see Fig. 12). The burner was initially shut off (t = 135 s) when
flame tips were observed above z = 2.0 m and total HRR 300 kW; however, after burner
shutoff, wall flames were not self-sustaining, and so the burner was turned back on at
t = 165 s. The burner was kept on until t = 540 s at which point flames began to gradually
self-extinguish. Heat flux gauges were mounted flush with the fuel’s surface between z =
20 cm and z = 50 cm. Shielded radiometers and total heat flux gauges were positioned
side by side at z =50 cm and z = 100 cm. The heat flux shields were removed at t =256 s
and reliable measurements of both total and radiation flame heat flux were obtained at
both heights.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 133. Photographs of Test 20 OSB R1.
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Heat Release Rate, Heat Flux at a Distance, and Species Yields
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Fig. 134. Test 20 OSB R1: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is measured

at x =-150 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction coefficient, K
(smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2, H2O, and CO.
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Flame Heat Flux
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Fig. 135. Total flame to surface flame heat flux to water-cooled Schmidt-Boelter heat flux gauges
as measured in Test 20 OSB R1. Here, raw, unsmoothed original measurments are plotted from
each gauges as a function of time. Solid lines highlight values of q̇′′total that were identified by
manual review as ”good” (see Sec. 3.1.1) and dotted lines represent ”bad” measurement data that
should not be considered for further analysis.
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Fig. 136. Temperature of water-cooled Schmidt-Boelter heat flux gauges during Test 20 OSB R1.
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Shielded Gauges

Measurements of total and radiation heat flux recorded by shielded heat flux gauges
(Sec. efssec: qrad). Gauge shields were removed at 260 seconds.
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Fig. 137. Shielded gauge data for Test20 OSB R1.
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Test 37 OSB R2

Test Description
7/16 in. thick, 24 in. wide, 96 in. tall panels of OSB mounted to 1 in. thick Marinite board
(new Marinite). Panels were ignited using a rectangular propane burner (60 kW nominal
heat release rate) filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the
’Final Burner configuration’; see Fig. 12). The was burner kept on until t = 460 s at which
point flames began to gradually self-extinguish. Heat flux gauges were mounted flush with
the fuel’s surface between z = 10 cm and z = 140 cm. Shielded radiometers and total
heat flux gauges were positioned side by side at z =100 cm and z = 180 cm. The heat flux
shields were removed at t =188 s and reliable measurements of both total and radiation
flame heat flux were obtained at both heights.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 138. Photographs of Test 37 OSB R2.
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Heat Release Rate, Heat Flux at a Distance, and Species Yields
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Fig. 139. Test 37 OSB R2: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is measured

at x =-232 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction coefficient, K
(smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2, H2O, and CO.
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Flame Heat Flux
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Fig. 140. Total flame to surface flame heat flux to water-cooled Schmidt-Boelter heat flux gauges
as measured in Test 37 OSB R2. Here, raw, unsmoothed original measurments are plotted from
each gauges as a function of time. Solid lines highlight values of q̇′′total that were identified by
manual review as ”good” (see Sec. 3.1.1) and dotted lines represent ”bad” measurement data that
should not be considered for further analysis.

228



0 100 200 300 400 500 600 700 800
Time, t [s]

0

20

40

60

80

100

120

140

160

180

T
em

pe
ra

tu
re

 [
C

]

Test37_OSB_R2

TC1 SN1278410 (HFg 1), x=-15,y=0.0,z=10
TC2 SN127841 (HFg 2), x=-15,y=0.0,z=75
TC5 SN127842 (HFg 8), x=15,y=0.0,z=10
TC6 SN128321 (HFg 9), x=15,y=0.0,z=75
TC7 SN215211 (HFg 13), x=15,y=25.0,z=100
good data
bad data

Fig. 141. Temperature of water-cooled Schmidt-Boelter heat flux gauges during Test 37 OSB R2.
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Shielded Gauges

Measurements of total and radiation heat flux recorded by shielded heat flux gauges
(Sec. efssec: qrad). Gauge shields were removed at 188 seconds.
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Fig. 142. Shielded gauge data for Test37 OSB R2.
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Test 57 OSB R3

Test Description
7/16 in. thick, 24 in. wide, 96 in. tall panels of OSB mounted to 1 in. thick Marinite Board.
Panels were ignited using a rectangular propane burner (60 kW nominal heat release rate)
filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final Burner config-
uration’; see Fig. 12). The burner was kept on until t = 720 s at which point flames began
to gradually self-extinguish; . Heat flux gauges were mounted flush with the fuel’s surface
between z = 30 cm and z = 220 cm. Shielded radiometers and total heat flux gauges were
positioned side by side at z = 180 cm. The heat flux shields were removed at t = 171 s;
reliable measurements of both total and radiation flame heat flux were obtained.

Note: in Test OSB R3, due to poor initial performance of the propane burner (flaming
only observed along the front edge of the burner, -30 cm ≤ y ≤ 25 cm), ignition was
cancelled after the first attempt (burner quickly turned off after 15 s) and the test restarted.
During the second attempt at ignition, burner flaming was substantially more uniform;
however, because the burner and gas lines were pre-loaded with propane, initial burner
HRR (and resulting flame heat flux) increased faster than normal (as discussed in Sec. 2.4).
As a result, in this test, sample ignition occured earlier (at t = 11 s in Test R3, versus t = 39 s
and 45 s in Tests R1 and R2, respectively) and initial HRR was slightly higher during the first
60 s of the experiment (see Fig. 41).
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 143. Photographs of Test 57 OSB R3.
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Heat Release Rate, Heat Flux at a Distance, and Species Yields
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Fig. 144. Test 57 OSB R3: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is measured

at x =300 cm, y =-305 cm, z =90 cm); (b) Heat release rate and light extinction coefficient, K
(smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2, H2O, and CO.
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Flame Heat Flux
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Fig. 145. Total flame to surface flame heat flux to water-cooled Schmidt-Boelter heat flux gauges
as measured in Test 57 OSB R3. Here, raw, unsmoothed original measurments are plotted from
each gauges as a function of time. Solid lines highlight values of q̇′′total that were identified by
manual review as ”good” (see Sec. 3.1.1) and dotted lines represent ”bad” measurement data that
should not be considered for further analysis.
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Fig. 146. Temperature of water-cooled Schmidt-Boelter heat flux gauges during Test 57 OSB R3.
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Shielded Gauges

Measurements of total and radiation heat flux recorded by shielded heat flux gauges
(Sec. efssec: qrad). Gauge shields were removed at 171 seconds and 172 seconds (gauges
6 and 8, respectively).
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Fig. 147. Shielded gauge data for Test57 OSB R3.
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C.6. PBT - Poly(Butylene Terepthalate)

Test 12 PBT R1

Test Description
1/4 in. thick, 24 in. wide, 96 in. tall (in four sections, each 12 in.x48in.) panels of PBT
backed by aluminum foil layer mounted to 1 in. thick Marinite board. Panels were ignited
using a rectangular propane burner (60 kW nominal heat release rate) filled with layers of
Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final Burner configuration’; see Fig. 12).
The burner was shut off (t = 211 s) after sustained flaming of panels; both walls ignited
uniformly across their base. By t = 310 s, the edges of most PBT sections had separated
from the assembly walls, at which point a significant melt flow / dripping event occurred
and the majority of the remaining PBT fell down, where it continued burning as a pool fire.
Molten PBT that dripped or spread to the back sides of the parallel panel assembly was
extinguished (suppression by application of water) and the remaining drip pool closest to
the burnerwas allowed to burn until self-extinction. Flame towall heat fluxmeasurements
were not recorded in this test.

(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 148. Photographs of Test 12 PBT R1.
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(c)

Fig. 149. Test 12 PBT R1: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is measured

at x =-100 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction coefficient, K
(smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2, H2O, and CO.
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C.7. PMMA - Poly(Methyl Methacrylate)

Test 1 PMMA R1

Test Description
1/4 in. thick, 24 in. wide, 96 in. tall panels of cast Black PMMA backed by aluminum
foil layer mounted to 1 in. thick Marinite board. Panels were ignited using a rectangular
propane burner (60 kW nominal heat release rate) filled with Pea Gravel (i.e., the ’Pre-
liminary Burner configuration’; see Fig. 12. In this experiment (the first of the series) the
burner was turned off too early (at t = 90 s) and sustained flaming of only the left panel
wall was achieved. The right panel wall did not ignite until t = 620 s (ignition first observed
at the top of the assembly). Heat flux gauges were mounted flush with the fuel’s surface
between z = 10 cm and z = 180 cm.

(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 150. Photographs of Test 1 PMMA R1.
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Fig. 151. Test 1 PMMA R1: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is measured

at x =-95 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction coefficient, K
(smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2, H2O, and CO.
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Flame Heat Flux
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Fig. 152. Total flame to surface flame heat flux to water-cooled Schmidt-Boelter heat flux gauges
as measured in Test 1 PMMA R1. Here, raw, unsmoothed original measurments are plotted from
each gauges as a function of time. Solid lines highlight values of q̇′′total that were identified by
manual review as ”good” (see Sec. 3.1.1) and dotted lines represent ”bad” measurement data that
should not be considered for further analysis.
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Fig. 153. Temperature of water-cooled Schmidt-Boelter heat flux gauges during Test 1 PMMA R1.
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Test 2 PMMA R2

Test Description
1/4 in. thick, 24 in. wide, 96 in. tall panels of cast Black PMMA backed by aluminum
foil layer mounted to 1 in. thick Marinite board. Panels were ignited using a rectangular
propane burner (60 kW nominal heat release rate) filled with Pea Gravel (i.e., the ’Pre-
liminary Burner configuration’; see Fig. 12. Although flames appeared to grow thicker and
longer along the left panel wall until t = 60 s, the burner was shut off (t = 120 s) after
sustained, uniform flaming of both panel walls. Heat flux gauges were mounted flush with
the fuel’s surface between z = 10 cm and z = 140 cm. The edges of this PMMA panel
were not sufficiently clamped to the parallel panel apparatus - this allowed for deforma-
tion of the PMMA slab and eventual corruption of heat fluxmeasurements recorded at the
mid-height of the panel walls.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 154. Photographs of Test 2 PMMA R2.
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Fig. 155. Test 2 PMMA R2: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-300 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Fig. 156. Total flame to surface flame heat flux to water-cooled Schmidt-Boelter heat flux gauges
as measured in Test 2 PMMA R2. Here, raw, unsmoothed original measurments are plotted from
each gauges as a function of time. Solid lines highlight values of q̇′′total that were identified by
manual review as ”good” (see Sec. 3.1.1) and dotted lines represent ”bad” measurement data that
should not be considered for further analysis.
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Fig. 157. Temperature of water-cooled Schmidt-Boelter heat flux gauges during Test 2 PMMA R2.
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Test 3 PMMA R3

Test Description
1/4 in. thick, 24 in. wide, 96 in. tall panels of cast Black PMMA mounted to 1 in. thick
Marinite board. Panels were ignited using a rectangular propane burner (60 kW nominal
heat release rate) filled with Pea Gravel (i.e., the ’Preliminary Burner configuration’; see
Fig. 12. For the first minute that the burner was turned on, flames would alternate (ap-
proximate duration, 30 s) between primarily covering just the left and then just the right
wall. Nevertheless, the burner was shut off at t = 120 s and sustained, uniform flaming
of both panel walls was observed. Heat flux gauges were mounted flush with the fuel’s
surface between z = 20 cm and z = 220 cm.

(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 158. Photographs of Test 3 PMMA R3.
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(c)

Fig. 159. Test 3 PMMA R3: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-300 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Fig. 160. Total flame to surface flame heat flux to water-cooled Schmidt-Boelter heat flux gauges
as measured in Test 3 PMMA R3. Here, raw, unsmoothed original measurments are plotted from
each gauges as a function of time. Solid lines highlight values of q̇′′total that were identified by
manual review as ”good” (see Sec. 3.1.1) and dotted lines represent ”bad” measurement data that
should not be considered for further analysis.
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Fig. 161. Temperature of water-cooled Schmidt-Boelter heat flux gauges during Test 3 PMMA R3.
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Test 4 PMMA R4

Test Description
1/4 in. thick, 24 in. wide, 96 in. tall panels of cast Black PMMA mounted to 1 in. thick
Marinite board. Panels were ignited using a rectangular propane burner (60 kW nominal
heat release rate) filled with Pea Gravel (i.e., the ’Preliminary Burner configuration’; see
Fig. 12. The burner was briefly shut off (t = 120 s) but it was apparent that sustained flam-
ing ignition of the right panel wall was not achieved (burner flames appeared t attached
primarly towards the back (−y) of the left panel wall; only weak ignition was observed at
the base of the right wall); propane flow to the burner was therefore turned back on at
t = 150 s, and kept on until t = 210 s. Heat flux gauges were mounted flush with the fuel’s
surface between z = 100 cm and z = 220 cm.

(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 162. Photographs of Test 4 PMMA R4.
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(c)

Fig. 163. Test 4 PMMA R4: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-300 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Fig. 164. Total flame to surface flame heat flux to water-cooled Schmidt-Boelter heat flux gauges
as measured in Test 4 PMMA R4. Here, raw, unsmoothed original measurments are plotted from
each gauges as a function of time. Solid lines highlight values of q̇′′total that were identified by
manual review as ”good” (see Sec. 3.1.1) and dotted lines represent ”bad” measurement data that
should not be considered for further analysis.
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Fig. 165. Temperature of water-cooled Schmidt-Boelter heat flux gauges during Test 4 PMMA R4.
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Test 5 PMMA R5

Test Description
1/4 in. thick, 24 in. wide, 96 in. tall panels of cast Black PMMA mounted to 1 in. thick
Marinite board. Panels were ignited using a rectangular propane burner (60 kW nominal
heat release rate) filled with Pea Gravel (i.e., the ’Preliminary Burner configuration’; see
Fig. 12. The burner was shut off (t = 120 s) after sustained, uniform flaming of both panel
walls; however, a crossflow from back to front (i.e., from+y to−y) resulted in preferential
flame attachement to the front edge (y = −30 cm) of panel walls while flames spread
upwards. Later in this test (t = 660 s), as fires grew larger (stronger fire-induced buoyant
flow), uniformflamingwas observed across thewidth of both panel walls. Heat flux gauges
were mounted flush with the fuel’s surface between z = 30 cm and z = 180 cm.

(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 166. Photographs of Test 5 PMMA R5.
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(c)

Fig. 167. Test 5 PMMA R5: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is measured

at x =-100 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction coefficient, K
(smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2, H2O, and CO.
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Fig. 168. Total flame to surface flame heat flux to water-cooled Schmidt-Boelter heat flux gauges
as measured in Test 5 PMMA R5. Here, raw, unsmoothed original measurments are plotted from
each gauges as a function of time. Solid lines highlight values of q̇′′total that were identified by
manual review as ”good” (see Sec. 3.1.1) and dotted lines represent ”bad” measurement data that
should not be considered for further analysis.
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Fig. 169. Temperature of water-cooled Schmidt-Boelter heat flux gauges during Test 5 PMMA R5.
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Test 7 PMMA R6

Test Description
1/4 in. thick, 24 in. wide, 96 in. tall panels of cast Black PMMA mounted to 1 in. thick
Marinite board. Panels were ignited using a rectangular propane burner (60 kW nominal
heat release rate) filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the
’Final Burner configuration’; see Fig. 12); this new burner configuration provided signifi-
cantly more uniform flaming conditions throughout the time it was on. The burner was
shut off at t = 120 s to match the timing of tests R2-R5; however, visual observations, HRR
data, and heat flux measurements all suggested that uniform ignition across both panel
walls occurred at approximately t = 100 s. Heat flux gauges were mounted flush with the
fuel’s surface between z = 50 cm and z = 100 cm.

(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 170. Photographs of Test 7 PMMA R6.
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(c)

Fig. 171. Test 7 PMMA R6: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is measured

at x =-100 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction coefficient, K
(smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2, H2O, and CO.
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Fig. 172. Total flame to surface flame heat flux to water-cooled Schmidt-Boelter heat flux gauges
as measured in Test 7 PMMA R6. Here, raw, unsmoothed original measurments are plotted from
each gauges as a function of time. Solid lines highlight values of q̇′′total that were identified by
manual review as ”good” (see Sec. 3.1.1) and dotted lines represent ”bad” measurement data that
should not be considered for further analysis.
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Fig. 173. Temperature of water-cooled Schmidt-Boelter heat flux gauges during Test 7 PMMA R6.

263



C.8. PMMA-PVC alloy (Kydex)

Test 29 PMMA-PVC R1

Test Description
1/4 in. thick, 24 in. wide, 96 in. tall panels of Kydex mounted to 1 in. thick Marinite board.
Panels were ignited using a rectangular propane burner (60 kW nominal heat release rate)
filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final Burner con-
figuration’; see Fig. 12). The propane burner was continuously supplied with propane until
t = 600 s. Flaming conditions appeared relatively uniform (from left to right panel wall)
though substantial soot productionwas observed, HRR remained relatively low later in the
test while the burner remained on, and the panel walls quickly self-extinguished after the
burner was turned off. Following burner extinction, sample remnants that had fallen to
the top of the burner continued to burn for approximately 25 minutes. Flame to wall heat
flux measurements were not recorded in this test.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 174. Photographs of Test 29 PMMA-PVC R1.
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(c)

Fig. 175. Test 29 PMMA-PVC R1: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-232 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Test 30 PMMA-PVC R2

Test Description
1/4 in. thick, 24 in. wide, 96 in. tall panels of Kydex mounted to 1 in. thick Marinite board.
Panels were ignited using a rectangular propane burner (60 kW nominal heat release rate)
filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final Burner con-
figuration’; see Fig. 12). The propane burner was continuously supplied with propane until
t = 600 s. Flaming conditions appeared relatively uniform (from left to right panel wall)
though substantial soot productionwas observed, HRR remained relatively low later in the
test while the burner remained on, and the panel walls quickly self-extinguished after the
burner was turned off. Following burner extinction, sample remnants that had fallen to
the top of the burner continued to burn for approximately 25 minutes. Flame to wall heat
flux measurements were not recorded in this test.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 176. Photographs of Test 30 PMMA-PVC R2.
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(c)

Fig. 177. Test 30 PMMA-PVC R2: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-232 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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C.9. Polyiso - Polyisocyanurate Foam

Test 31 Polyiso05 R1

Test Description
1/2 in. thick, 24 in. wide, 96 in. tall panels of Polyisocyanurate Foam held by wire to
1 in. thick Marinite board. Panels were ignited using a rectangular propane burner (60 kW
nominal heat release rate) filled with layers of Pea Gravel, Sand, and Kaowool Insulation
(i.e., the ’Final Burner configuration’; see Fig. 12). Wall flames ignited uniformly (across
the base of both panel walls) within seconds of burner ignition and the burner was left
on throughout the duration of the test (throughout flame spread, peak HRR, and decay).
The burner was shut off (t = 61 s) and wall flames extinguished within approximately 40 s.
Approximately 17 % of the sample mass remained at the end of this test (light, flaky char
that had mostly detached from the panel walls). Flame to wall heat flux measurements
were not recorded in this test.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 178. Photographs of Test 31 Polyiso05 R1.
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Fig. 179. Test 31 Polyiso05 R1: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-232 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Test 32 Polyiso05 R2

Test Description
1/2 in. thick, 24 in. wide, 96 in. tall panels of Polyisocyanurate Foam held by wire to
1 in. thick Marinite board. Panels were ignited using a rectangular propane burner (60 kW
nominal heat release rate) filled with layers of Pea Gravel, Sand, and Kaowool Insulation
(i.e., the ’Final Burner configuration’; see Fig. 12). Wall flames ignited uniformly (across
the base of both panel walls) within seconds of burner ignition and the burner was left
on throughout the duration of the test (throughout flame spread, peak HRR, and decay).
The burner was shut off (t = 61 s) and wall flames extinguished within approximately 30 s.
Approximately 21 % of the sample mass remained at the end of this test (light, flaky char
that had mostly detached from the panel walls). Flame to wall heat flux measurements
were not recorded in this test.

273



(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 180. Photographs of Test 32 Polyiso05 R2.
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(c)

Fig. 181. Test 32 Polyiso05 R2: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-232 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Test 44 Polyiso05 R3

Test Description
1/2 in. thick, 24 in. wide, 96 in. tall panels of Polyisocyanurate Foam held by wire to
1 in. thick Marinite board. Panels were ignited using a rectangular propane burner (60 kW
nominal heat release rate) filled with layers of Pea Gravel, Sand, and Kaowool Insulation
(i.e., the ’Final Burner configuration’; see Fig. 12). Wall flames ignited uniformly (across
the base of both panel walls) within seconds of burner ignition and the burner was left
on throughout the duration of the test (throughout flame spread, peak HRR, and decay).
The burner was shut off (t = 61 s) and wall flames extinguished within approximately 40 s.
Approximately 12 % of the sample mass remained at the end of this test (light, flaky char
that had mostly detached from the panel walls). Flame to wall heat flux measurements
were not recorded in this test.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 182. Photographs of Test 44 Polyiso05 R3.
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(c)

Fig. 183. Test 44 Polyiso05 R3: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-232 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.

278



Test 21 Polyiso1 R3

Test Description
1 in. thick, 24 in. wide, 96 in. tall panels of Polyisocyanurate Foamheld bywire to 1 in. thick
Marinite board. Panels were ignited using a rectangular propane burner (60 kW nominal
heat release rate) filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the
’Final Burner configuration’; see Fig. 12). Wall flames ignited uniformly (across the base of
both panel walls) within seconds of burner ignition and the burner was left on throughout
the duration of the test (throughout flame spread, peak HRR, and decay). The burner was
shut off (t = 393 s) andwall flames extinguishedwithin approximately 40 s. Approximately
36 % of the sample mass remained at the end of this test (a mostly continuous char layer
that remained attached to the panel walls, though cracked in some places and detached
from the panel assembly closer to the burner). Flame towall heat fluxmeasurementswere
not recorded in this test.

(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 184. Photographs of Test 21 Polyiso1 R3.

279



Heat Release Rate, Heat Flux at a Distance, and Species Yields

0 20 40 60 80 100 120
0

200

400

600

800

1000

0

0.5

1

1.5

2

2.5

Test21_Polyiso_R1

(a)

0 20 40 60 80 100 120
0

200

400

600

800

1000

0

0.5

1

1.5

2

2.5

3

L
ig

ht
 E

xt
in

ct
io

n 
C

oe
ff

ic
ie

nt
, K

 [
1/

m
]

Test21_Polyiso_R1

HRR
K [1/m]

(b)

0 20 40 60 80 100 120
Time [s]

0

2

4

6

8

V
ol

um
e 

Fr
ac

tio
n:

 C
O

2 a
nd

 H
2O

10-3

0

5

10

15

V
ol

um
e 

Fr
ac

tio
n:

 C
O

10-5Test21_Polyiso_R1

CO2_VolFr
H2O_VolFr
CO_VolFr

(c)

Fig. 185. Test 21 Polyiso1 R3: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-150 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.

280



Test 24 Polyiso1 R2

Test Description
1 in. thick, 24 in. wide, 96 in. tall panels of Polyisocyanurate Foamheld bywire to 1 in. thick
Marinite board. Panels were ignited using a rectangular propane burner (60 kW nominal
heat release rate) filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the
’Final Burner configuration’; see Fig. 12). Wall flames ignited uniformly (across the base of
both panel walls) within seconds of burner ignition and the burner was left on throughout
the duration of the test (throughout flame spread, peak HRR, and decay). The burner was
shut off (t = 224 s) andwall flames extinguishedwithin approximately 80 s. Approximately
14 % of the sample mass remained at the end of this test (a mostly continuous char layer
that remained attached to the panel walls, though cracked in some places and detached
from the panel assembly closer to the burner). Flame towall heat fluxmeasurementswere
not recorded in this test.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 186. Photographs of Test 24 Polyiso1 R2.
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(c)

Fig. 187. Test 24 Polyiso1 R2: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-150 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Test 25 Polyiso1 R3

Test Description
1 in. thick, 24 in. wide, 96 in. tall panels of Polyisocyanurate Foamheld bywire to 1 in. thick
Marinite board. Panels were ignited using a rectangular propane burner (60 kW nominal
heat release rate) filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the
’Final Burner configuration’; see Fig. 12). Wall flames ignited uniformly (across the base of
both panel walls) within seconds of burner ignition and the burner was left on throughout
the duration of the test (throughout flame spread, peak HRR, and decay). The burner was
shut off (t = 221 s) and wall flames extinguished within approximately 80 s. Approximately
31 % of the sample mass remained at the end of this test (a mostly continuous char layer
that remained attached to the panel walls, though cracked in some places and detached
from the panel assembly closer to the burner). Flame towall heat fluxmeasurementswere
not recorded in this test.

(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 188. Photographs of Test 25 Polyiso1 R3.
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(c)

Fig. 189. Test 25 Polyiso1 R3: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-150 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Test 26 Polyiso2 R1

Test Description
2 in. thick, 24 in. wide, 96 in. tall panels of Polyisocyanurate Foamheld bywire to 1 in. thick
Marinite board. Panels were ignited using a rectangular propane burner (60 kW nominal
heat release rate) filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the
’Final Burner configuration’; see Fig. 12). Wall flames ignited uniformly (across the base of
both panel walls) within seconds of burner ignition and the burner was left on throughout
the duration of the test (throughout flame spread, peak HRR, and decay). The burner was
shut off (t = 485 s) andwall flames extinguishedwithin approximately 80 s. Approximately
58 % of the sample mass remained at the end of this test (above z = 1.0m, a layer of black
char covered unburnt polyiso foam that remained attached to the panel walls; closer to the
burner, the material had burned through, leaving only lightweight char remnants that had
detached from the panel walls). Flame to wall heat flux measurements were not recorded
in this test.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 190. Photographs of Test 26 Polyiso2 R1.
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(c)

Fig. 191. Test 26 Polyiso2 R1: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-150 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Test 27 Polyiso2 R2

Test Description
2 in. thick, 24 in. wide, 96 in. tall panels of Polyisocyanurate Foamheld bywire to 1 in. thick
Marinite board. Panels were ignited using a rectangular propane burner (60 kW nominal
heat release rate) filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the
’Final Burner configuration’; see Fig. 12). Wall flames ignited uniformly (across the base of
both panel walls) within seconds of burner ignition and the burner was left on throughout
the duration of the test (throughout flame spread, peak HRR, and decay). The burner was
shut off (t = 486 s) andwall flames extinguishedwithin approximately 60 s. Approximately
56 % of the sample mass remained at the end of this test (above z = 1.0m, a layer of black
char covered unburnt polyiso foam that remained attached to the panel walls; closer to the
burner, the material had burned through, leaving only lightweight char remnants that had
detached from the panel walls). Flame to wall heat flux measurements were not recorded
in this test.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 192. Photographs of Test 27 Polyiso2 R2.
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Fig. 193. Test 27 Polyiso2 R2: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-150 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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C.10. POM-GF - Poly(Oxymethylene) reinforced with chopped Glass Fibers

Test 28 POMGF R1

Test Description
1/4 in. thick, 24 in. wide, 96 in. tall (in two sections, each 24 in.x48in.) panels of POM-GF
mounted to 1 in. thick Marinite board. Panels were ignited using a rectangular propane
burner (60 kWnominal heat release rate) filledwith layers of PeaGravel, Sand, andKaowool
Insulation (i.e., the ’Final Burner configuration’; see Fig. 12). The burner was shut off
(t = 181 s) after sustained ignition along the base of both of panels. The front 10 cm (i.e.,
20 cm≤ y≤ 30 cm) of both panel walls were not initially covered by the flame sheet due to
burner non-uniformity. Lateral flame spread allowed for flame coverage across the width
of panel walls by t = 480 s. The sample slabs would warp while heating (undulating pro-
file from bottom to top of the assembly) but remain mostly attached to the panel walls
until a sudden melt flow event. Sudden decreases in HRR measured at t = 720 s (partial
collapse of lower slabs, z < 1.2m) and then t = 840 s and t = 900 s (collapse of the upper
right and then upper left slabs, z > 1.2m) correspond to significant melt flow events. Heat
flux gauges were mounted flush with the fuel’s surface between z = 20 cm and z = 50 cm.
Later in the test, melt flow limited availability of heat flux measurements at lower heights.
Shielded radiometers and total heat flux gauges were positioned side by side at z =20 cm
and z = 50 cm. An attempt was made to remove the heat flux shields at t =330 s; how-
ever, they had become embedded in polymer melt and could not be removed cleanly.
As a result, ’clean gauge’ measurements of radiation and total flame heat flux could only
obtained, with additional post-processing, at z = 50 cm.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 194. Photographs of Test 28 POMGF R1.

293



Heat Release Rate, Heat Flux at a Distance, and Species Yields

0 500 1000 1500
0

100

200

300

400

500

0

0.1

0.2

0.3

0.4

0.5

0.6

Test28_POMGF_R1

(a)

0 500 1000 1500
0

100

200

300

400

500

0

0.1

0.2

0.3

0.4

0.5

L
ig

ht
 E

xt
in

ct
io

n 
C

oe
ff

ic
ie

nt
, K

 [
1/

m
]

Test28_POMGF_R1

HRR
K [1/m]

(b)

0 200 400 600 800 1000 1200 1400 1600
Time [s]

0

2

4

6

8

10

V
ol

um
e 

Fr
ac

tio
n:

 C
O

2 a
nd

 H
2O

10-3

0

1

2

3

4

5

V
ol

um
e 

Fr
ac

tio
n:

 C
O

10-5Test28_POMGF_R1

CO2_VolFr
H2O_VolFr
CO_VolFr

(c)

Fig. 195. Test 28 POMGF R1: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-200 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Flame Heat Flux
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Fig. 196. Total flame to surface flame heat flux to water-cooled Schmidt-Boelter heat flux gauges
as measured in Test 28 POMGF R1. Here, raw, unsmoothed original measurments are plotted from
each gauges as a function of time. Solid lines highlight values of q̇′′total that were identified by
manual review as ”good” (see Sec. 3.1.1) and dotted lines represent ”bad” measurement data that
should not be considered for further analysis.
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Fig. 197. Temperature of water-cooled Schmidt-Boelter heat flux gauges during Test 28 POMGF R1.
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Shielded Gauges

Measurements of total and radiation heat flux recorded by shielded heat flux gauges
(Sec. efssec: qrad). Gauge shields were removed at 379, and 368 seconds (gauges 5 and
6, respectively).
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Fig. 198. Shielded gauge data for Test28 POMGF R1.
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Test 50 POMGF R2

Test Description
1/4 in. thick, 24 in. wide, 96 in. tall (in two sections, each 24 in.x48in.) panels of POM-GF
mounted to 1 in. thick Marinite board. Panels were ignited using a rectangular propane
burner (60 kWnominal heat release rate) filledwith layers of PeaGravel, Sand, andKaowool
Insulation (i.e., the ’Final Burner configuration’; see Fig. 12). The burner was shut off
(t = 181 s) and shielded (t = 206 s) after sustained ignition along the base of both of panels.
The front 10 cm (i.e., 20 cm≤ y≤ 30 cm) of the right panel wall was not initially covered by
the flame sheet due to burner non-uniformity; however, flames spread laterally to cover
the base of this wall by t = 260 s. The sample slabs would warp while heating (undulating
profile from bottom to top of the assembly) but remain mostly attached to the panel walls
until a suddenmelt flow event. A sudden spike and decrease in HRRmeasured at t = 645 s
corresponds to partial collapse of lower left POMGF slab, z < 1.2 m. Further decreases in
HRR measured at t = 800 s and t = 910 s correspond to collapse of the upper right and
then upper left slabs, z > 1.2m. Heat flux gauges were mounted flush with the fuel’s sur-
face between z = 100 cm and z = 220 cm (only these higher locations were selected to
limit the impact of polymer melt flow on heat flux measurements). Shielded radiometers
and total heat flux gauges were positioned side by side at z =180 cm and z = 220 cm. The
lower heat flux shields were removed at t =356 s and the upper heat flux shields were
removed at t =381 s; however, reliable measurements of both total and radiation flame
heat flux were obtained only at z = 220 cm.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 199. Photographs of Test 50 POMGF R2.
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(c)

Fig. 200. Test 50 POMGF R2: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-220 cm, y =-310 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Flame Heat Flux
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Fig. 201. Total flame to surface flame heat flux to water-cooled Schmidt-Boelter heat flux gauges
as measured in Test 50 POMGF R2. Here, raw, unsmoothed original measurments are plotted
from each gauges as a function of time. Solid lines highlight values of q̇′′total that were identified by
manual review as ”good” (see Sec. 3.1.1) and dotted lines represent ”bad” measurement data that
should not be considered for further analysis.
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Fig. 202. Temperature of water-cooled Schmidt-Boelter heat flux gauges during Test 50 POMGF
R2.
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Shielded Gauges

Measurements of total and radiation heat flux recorded by shielded heat flux gauges
(Sec. efssec: qrad). Gauge shields were removed at 360, 383, and 382 seconds (gauges 3,
5 and 7, respectively).
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Fig. 203. Shielded gauge data for Test50 POMGF R2.
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Test 61 POMGF R3

Test Description
3/8 in. thick, 24 in. wide, 96 in. tall (in two sections, each 24 in.x48in.) panels of POM-GF
mounted to 1 in. thick Marinite board. Panels were ignited using a rectangular propane
burner (60 kWnominal heat release rate) filledwith layers of PeaGravel, Sand, andKaowool
Insulation (i.e., the ’Final Burner configuration’; see Fig. 12). The burner was shut off
(t = 184 s) and shielded (t = 205 s) after sustained ignition along the base of both of pan-
els. The back 10 cm (i.e., 20 cm ≤ y ≤ 30 cm) of the left panel wall was not initially cov-
ered by the flame sheet due to burner non-uniformity; however, flames spread laterally to
cover this wall as the sample contiued to burn. The sample slabs mostly maintained their
shape while heating, staying attached to the panel walls as polymer melt flowed down-
wards across their front, heated surface. A sudden spike and decrease in HRRmeasured at
t = 1000 s corresponds to the upper right slab. Heat flux gauges were mounted flush with
the fuel’s surface between z = 100 cm and z = 220 cm (only these higher locations were
selected to limit the impact of polymer melt flow on heat flux measurements). Shielded
radiometers and total heat flux gauges were positioned side by side at z =100 cm and
z = 180 cm. The lower heat flux shields were removed at t =450 s and the upper heat flux
shields were removed at t =515 s; reliable measurements of both total and radiation flame
heat flux were obtained both heights.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 204. Photographs of Test 61 POMGF R3.
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(c)

Fig. 205. Test 61 POMGF R3: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =300 cm, y =-305 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Flame Heat Flux
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Fig. 206. Total flame to surface flame heat flux to water-cooled Schmidt-Boelter heat flux gauges
as measured in Test 61 POMGF R3. Here, raw, unsmoothed original measurments are plotted from
each gauges as a function of time. Solid lines highlight values of q̇′′total that were identified by
manual review as ”good” (see Sec. 3.1.1) and dotted lines represent ”bad” measurement data that
should not be considered for further analysis.
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Fig. 207. Temperature of water-cooled Schmidt-Boelter heat flux gauges during Test 61 POMGF R3.
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Shielded Gauges

Measurements of total and radiation heat flux recorded by shielded heat flux gauges
(Sec. efssec: qrad). Gauge shields were removed at 449, 450, 517, and 517 seconds (gauges
1, 3, 6 and 7, respectively).
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Fig. 208. Shielded gauge data for Test61 POMGF R3.
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C.11. PVC - Polyvinyl Chloride

Test 11 PVC R1

Test Description
1/4 in. thick, 24 in. wide, 96 in. tall (in two sections, each 24 in.x48in.) panels of PVC
mounted to 1 in. thick Marinite board. Panels were ignited using a rectangular propane
burner (60 kWnominal heat release rate) filledwith layers of PeaGravel, Sand, andKaowool
Insulation (i.e., the ’Final Burner configuration’; see Fig. 12). The burner was shut off twice
(t = 210 s and t = 360 s) and re-ignited at t = 230 s and t = 380 s before being left on
throughout remainder of experiment. Rapid decreases in flame height and measured HRR
showed that sustained flaming of this material could not be maintained when the burner
was turned off. Heat flux gauges were mounted flush with the fuel’s surface between
z = 20 cm and z = 180 cm; however, heat flux measurements are not considered reliable
after the burner is shut off at t = 210 s.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 209. Photographs of Test 11 PVC R1.
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(c)

Fig. 210. Test 11 PVC R1: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is measured

at x =-100 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction coefficient, K
(smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2, H2O, and CO.
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Flame Heat Flux
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Fig. 211. Total flame to surface flame heat flux to water-cooled Schmidt-Boelter heat flux gauges as
measured in Test 11 PVC R1. Here, raw, unsmoothed original measurments are plotted from each
gauges as a function of time. Solid lines highlight values of q̇′′total that were identified by manual
review as ”good” (see Sec. 3.1.1) and dotted lines represent ”bad” measurement data that should
not be considered for further analysis.
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Fig. 212. Temperature of water-cooled Schmidt-Boelter heat flux gauges during Test 11 PVC R1.
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Test 13 PVC R2

Test Description
1/4 in. thick, 24 in. wide, 96 in. tall (in two sections, each 24 in.x48in.) panels of PVC
mounted to 1 in. thick Marinite board. Panels were ignited using a rectangular propane
burner (60 kWnominal heat release rate) filledwith layers of PeaGravel, Sand, andKaowool
Insulation (i.e., the ’Final Burner configuration’; see Fig. 12). The burner was kept on un-
til 1200 s. Throughout this time, measured HRR remained relatively low (approximately
100 kW to 150 kW); however, brief increases in fire size were observe when portions of
the PVC panels would detach from the panel walls and (a) continue at their back surface or
(b) fall, and coninue burning at the base of the assembly. Heat flux gauges were mounted
flush with the fuel’s surface between z = 20 cm and z = 75 cm; however, after t = 480 s,
heat flux measurements are not considered reliable due to sample detachment from the
panel walls.

(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 213. Photographs of Test 13 PVC R2.
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(c)

Fig. 214. Test 13 PVC R2: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is measured

at x =-100 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction coefficient, K
(smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2, H2O, and CO.
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Flame Heat Flux
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Fig. 215. Total flame to surface flame heat flux to water-cooled Schmidt-Boelter heat flux gauges
as measured in Test 13 PVC R2. Here, raw, unsmoothed original measurments are plotted from
each gauges as a function of time. Solid lines highlight values of q̇′′total that were identified by
manual review as ”good” (see Sec. 3.1.1) and dotted lines represent ”bad” measurement data that
should not be considered for further analysis.
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Fig. 216. Temperature of water-cooled Schmidt-Boelter heat flux gauges during Test 13 PVC R2.
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C.12. GPO-3 (Redboard) - Fiberglass-ReinforcedPolyester laminate (limited arc- andflame-
resistance)

Test 6 Redboard R1

Test Description
1/4 in. thick, 24 in. wide, 96 in. tall (in two sections, each 24 in.x48in.) panels of GPO-3
mounted to 1in. thick Marinite board. Panels were ignited using a rectangular propane
burner (60 kW nominal heat release rate) filled with Pea Gravel (i.e., the ’Preliminary
Burner configuration’; see Fig. 12. Just prior to ignition, the sand in this burner was re-
moved and replaced. The burner was kept on until 1200 s; however, measured HRR re-
mained relatively low, gradually increasing to a peak value of 134 kW at 720 s before
steadilly decaying as the sample burned out, leaving behind layers of fiberglass reinforce-
ment. The sample self-extinguished shortly after the burner was turned off. Flame to wall
heat flux measurements were not recorded in this test.

(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 217. Photographs of Test 6 Redboard R1.
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(c)

Fig. 218. Test 6 Redboard R1: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-100 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.

320



Test 8 Redboard R2

Test Description
1/4 in. thick, 24 in. wide, 96 in. tall (in two sections, each 24 in.x48in.) panels of GPO-
3 mounted to 1in. thick Marinite board. Panels were ignited using a rectangular propane
burner (60 kWnominal heat release rate) filledwith layers of PeaGravel, Sand, andKaowool
Insulation (i.e., the ’Final Burner configuration’; see Fig. 12). The burner was kept on un-
til 1200 s; however, measured HRR remained relatively low, gradually increasing to a peak
value of 115 kW at 426 s before steadilly decaying as the sample burned out, leaving behind
layers of fiberglass reinforcement. The sample self-extinguished shortly after the burner
was turned off. Flame to wall heat flux measurements were not recorded in this test.

(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 219. Photographs of Test 8 Redboard R2.

321



Heat Release Rate, Heat Flux at a Distance, and Species Yields

0 200 400 600 800 1000 1200
0

20

40

60

80

100

120

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Test8_Redboard_R2

(a)

0 200 400 600 800 1000 1200
0

20

40

60

80

100

120

0

0.5

1

1.5

2

2.5

3

3.5

L
ig

ht
 E

xt
in

ct
io

n 
C

oe
ff

ic
ie

nt
, K

 [
1/

m
]

Test8_Redboard_R2

HRR
K [1/m]

(b)

0 200 400 600 800 1000 1200
Time [s]

0

0.005

0.01

0.015

0.02

V
ol

um
e 

Fr
ac

tio
n:

 C
O

2 a
nd

 H
2O

0

1

2

3

4

5

6

V
ol

um
e 

Fr
ac

tio
n:

 C
O

10-5Test8_Redboard_R2

CO2_VolFr
H2O_VolFr
CO_VolFr

(c)

Fig. 220. Test 8 Redboard R2: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-100 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Test 14 Redboard R3

Test Description
1/4 in. thick, 24 in. wide, 48in.tall panels of GPO-3 mounted to 1 in. thick Marinite board.
Panels were ignited using a rectangular propane burner (60 kW nominal heat release rate)
filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final Burner con-
figuration’; see Fig. 12).burner on throughout experiment. The burner was kept on until
1200 s; however, measured HRR remained relatively low, gradually increasing to a peak
value of 110 kW at 426 s before steadilly decaying as the sample burned out, leaving behind
layers of fiberglass reinforcement. The sample self-extinguished shortly after the burner
was turned off. Flame to wall heat flux measurements were not recorded in this test.

(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 221. Photographs of Test 14 Redboard R3.
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(c)

Fig. 222. Test 14 Redboard R3: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-100 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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C.13. Western Red Cedar

Test 15 RedCedar R1

Test Description
7/8 in. thick, 22.5in. wide, 96 in. tall (in two sections, each 11.25in.x96in.) planks of West-
ern Red Cedar mounted to 1in. thick Marinite board (new Marinite). Panels were ignited
using a rectangular propane burner (60 kW nominal heat release rate) filled with layers of
Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final Burner configuration’; see Fig. 12).
The burner was shut off twice (t = 80 s and t = 150 s) and re-ignited at t = 100 s and
t = 220 s before being left on throughout remainder of experiment. Rapid decreases in
flame height and measured HRR showed that sustained flaming of this material could not
bemaintained when the burner was turned off. Heat flux gauges weremounted flush with
the fuel’s surface between z = 20 cm and z = 220 cm; however, heat flux measurements
are only considered reliable until the burner is first shut off at t = 80 s. Shielded radiome-
ters and total heat flux gauges were positioned side by side at z =50 cm and z = 100 cm.
The heat flux shields were removed at t =452 s and reliable measurements of both total
and radiation flame heat flux were obtained at both heights.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 223. Photographs of Test 15 RedCedar R1.
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Heat Release Rate, Heat Flux at a Distance, and Species Yields
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Fig. 224. Test 15 RedCedar R1: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-100 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Flame Heat Flux
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Fig. 225. Total flame to surface flame heat flux to water-cooled Schmidt-Boelter heat flux gauges
as measured in Test 15 RedCedar R1. Here, raw, unsmoothed original measurments are plotted
from each gauges as a function of time. Solid lines highlight values of q̇′′total that were identified by
manual review as ”good” (see Sec. 3.1.1) and dotted lines represent ”bad” measurement data that
should not be considered for further analysis.
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Fig. 226. Temperature of water-cooled Schmidt-Boelter heat flux gauges during Test 15 RedCedar
R1.
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Shielded Gauges

Measurements of total and radiation heat flux recorded by shielded heat flux gauges
(Sec. efssec: qrad). Gauge shields were removed at 454 seconds.
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Fig. 227. Shielded gauge data for Test15 RedCedar R1.
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Test 22 RedCedar R2

Test Description
7/8 in. thick, 22.5in. wide, 96 in. tall (in two sections, each 11.25in.x96in.) planks of West-
ern Red Cedar mounted to 1in. thick Marinite board (new Marinite). Panels were ignited
using a rectangular propane burner (60 kW nominal heat release rate) filled with layers
of Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final Burner configuration’; see
Fig. 12). The burner was kept on throughout the experiment until t = 360 s. Heat flux
gauges were mounted flush with the fuel’s surface between z = 10 cm and z = 140 cm;
heat flux measurements are considered reliable for further analysis until peak HRR was
measured. Shielded radiometers and total heat flux gauges were positioned side by side
at z =100 cm and z = 180 cm. The heat flux shields were removed at t =452 s and reliable
measurements of both total and radiation flame heat flux were obtained at both heights;
however, at the time of shield removal, flame tips only intermittently covered the heat
flux gauges at z =100 cm and they were not present at all at z =100 cm thus, in this test,
reduced heat fluxes were measured by both of these shielded gauges at both heights.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 228. Photographs of Test 22 RedCedar R2.
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(c)

Fig. 229. Test 22 RedCedar R2: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-150 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Flame Heat Flux
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Fig. 230. Total flame to surface flame heat flux to water-cooled Schmidt-Boelter heat flux gauges
as measured in Test 22 RedCedar R2. Here, raw, unsmoothed original measurments are plotted
from each gauges as a function of time. Solid lines highlight values of q̇′′total that were identified by
manual review as ”good” (see Sec. 3.1.1) and dotted lines represent ”bad” measurement data that
should not be considered for further analysis.
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Fig. 231. Temperature of water-cooled Schmidt-Boelter heat flux gauges during Test 22 RedCedar
R2.

335



Shielded Gauges

Measurements of total and radiation heat flux recorded by shielded heat flux gauges
(Sec. efssec: qrad). Gauge shields were removed at 244, 245, 242, and 243 seconds
(gauges 3, 4, 6 and 7, respectively).
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Fig. 232. Shielded gauge data for Test22 RedCedar R2.
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Test 43 RedCedar R3

Test Description
7/8 in. thick, 22.5in. wide, 96 in. tall (in two sections, each 11.25in.x96in.) planks of West-
ern Red Cedar mounted to 1in. thick Marinite board (new Marinite). Panels were ignited
using a rectangular propane burner (60 kW nominal heat release rate) filled with layers
of Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final Burner configuration’; see
Fig. 12). The burner was kept on throughout the experiment until t = 360 s. Heat flux
gauges were mounted flush with the fuel’s surface between z = 30 cm and z = 180 cm;
heat flux measurements are considered reliable for further analysis until peak HRR was
measured. Shielded radiometers and total heat flux gauges were positioned side by side
at z =50 cm and z = 100 cm. The heat flux shields were removed at t =148 s and reliable
measurements of both total and radiation flame heat flux were obtained at both heights.
At the time of shield removal in this test, fire size was approximately 50% greater than that
in Test R2 (i.e., HRR = 240 kW) and flame tips extended up to the top of the panel walls,
though only intermittent flaming was observed across each gauge location. Importantly,
both panel walls were glowing (smoldering combustion) - this provided significantly higher
radiation from the opposite panel wall. As a result, in this test, substantially higher values
of qrad(%) are measured at both heights.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 233. Photographs of Test 43 RedCedar R3.
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Heat Release Rate, Heat Flux at a Distance, and Species Yields
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(c)

Fig. 234. Test 43 RedCedar R3: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-232 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Flame Heat Flux
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Fig. 235. Total flame to surface flame heat flux to water-cooled Schmidt-Boelter heat flux gauges
as measured in Test 43 RedCedar R3. Here, raw, unsmoothed original measurments are plotted
from each gauges as a function of time. Solid lines highlight values of q̇′′total that were identified by
manual review as ”good” (see Sec. 3.1.1) and dotted lines represent ”bad” measurement data that
should not be considered for further analysis.
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Fig. 236. Temperature of water-cooled Schmidt-Boelter heat flux gauges during Test 43 RedCedar
R3.
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Shielded Gauges

Measurements of total and radiation heat flux recorded by shielded heat flux gauges
(Sec. efssec: qrad). Gauge shields were removed at 148, 148, 146, and 147 seconds (gauges
2, 3, 5 and 6, respectively).
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Fig. 237. Shielded gauge data for Test43 RedCedar R3.
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Test 65 RedCedar R4

Test Description
7/8 in. thick, 22.5in. wide, 96 in. tall (in two sections, each 11.25in.x96in.) planks of West-
ern Red Cedar mounted to 1in. thick Marinite board (new Marinite). Panels were ignited
using a rectangular propane burner (60 kW nominal heat release rate) filled with layers of
Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final Burner configuration’; see Fig. 12).
The burner was kept on throughout the experiment until t = 480 s. Heat flux gauges were
mounted flush with the fuel’s surface between z = 20 cm and z = 20 cm; heat flux mea-
surements are considered reliable for further analysis until peak HRR was measured.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 238. Photographs of Test 65 RedCedar R4.
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(c)

Fig. 239. Test 65 RedCedar R4: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =300 cm, y =-305 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Flame Heat Flux
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Fig. 240. Total flame to surface flame heat flux to water-cooled Schmidt-Boelter heat flux gauges
as measured in Test 65 RedCedar R4. Here, raw, unsmoothed original measurments are plotted
from each gauges as a function of time. Solid lines highlight values of q̇′′total that were identified by
manual review as ”good” (see Sec. 3.1.1) and dotted lines represent ”bad” measurement data that
should not be considered for further analysis.
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Fig. 241. Temperature of water-cooled Schmidt-Boelter heat flux gauges during Test 65 RedCedar
R4.
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C.14. SIS Wire - Switchboard Wire

Test 9 SIS Wire R1

Test Description
90 vertically oriented strands of SIS wire, loosely contained w/ steel wire and held to 1in.
thick Marinite board with steel wire. Panels were ignited using a rectangular propane
burner (60 kWnominal heat release rate) filledwith layers of PeaGravel, Sand, andKaowool
Insulation (i.e., the ’Final Burner configuration’; see Fig. 12). The burner was kept on
throughout the experiment until t = 1500 s, at which timeflames quickly self-extinguished.
Flame to wall heat flux measurements were not recorded in this test.

(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 242. Photographs of Test 9 SIS Wire R1.
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(c)

Fig. 243. Test 9 SIS Wire R1: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-100 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Test 10 SIS Wire R2

Test Description
96 vertically oriented strands of SIS wire, loosely contained w/ steel wire and attached
to 1/4 in. thick, 24 in. wide, 96 in. tall (in two sections, each 24 in.x48in.) panels of
GPO-3 mounted to 1in. thick Marinite board. Panels were ignited using a rectangular
propane burner (60 kW nominal heat release rate) filled with layers of Pea Gravel, Sand,
and Kaowool Insulation (i.e., the ’Final Burner configuration’; see Fig. 12). The burner
was kept on throughout the experiment until t = 900 s, at which time flames quickly self-
extinguished. Heat flux gauges were mounted flush with the fuel’s surface (left panel only)
between z = 20 cm and z = 140 cm.

(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 244. Photographs of Test 10 SIS Wire R2.
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(c)

Fig. 245. Test 10 SIS Wire R2: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-100 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Flame Heat Flux
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Fig. 246. Total flame to surface flame heat flux to water-cooled Schmidt-Boelter heat flux gauges
as measured in Test 10 SIS Wire R2. Here, raw, unsmoothed original measurments are plotted
from each gauges as a function of time. Solid lines highlight values of q̇′′total that were identified by
manual review as ”good” (see Sec. 3.1.1) and dotted lines represent ”bad” measurement data that
should not be considered for further analysis.
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C.15. XLPE Foam - Cross-linked Polyethylene Foam

Test 18 XLPE2 R1

Test Description
1 in. thick, 24 in. wide, 96 in. tall panels of XLPE foam (2lb/ft3 density) backed by an
alumninum foil layer and held by wire to 1 in. thick Marinite board. Panels were ignited
using a rectangular propane burner (60 kW nominal heat release rate) filled with layers of
Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final Burner configuration’; see Fig. 12).
The burner was shut off (t = 40 s) and shielded (t = 50 s) after sustained flaming of both
walls was achieved. Flame to wall heat flux measurements were not recorded in this test.

(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 247. Photographs of Test 18 XLPE2 R1.
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Fig. 248. Test 18 XLPE2 R1: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-100 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Test 23 XLPE2 R2

Test Description
1 in. thick, 24 in. wide, 96 in. tall panels of XLPE foam (2lb/ft3 density) backed by an
alumninum foil layer and held by wire to 1 in. thick Marinite board. Panels were ignited
using a rectangular propane burner (60 kW nominal heat release rate) filled with layers of
Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final Burner configuration’; see Fig. 12).
The burner was shut off (t = 40 s) but not shielded after sustained flaming of both walls
was achieved. This is the only test on XLPE foam where the burner was not shielded; fire
growth rate was substantially faster in this test versus XLPE2 Test R1. Flame to wall heat
flux measurements were not recorded in this test.

(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 249. Photographs of Test 23 XLPE2 R2.
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(c)

Fig. 250. Test 23 XLPE2 R2: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-150 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Test 58 XLPE4 R1

Test Description
1 in. thick, 24 in. wide, 96 in. tall panels of XLPE foam (4lb/ft3 density) backed by an
alumninum foil layer and held by wire to 1 in. thick Marinite Board. Panels were ignited
using a rectangular propane burner (60 kW nominal heat release rate) filled with layers of
Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final Burner configuration’; see Fig. 12).
The burner was shut off (t = 39 s) and shielded (t = 42 s) after sustained flaming of both
walls was achieved. Flame to wall heat flux measurements were not recorded in this test.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 251. Photographs of Test 58 XLPE4 R1.
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(c)

Fig. 252. Test 58 XLPE4 R1: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =300 cm, y =-305 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Test 59 XLPE4 R2

Test Description
1 in. thick, 24 in. wide, 96 in. tall panels of XLPE foam (4lb/ft3 density) backed by an
alumninum foil layer and held by wire to 1 in. thick Marinite Board. Panels were ignited
using a rectangular propane burner (60 kW nominal heat release rate) filled with layers of
Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final Burner configuration’; see Fig. 12).
The burner was shut off (t = 35 s) and shielded (t = 37 s) after sustained flaming of both
walls was achieved. Flame to wall heat flux measurements were not recorded in this test.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 253. Photographs of Test 59 XLPE4 R2.
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(c)

Fig. 254. Test 59 XLPE4 R2: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =300 cm, y =-305 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Test 60 XLPE4 R3

Test Description
1 in. thick, 24 in. wide, 96 in. tall panels of XLPE foam (4lb/ft3 density) backed by an
alumninum foil layer and held by wire to 1 in. thick Marinite Board. Panels were ignited
using a rectangular propane burner (60 kW nominal heat release rate) filled with layers of
Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final Burner configuration’; see Fig. 12).
The burner was shut off (t = 40 s) and shielded (t = 40 s) after sustained flaming of both
walls was achieved. Flame to wall heat flux measurements were not recorded in this test.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 255. Photographs of Test 60 XLPE4 R3.
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(c)

Fig. 256. Test 60 XLPE4 R3: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =300 cm, y =-305 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Test 19 XLPE6 R1

Test Description
1 in. thick, 24 in. wide, 96 in. tall panels (in two sections, each 24 in.x48in.) of XLPE Foam
(6lb/ft3 density) backed by an alumninum foil layer and held by wire to 1 in. thick Mari-
nite board. Panels were ignited using a rectangular propane burner (60 kW nominal heat
release rate) filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final
Burner configuration’; see Fig. 12). The burner was shut off (t = 41 s) and shielded (t = 51 s)
after sustained flaming of both walls was achieved. Flame to wall heat flux measurements
were not recorded in this test.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 257. Photographs of Test 19 XLPE6 R1.
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(c)

Fig. 258. Test 19 XLPE6 R1: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-100 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Test 38 XLPE6 R2

Test Description
1 in. thick, 24 in. wide, 96 in. tall panels (in two sections, each 24 in.x48in.) of XLPE
Foam (6lb/ft3 density) backed by an alumninum foil layer and held by wire to 1 in. thick
Marinite board. Panels were ignited using a rectangular propane burner (60 kW nominal
heat release rate) filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the
’Final Burner configuration’; see Fig. 12). The burner was shut off (t = 41 s) and shielded
(t = 50 s) after sustained flaming of both walls was achieved. Flame to wall heat flux
measurements were not recorded in this test.

369



(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 259. Photographs of Test 38 XLPE6 R2.

370



Heat Release Rate, Heat Flux at a Distance, and Species Yields

0 50 100 150 200
0

500

1000

1500

2000

2500

3000

3500

0

1

2

3

4

5

Test38_XLPE6_R2

(a)

0 50 100 150 200
0

500

1000

1500

2000

2500

3000

3500

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

L
ig

ht
 E

xt
in

ct
io

n 
C

oe
ff

ic
ie

nt
, K

 [
1/

m
]

Test38_XLPE6_R2

HRR
K [1/m]

(b)

0 50 100 150 200
Time [s]

0

2

4

6

8

10

12

V
ol

um
e 

Fr
ac

tio
n:

 C
O

2 a
nd

 H
2O

10-3

0

2

4

6

8

10

V
ol

um
e 

Fr
ac

tio
n:

 C
O

10-5Test38_XLPE6_R2

CO2_VolFr
H2O_VolFr
CO_VolFr

(c)

Fig. 260. Test 38 XLPE6 R2: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-232 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Test 39 XLPE6 R3

Test Description
1 in. thick, 24 in. wide, 96 in. tall panels (in two sections, each 24 in.x48in.) of XLPE Foam
(6lb/ft3 density) backed by an aluminum foil layer (only at z ≤ 60 cm) and held by wire to
1 in. thick Marinite board. Panels were ignited using a rectangular propane burner (60 kW
nominal heat release rate) filled with layers of Pea Gravel, Sand, and Kaowool Insulation
(i.e., the ’Final Burner configuration’; see Fig. 12). The burner was shut off (t = 40 s) and
shielded (t = 48 s) after sustained flaming of both walls was achieved. Flame to wall heat
flux measurements were not recorded in this test.

(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 261. Photographs of Test 39 XLPE6 R3.
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(c)

Fig. 262. Test 39 XLPE6 R3: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-232 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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C.16. XPS Foam - Extruded Polystyrene Foam

Test 34 XPSgreen1 R1

Test Description
1 in. thick, 24 in. wide, 96 in. tall panels of Green XPS Foam held by wire to 1 in. thickMari-
nite board. Panels were ignited using a rectangular propane burner (60 kW nominal heat
release rate) filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final
Burner configuration’; see Fig. 12). The burner was kept on throughout the experiment
until samples self-extinguished. Flame to wall heat flux measurements were not recorded
in this test.

(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 263. Photographs of Test 34 XPSgreen1 R1.
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(c)

Fig. 264. Test 34 XPSgreen1 R1: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-232 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Test 36 XPSgreen1 R2

Test Description
1 in. thick, 24 in. wide, 96 in. tall panels of Green XPS Foam held by wire to 1 in. thickMari-
nite board. Panels were ignited using a rectangular propane burner (60 kW nominal heat
release rate) filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final
Burner configuration’; see Fig. 12). The burner was kept on throughout the experiment
until samples self-extinguished. Initially, upward flame spread was delayed because XPS
foam samples shrank/collapsed away from the burner flame without fully igniting. Flame
to wall heat flux measurements were not recorded in this test.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 265. Photographs of Test 36 XPSgreen1 R2.
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(c)

Fig. 266. Test 36 XPSgreen1 R2: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-232 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Test 62 XPSgreen1 R3

Test Description
3/4 in. thick, 24 in. wide, 96 in. tall panels of Green XPS Foam held by wire to 1 in. thick
Marinite board. Panels were ignited using a rectangular propane burner (60 kW nominal
heat release rate) filledwith layers of PeaGravel, Sand, and Kaowool Insulation (i.e., the ’Fi-
nal Burner configuration’; see Fig. 12). The burner was kept on throughout the experiment
until samples self-extinguished. Upward flame spread was not observed in this test due
to complete sample collapse (melting/shrinking away of samples) near the burner flames
without igniting. At the start of XPSgreen1 Test R3, it was observed that foam panels were
notably thinner (18.3 mm to 18.6 mm) than the nominal, average thickness (25 mm) of
panels used in Tests R1 and R2. Flame to wall heat flux measurements were not recorded
in this test.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 267. Photographs of Test 62 XPSgreen1 R3.
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(c)

Fig. 268. Test 62 XPSgreen1 R3: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =300 cm, y =-305 cm, z =91 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Test 42 XPSgreen2 R1

Test Description
2 in. thick, 24 in. wide, 96 in. tall panels of Green XPS Foam held by wire to 1 in. thickMari-
nite board. Panels were ignited using a rectangular propane burner (60 kW nominal heat
release rate) filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final
Burner configuration’; see Fig. 12). The burner was kept on throughout the experiment
until samples self-extinguished. Flame to wall heat flux measurements were not recorded
in this test.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 269. Photographs of Test 42 XPSgreen2 R1.
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(c)

Fig. 270. Test 42 XPSgreen2 R1: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-232 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Test 55 XPSgreen2 R2

Test Description
2 in. thick, 24 in. wide, 96 in. tall panels of Green XPS Foam held by wire to 1 in. thickMari-
nite board. Panels were ignited using a rectangular propane burner (60 kW nominal heat
release rate) filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final
Burner configuration’; see Fig. 12). The burner was kept on throughout the experiment
until samples self-extinguished. Flame to wall heat flux measurements were not recorded
in this test.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 271. Photographs of Test 55 XPSgreen2 R2.
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(c)

Fig. 272. Test 55 XPSgreen2 R2: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =300 cm, y =-305 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Test 64 XPSgreen2 R3

Test Description
2 in. thick, 24 in. wide, 96 in. tall panels of Green XPS Foam held by wire to 1 in. thickMari-
nite board. Panels were ignited using a rectangular propane burner (60 kW nominal heat
release rate) filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final
Burner configuration’; see Fig. 12). The burner was kept on throughout the experiment
until samples self-extinguished. Flame to wall heat flux measurements were not recorded
in this test.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 273. Photographs of Test 64 XPSgreen2 R3.
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(c)

Fig. 274. Test 64 XPSgreen2 R3: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =300 cm, y =-305 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Test 33 XPSpink1 R1

Test Description
1 in. thick, 24 in. wide, 96 in. tall panels of Pink XPS Foam held by wire to 1 in. thick Mari-
nite board. Panels were ignited using a rectangular propane burner (60 kW nominal heat
release rate) filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final
Burner configuration’; see Fig. 12). The burner was kept on throughout the experiment
until samples self-extinguished. Flame to wall heat flux measurements were not recorded
in this test.

(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 275. Photographs of Test 33 XPSpink1 R1.
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(c)

Fig. 276. Test 33 XPSpink1 R1: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-232 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Test 35 XPSpink1 R2

Test Description
1 in. thick, 24 in. wide, 96 in. tall panels of Pink XPS Foam held by wire to 1 in. thick Mari-
nite board. Panels were ignited using a rectangular propane burner (60 kW nominal heat
release rate) filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final
Burner configuration’; see Fig. 12). The burner was kept on throughout the experiment
until samples self-extinguished. Flame to wall heat flux measurements were not recorded
in this test.

(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 277. Photographs of Test 35 XPSpink1 R2.
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(c)

Fig. 278. Test 35 XPSpink1 R2: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-232 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Test 48 XPSpink1 R3

Test Description
1 in. thick, 24 in. wide, 96 in. tall panels of Pink XPS Foam held by wire to 1 in. thick Mari-
nite board. Panels were ignited using a rectangular propane burner (60 kW nominal heat
release rate) filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final
Burner configuration’; see Fig. 12). The burner was kept on throughout the experiment
until samples self-extinguished. Flame to wall heat flux measurements were not recorded
in this test.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 279. Photographs of Test 48 XPSpink1 R3.
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(c)

Fig. 280. Test 48 XPSpink1 R3: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-220 cm, y =-310 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Test 41 XPSpink2 R1

Test Description
2 in. thick, 24 in. wide, 96 in. tall panels of Pink XPS Foam held by wire to 1 in. thick Mari-
nite board. Panels were ignited using a rectangular propane burner (60 kW nominal heat
release rate) filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final
Burner configuration’; see Fig. 12). The burner was kept on throughout the experiment
until samples self-extinguished. Flame to wall heat flux measurements were not recorded
in this test.

(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 281. Photographs of Test 41 XPSpink2 R1.
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(c)

Fig. 282. Test 41 XPSpink2 R1: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =-232 cm, y =-300 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.

399



Test 54 XPSpink2 R2

Test Description
2 in. thick, 24 in. wide, 96 in. tall panels of Pink XPS Foam held by wire to 1 in. thick Mari-
nite board. Panels were ignited using a rectangular propane burner (60 kW nominal heat
release rate) filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final
Burner configuration’; see Fig. 12). The burner was kept on throughout the experiment
until samples self-extinguished. Flame to wall heat flux measurements were not recorded
in this test.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 283. Photographs of Test 54 XPSpink2 R2.
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Fig. 284. Test 54 XPSpink2 R2: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =300 cm, y =-305 cm, z =90 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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Test 63 XPSpink2 R3

Test Description
2 in. thick, 24 in. wide, 96 in. tall panels of Pink XPS Foam held by wire to 1 in. thick Mari-
nite board. Panels were ignited using a rectangular propane burner (60 kW nominal heat
release rate) filled with layers of Pea Gravel, Sand, and Kaowool Insulation (i.e., the ’Final
Burner configuration’; see Fig. 12). The burner was kept on throughout the experiment
until samples self-extinguished. Flame to wall heat flux measurements were not recorded
in this test.
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(a) Pre-test (b) Ignition

(c) Peak HRR (d) End of Test

Fig. 285. Photographs of Test 63 XPSpink2 R3.
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Fig. 286. Test 63 XPSpink2 R3: (a) Heat release rate and heat flux at a distance, q̇”
d (here, q̇

′′
d is

measured at x =300 cm, y =-305 cm, z =92 cm); (b) Heat release rate and light extinction
coefficient, K (smoke particulate in exhaust duct [111]); (c) Time-resolved volume fractions of CO2,
H2O, and CO.
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