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Chapter 1: Introduction

1.1 Motivation

The leading cause of fatalities in U.S. home structure fires is the presence of
aesthetic household items like upholstered furniture and mattresses [1]. According to
the National Fire Protection Association (NFPA) [2], between 2015 and 2019, an
annual average of 2,620 deaths occurred due to home structure fires, with 410 deaths
(16 %) attributed to upholstered furniture and 320 deaths (12%) to mattresses or
bedding as the first items to ignite. This shocking data reveals that nearly 30% of these
annual deaths are caused by these household goods alone. As these items have become
more integral to modern homes, the fire risks and losses associated with them have
escalated significantly.

Under layers of fabric, flexible polyurethane foam (FPUF) is a common material
that is filled in upholstered furniture and mattresses because of its comfort, support,
and durability benefits [3]. However, FPUF is an extremely flammable material in the
fire environment. When exposed to a heat source, it ignites quickly and then collapses
into a flaming liquid pool [4], allowing the fire to spread easily. The fire risks associated
with FPUF are significant even when it is not the first item to ignite. From a fire safety
perspective, it is clear that FPUF poses a serious threat to many lives. Therefore,
understanding the flammability of this highly flammable material is crucial.

Many studies have focused on FPUF since 1970 [4]. Several standard tests have
been implemented for both smoldering and flaming combustions, such as California

Technical Bulletin (TB-117) [5], which is a standard smoldering (cigarette) ignition
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test for upholstered furniture, and the 16 Code of Federal Regulations (C.F.R.) test #
1632 [6] and #1633 [7], which are standard tests for mattresses and bedding using
smoldering (cigarette) and open flame ignition sources, respectively. Additionally,
several passive fire protection approaches, such as fabric barriers [8] and fire retardant
(FR) additives [9], have been studied to help slow down the ignition of FPUF [4].
Numerous standard tests and passive fire protection methods have been established
to replicate real fire scenarios. These tests usually incur substantial costs and require
significant time. Alternatively, computational fire modeling can represent many fire
scenarios in a timely and cost-effective manner. Fire modeling consists of gas-phase
computational fluid dynamics (CFD) and condensed-phase pyrolysis solvers. While the
physics of gas-phase CFD solvers have been extensively developed in areas such as
combustion, fluid flow, and heat transfer, condensed-phase pyrolysis solvers that
require pyrolysis property sets, commonly referred to as ‘pyrolysis models’, of any
combustible materials of interest have not yet been widely developed. The pyrolysis
models are essential components for pyrolysis solvers to accurately predict flame
spread and fire growth in fire scenarios [10]. Further research into condensed-phase
pyrolysis models for various materials, including FPUF, is necessary to improve fire

simulation results.

1.2 Background

1.2.1 Pyrolysis Modeling Development

In a typical fire scenario, when a heat source is near the material, the material

begins to decompose over time and at sufficient temperatures, producing volatile



gaseous products. This thermal decomposition process is known as pyrolysis. With an
ignition source, the gaseous pyrolyzates combust with available oxygen in the
surrounding environment, releasing energy in the form of heat and light, known as fire.
This high energy of fire then provides heat feedback to decompose more material,
continuing to produce more gaseous fuel and sustaining the combustion reaction until
there is no more material to decompose. The purpose of the fire simulation is to
accurately replicate this scenario. As previously mentioned, the fire computational
simulation includes two complex solvers: gas-phased CFD and condensed-phase
pyrolysis solvers as demonstrated in Figure 1.1. The gas-phased CFD solver predicts
the combustion reactions of gases in space, while the condensed-phase pyrolysis solver
focuses on the thermal decomposition of solid or liquid materials into volatile gaseous
products. The ultimate goal of the pyrolysis solver is to precisely predict the rate of

gasification based on the physical and chemical properties of the pyrolyzed material.

Condensed-
( Phase |:| (
Pyrolysis } :,

Solver

( Gas-Phase
(CFD) Solver}

Fire
Modeling }

Figure 1.1. Computational fire modeling components.

Several pyrolysis solvers have been developed since the 1980s [7, 8]. Common
pyrolysis solvers include Gpyro [9, 10], Solid-Phase solver within Fire Dynamics
Simulator (FDS) [15], and ThermaKin [12, 13]. These solvers are capable of solving

transient energy transfer, both radiative and conductive, coupled with decomposition



chemistry in a comparable manner. They not only share similar solving capabilities but
also require similar inputs, including decomposition reaction kinetic parameters,
thermodynamic parameters, as well as, thermal transport properties. This completed set
of inputs is referred to as a ‘pyrolysis model’.

This study aims to develop a complete pyrolysis model of FPUF following a
hierarchical approach [10]. This approach relies on experimental results of milligram-
sized and gram-sized material samples using inverse modeling analysis. The milligram-
sized samples are performed using thermogravimetric analysis (TGA), differential
scanning calorimeter (DSC), and microscale combustion calorimeter (MCC) to
determine thermal decomposition mechanism, kinetic parameters, heat capacities of
condensed-phase components, heat decomposition reactions, and heat of combustions
of gaseous pyrolyzates. The gram-sized samples are performed using a Controlled
Atmosphere Pyrolysis Apparatus II (CAPA 1I) to determine the thermal transport
properties and complete the pyrolysis model. Once all parameters are defined, the
complete pyrolysis model can be generated to accurately simulate and predict the

behavior of FPUF undergoing the thermal decomposition process.

1.2.2 Review Previous FPUF Pyrolysis Studies

Pyrolysis is the thermal decomposition process of a material exposed to a heat
source. It is an initial mechanism in the solid or liquid combustion process. For a porous
material like FPUF, two types of combustion typically occur: flaming and smoldering
combustion. Figure 1.2 demonstrates the different types of combustion during the
pyrolysis process of solid fuels. Flaming combustion happens when the solid undergoes

pyrolysis in the absence of oxygen near the pyrolyzed surface. The presence of a flame
4



consumes oxygen from the surrounding atmosphere, blocking oxygen from reaching
resulting in anaerobic combustion. On the other hand, smoldering combustion occurs
at a low temperature in the absence of flame [18] allowing oxygen to interact with the
pyrolyzed surface. The type of combustion happens in an aerobic atmosphere at a

relatively slow rate but can serve as an initiating source of flaming combustion.

Solid Fuel
Undergoing

Figure 1.2. Flaming (right) vs. smoldering (left) combustion of pyrolyzing solid fuels.

Pau et al. [19] performed the TGA experiments at heating rate from 1 — 60 °C
min! on both FR and non-fire retardant (NFR) polyurethane (PU) foam under an
anaerobic atmosphere using two reaction schemes; then, inversely analyzed the data
using three different graphical techniques: kinetic analysis, Arrhenius plot methods,
and inflection point methods, instead of using a computational model method to
compare their effects on kinetic parameters A, E, and n (for the Arrhenius plot and
inflection point method only). The kinetic parameters obtained can be used with Gpyro,
and pyrolysis model in FDS version 5. It was found that the kinetic properties of PU
foam obtained through different calculation techniques were consistent within the same

techniques but showed increasing derivation at extreme heating rates and for properties



with higher magnitudes. The overall trend in each technique for the first and second
reactions was also consistent: A and E of the second reaction were higher in magnitude
than the first reaction, and n of the second reaction was smaller in magnitude than the
first reaction. Garrido and Font [20] performed TGA experiments on FPUF in three
atmospheres to obtain kinetic models for pyrolysis (anaerobic atmosphere) and
combustion (aerobic atmosphere). The anaerobic kinetic model was consistent with 2-
consecutive reactions, while 3-consecutive reactions were observed in the aerobic
atmosphere. Also, the sample was characterized using TG-IR and TG-MS in both
atmospheres. In an anaerobic atmosphere, the foam began to break urethane bonds in
the first reaction, and then immediately degraded. In the aerobic atmosphere, the foam
broke the urethan bonds in the first reaction, and some of the ether polyols began to
degrade, finishing in the second reaction and creating char in the last reaction. Prasad
et al. [21] coupled gas-phase and condensed-phase solvers to enhance the flame spread
model of a 10-cm thick FPUF. The properties of the foam during decomposition were
estimated from various small-scale experiments. TGA and DSC were used to analyze
the decomposition and the heat of reaction, MCC was used to determine the heat release
(HR) of reactions, and the cone calorimeter was used to measure HRR and mass loss
at different heat fluxes. The data obtained from these small-scale experiments were
used to develop models, but temperature-dependent conductivity and specific heat of
condensed-phase components were assigned from the literature along with optical
properties such as emissivity and absorption coefficient. The developed model was

simulated in FDS to predict the flame spread rate, HRR, and heat flux of large-scale



experiments. While the model qualitatively captured the observed trends in the large-

scale tests, it was not completely accurate when compared with the experimental data.

1.3 Objective and Research Approach

A complete pyrolysis property that includes decomposition reaction kinetic
parameters, thermodynamics parameters, and thermal transport properties of FPUF is
not currently unavailable. The primary goal of this study was to develop a complete
pyrolysis property set, commonly referred to as the pyrolysis model, of NIST standard
FPUF in an anaerobic atmosphere. This study aimed to extend the thermal
decomposition model of NIST standard FPUF developed by Saar [22].

By following the hierarchical approach [10], Saar [22] accurately determined
the decomposition reaction kinetic parameters and thermodynamic parameters from
milligram-sized samples (details can be found in section 4.1). In this study, CAPA II
experiments using gram-sized samples in an anaerobic atmosphere were performed to
obtain transport properties of reaction components of NIST standard FPUF.
Additionally, CAPA II experiments in an aerobic atmosphere are conducted to observe
the foam’s behavior in the presence of oxygen. Once the complete pyrolysis model is
obtained, the cone calorimeter [23] experiments were performed to acquire the heat
release rate (HRR), and heat of combustion (HOC). Furthermore, the complete
pyrolysis model was validated using cone calorimetry experimental data to ensure its
accuracy and performance in both anaerobic gasification and flaming combustion
scenarios. ThermaKin2Ds [17] pyrolysis solver was utilized as the pyrolysis solver

throughout this study.



Chapter 2: Methodology

2.1 Material

Flexible polyurethane foam is typically formed by mixing polyol and
isocyanate with water and other additives [3]. The formulations of FPUF vary
depending on the additives, which make each foam distinct. For all experiments
performed in this study, NIST standard FPUF, an open-cell, polyether-based foam
compliant with TB-117-2013 [5], was utilized. The foam was made from a mixture of
polyols, including propylene oxide and ethylene oxide polyols, and diisocyanate (TDI),
consisting of 80% 2,4-TDI and 20% 2,6-TDI, and had no fire retardant or post-product
fire retardant treatment [5]. The density of the foam was measured to be 29.4 + 0.3 kg

m-3.
2.2 Experimental Methods

221 CAPAILL

CAPA 1I is a gasification apparatus that provides well-defined thermal
boundary conditions and highly resolved simultaneous measurement of mass,
temperature, and profile evolution of a 70 mm diameter disk-shaped sample [24]. This
apparatus enables an extensive evaluation of controlled pyrolysis of charring and
intumescent material. It also allows the prediction of thermal conductivity through
inversed analysis of measurement data. Figures 2.1 and 2.2 show the drawings of

CAPA 1L



Conical Heater

Gasification
Chamber

Sample

Gasiﬁcatin
Chamber

IR Camera

Figure 2.1. Three-dimensional drawing of CAPA 1I.

Figure 2.2. Schematic drawing of CAPA II with its sample holder detailing.

CAPA 1I mainly consists of an electric radiant conical heater, a gasification
chamber, an infrared camera, a mass balance, and a video camera. The electric radiant
conical heater, which can provide up to 100 kW m heat flux, is mounted on a sliding
track that allows it to be quickly positioned above the gasification chamber and
removed from it. An open-to-the-atmosphere gasification chamber, which is water-
cooled, is assembled of two concentric aluminum tubes, each 6.4 mm thick. In Figure
2.2, the inside of the inner tube contains a steel sample holder. The initial sample
surface is leveled with the sample holder lip, which extends to cover the gap between
the holder and the inner tube, diminishing air entrainment from beneath the sample.

The outer tube is designed to be 0.01 m below the bottom of the conical heater housing

9



and 0.03 m above the sample surface, minimizing air entrainment from the open-to-
the-atmosphere top. A small section of the outer tube is replaced with quartz to create
an observation window, allowing visual observation during experiments. The inner
wall of the outer tube is coated with high-emissivity paint to suppress radiant heat from
the conical heater. To cool the chamber, copper tubes are inserted into cutting channels
on the exterior wall of both tubes, enabling water to circulate constantly. The channel
between the two tubes is filled with layers of 6.4 mm diameter glass beads to create a
uniform flow of purged gas, which will constantly flow to maintain the sample surface
atmosphere. The gas composition can be described.

The three primary diagnostics of CAPA II include mass, bottom surface
temperature (Tportom), and sample surface profile. During the experiment,
instantaneous mass is recorded using high precision (1 mg) Sartorius Cubis balance at
2 Hz frequency. Tpotrom 18 recorded by a FLIR E40 infrared (IR) camera at a 7.5 Hz
frequency. Due to the geometrical constraint of the apparatus, the IR camera cannot
directly record Tp,trom. Instead, it is focused on the gold mirror with an average
reflectance of 0.96, which reflects a thin copper foil on the bottom of the sample. The
copper foil is coated with a high emissivity paint of 0.92. The IR camera’s emissivity
is adjusted for transmission loss through the gold mirror and validated using
thermocouple-based temperature measurements. The sample surface profile is recorded
using a Logitech C930e high-definition camera through the quartz observation
window. Additionally, two 1.3 mm Type K thermocouples, each attached to the wall
of the inner and outer aluminum tubes, are used to monitor the sample’s atmospheric

temperatures.
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CAPA 1I is typically designed for samples with a diameter ranging from 30 -
70 mm and thickness from 1 — 20 mm. Kaowool PM insulation board that is cut into
rings is used to thermally insulate the sample holder and the perimeter of the sample,
as detailed in Figure 2.2. The cylindrical sample holder has a diameter of 82 mm and a
depth of 25 mm. The bottom of the sample holder has a 70 mm hole that reveals the
bottom surface of the sample to the gold mirror. The 12 mm thick ring at the bottom
lip of the sample holder acts as a shelf for layers of Kaowool PM rings. A diamond-
shaped aluminum mesh, 0.76 mm thick and coated with high emissivity paint (€ =0.92),
is placed between the Kaowool PM rings at the desired height. This circular cut mesh
that is covered with painted copper foil helps support the bottom of the sample and
prevents air entrainment beneath the sample. However, the decomposition
characteristics of FPUF significantly differ from materials previously studied on CAPA
IT [24 - 29]. Specific sample preparation approaches were developed to accommodate
the uniqueness of the physical characteristics of FPUF during its decomposition
process in CAPA II experiments.

FPUF is known as a low-density material, with a density of about 50 — 100
times less than the typical materials studied [24 - 29] on CAPA II. This lightweight
material caused an issue of undetectable mass loss due to balance signal noise during
the decomposition process. In this study, FPUF samples were cut into disks with a
diameter of 70 mm and a thickness of 20 mm. Once exposed to heat, the FPUF rapidly
collapses, producing a liquid pool on the bottom of the holder. To address this, 12.7
mm wide Scotch 69 high-temperature insulation electrical tape was used between the

lip and the copper foil to create a cup-liked structure at the bottom of the sample holder
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during the experiments. The cup prevented any leakage of material during the
decomposition process of FPUF. The sample holder preparation procedures are
described in Appendix Al. In the experiment, the sample holders were pre-exposed to
the radiant heater until no more mass loss was observed from the tape’s adhesive. The
conical heater was set to the desired heat flux using a water-cooled Schmidt-Boelter
heat flux gauge at a setpoint level where the sample holder lip was leveled.

Due to the rapid collapse of FPUF, the heat flux delivered to the pool at the
bottom of the sample holder was reduced from the setpoint flux. To minimize this
effect, the samples were placed so that their top surface protruded 7 mm above the
sample holder lip, leaving 13 mm of the sample thickness inside the sample holder. The
reduced heat flux received by the pool was measured using another water-cooled
Schmidt-Boelter heat flux gauge to quantify the reduction.

CAPA 1II experiments in this study were performed in both anaerobic and
aerobic atmospheres. In the anaerobic atmosphere, a constant 185 SLPM of nitrogen
was used as the purge gas flowing through the gasification chamber. Three different
radiant heat fluxes that were measured at the setpoint level were selected for the FPUF
sample: 26,41, and 62 kW m™. For 26 and 41 kW m heat flux exposures, five repeated
experiments were conducted for each flux. For 62 kW m? flux, seven repeated
experiments were conducted. In the aerobic atmosphere experiments, 185 SLPM of dry
air was used as a purge gas under a radiant heat flux of 26 kW m-2. The repeated
experiments were performed to ensure reproducibility and accumulate necessary

statistics.
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For all experiments performed on CAPA II, mass loss rate (MLR) was
computed using a 4-second time differential and normalized by the initial top surface
area of the sample. The mass data were subsequently grouped into 4-second bins,
providing mean MLR and mean time in each bin. MLR and T} ¢, data were grouped
before averaging. The experiment began when the conical heater was slid into position
over the gasification chamber and terminated when no mass loss was detectable on the

balance.

2.2.2 Cone Calorimeter

Cone Calorimeter experiments were performed in accordance with ASTM
E1354 [23]. The C-factor of the cone calorimeter was calibrated daily before the
experiment. Calibration was performed on cast poly(methyl methacrylate) to ensure the
heat of combustion (HOC) matched published values. FPUF samples were prepared as
10 x 10 cm squares and 2 cm thick. The bottom surface of each sample was wrapped
with a thin aluminum foil, covering half of the sample thickness (1 cm) on all four
sides. The aluminum-wrapped samples were placed on three layers of 6.4 mm thick
and one layer of 3.2 mm Kaowool PM insulation boards, which were set on the sample
holder. No retainer frame was used in the experiments. The aluminum foil helped
prevent mass from flowing through the Kaowool PM insulation. A spark igniter that
positioned 13 mm above the sample’s top surface was used for ignition. Three

experiments were performed at a set heat flux of 26 kW m to accumulate statistics.
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2.3 Modeling

ThermaKin2Ds, a comprehensive numerical pyrolysis solver [17], was used for
all computational modeling in this study. This solver enabled quantitative prediction of
various material behaviors in response to external heat, handling both anaerobic and
aerobic pyrolysis separately from a gas-phased combustion solver [17]. It can perform
one-dimensional and two-dimensional simulations in both Cartesian and cylindrical
coordinates, solving transient energy and mass conservation equations for a condensed-
phase object of any composition undergoing physical and chemical transformation.

The simulation of CAPA experiments was conducted using one-dimensional
approximation, which was determined to be sufficient due to the nearly uniform radial
distribution of Tyyirom and sample thickness profile. Only anaerobic CAPA
experiments were simulated in this study. The gas transport coefficient was set to be 2
x 10 m? s'! for all gas decomposition products ensuring that the rate at which gases
left the sample was equal to their production rate, with gas concentration inside the
sample was negligible. The top surface of the sample was set to have no gas flow
resistance, while gases could not flow through the bottom surface of the sample.

The integration parameters were set with an element size of 0.01 mm and a time
step of 5 ms. The convergence of the numerical solutions was verified by comparing
the model to the version that were increased time step by a factor of 2 and 4, showing
no significant changes in the results.

The simulation of cone calorimeter modeling was used to validate the modeling
of the pyrolysis model. The model was performed using a one-dimensional simulation.

The integration parameters were set to be the same as those used in CAPA experiment
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simulations. An empirical flame heat feedback model [31], developed for the standard
cone calorimeter test, was implemented to define the boundary conditions of the
sample’s top surface. A single-zone flame model (as detailed in a previous study [31])
was chosen in this study to simplify the validation of the pyrolysis model. Kaowool
PM insulation layers with known thermophysical properties [31] beneath the sample

create an adiabatic condition on the sample’s bottom surface.
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Chapter 3: Experimental Results

3.1 CAPA I

3.1.1 Nitrogen Atmosphere

Average MLR results of each flux exposure were calculated using 4-seconds
time differential and presented with an uncertainty calculated as 2 standard deviations
of the scatter data. On the other hand, the average T} ¢1om results were illustrated with
uncertainty using 2 standard deviations of the mean temperature from each experiment,
instead of the scatter data from all experiments. This mean temperature uncertainty
helped to capture the variability of the T} ¢t0m profiles between experiments. A mass
fraction was defined as the difference between an average initial mass among all
samples in the same heat flux exposure and an average instantaneous total mass loss
normalized by the average initial mass, and the results were plotted concurrently with
the average MLR results. During the experiment with extremely lightweight FPUF in
a high-temperature environment, the instantaneous mass recorded was lower than the
actual mass, resulting in higher MLR. A correction coefficient of 0.94 was applied to
the average MLR results for all heat flux exposures to adjust the mass loss data. The
coefficient was verified by matching the residual mass fraction to the experiments with
the integrated average MLR. There was some residual left after the experiment of 26
kW m, but no residual mass left after the experiment of 41 kW m and 62 kW m™
heat flux exposure. The MLR with mass fraction results are shown in Figure 3.1.

Typottom results are shown in Figure 3.2.
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Figure 3.1. Average MLR with mass fraction from CAPA II experiments at all heat flux
exposure.
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The MLR of each heat flux exposure results demonstrate distinctive behaviors.
At 26 kW m, the first sharp MLR peak is observed at 18 seconds, then rapidly decays
within 40 seconds. A smaller peak appears around 220 seconds, and by about 550
seconds, the MLR slowly declines to a steady low level near zero for the rest of the
experiment. At 41 kW m, two sharp MLR peaks are observed: one at around 10 s.
with a 14-second decay, and another at around 74 seconds with an 80-second decay,
followed by a constant mass loss near zero for the rest of the duration.

At 62 kW m exposure, 2 sharp peak MLRs are also observed, but both of the
peaks are almost equal in magnitude. The first peak occurs at 7 s with about 14 s decay,
and the second peak is at 49 s with about 50 s decay, followed by a constant mass loss
rate near- zero rate until the experiment ends.

Figure 3.2 shows different Tp,:r0m behavior of each heat flux exposure is
observed. At 26 kW m, the peak temperature occurs around 185 s, then slowly
declines and remains almost for the rest of the experiment. At 41 kW m, the peak
Tyottom 18 at 90 s, then declines for about 100 s. After 200 s, Tportom Slowly declines
for the rest of the experiment. At 62 kW m™, an unusual Ty ,¢10m behavior is observed.
The peak Tyottom Occurs at 50 s and then declines for about 13 s. After that, Tpotrom
slightly rises and stays constant for about 50 s. Around 130 s, the Tporrom Slowly
declines for the rest of the experiment. It is important to note that the higher heat flux

exposure results in higher Ty, y¢10m Values.
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In addition to MLR and Tj,¢¢0m results, the physical decomposition of FPUF
during CAPA II experiments was observed. The sample thickness profile of each heat

flux exposure, along with their physical decomposition are shown in Figure 3.3 —3.5.
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Figure 3.3. Sample Thickness profile (left) with its physical decomposition behavior
(right) of 26 kW m of CAPA II experiments.

For 26 kW m™ exposure, samples collapsed to the sample holder lip within 23
s, then fully collapsed into a shallow pool with an approximate remaining thickness of
1 mm at 46 s, which was relatively quick. During the collapse, bubbles formed on the
foam's top surface. The pool then gradually decomposed into volatile gas with a bubbly
surface for the remaining duration. A similar physical decomposition behavior was
observed for 41 and 62 kW m heat flux exposures, as shown in Figure 3.4 for 41 kW
m2 and Figure 3.5 for 62 kW m™. Samples collapsed to the lip of the sample holder at
9.7 s and 4.2 s for 41 and 62 kW m, respectively. They then collapsed to about 1 mm
thick pool at 22 s and 13.2 s for 41 and 62 kW m™, respectively, and slowly decomposed

for the remainder of the experiments.
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Figure 3.4. Sample Thickness profile (left) with its physical decomposition behavior
(right) of 41 kW m of CAPA II experiments.
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Figure 3.5. Sample Thickness profile (left) with its physical decomposition behavior
(right) of 62 kW m of CAPA II experiments.
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3.1.2 Air Atmosphere

The CAPA aerobic atmosphere experiment was conducted to observe the
behavior of FPUF in the presence of oxygen. When exposed to a low heat flux, 26 kW
m2, no flame was observed in any of the experiments. The average MLR and T ¢tom
results from the CAPA II aerobic atmosphere experiments were analyzed using the
same method as anaerobic atmosphere data. An MLR coefficient of 0.94 was also
applied for consistency. The average MLR and T} ¢t0m are plotted concurrently with

26 kW m exposure CAPA II anaerobic atmosphere experiments, as shown in Figure

3.6-3.7.
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Figure 3.6. Average MLR of CAPA II experiments in both anaerobic and aerobic
atmosphere at 26 kW m™ heat flux exposure.

A comparison of the MLR collected in nitrogen and air shows a higher rate of
mass loss in the presence of oxygen. The first sharp peak occurs at almost the same

time as the anaerobic atmosphere but is about 50% higher in magnitude, then decays

22



within a similar period. The second peak of aerobic MLR occurs at around 100 s and
decays over about 300 s to a steady, low value near zero. The second peak of aerobic
MLR occurs earlier and at a higher rate (~150%) than the anaerobic MLR. Furthermore,
the average Tpotrom 1N an aerobic atmosphere shows similar behavior to that in an
anaerobic atmosphere, but the peak T} ,¢tom 10 the acrobic atmosphere is slightly higher
(~20 K), as shown in Figure 3.7. Notably, the peak Ty,¢rom Occurs around 100 s,
coinciding with the second peak of MLR in an aerobic atmosphere. These results
indicate that the presence of oxygen in the environment contributes to a higher MLR

and temperature of the material.
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Figure 3.7. Average bottom surface temperature of CAPA II experiments both anaerobic
and aerobic atmospheric at 26 kW m™ heat flux exposure.

Besides MLR and Ty,¢r0m, the sample thickness profile in the aerobic
atmosphere was also observed. The results are plotted concurrently with the anaerobic

atmosphere exposure at the same heat flux, as shown in Figure 3.8. The thickness
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profile exhibits distinctive behavior in the aerobic atmosphere. During exposure, the
top surface of the sample oxidized, creating a charring layer. This charring layer
trapped the decomposition of gaseous products beneath it, generating a balloon-like
surface due to the high pressure underneath. Once the gaseous products were
depressurized and released from the surface, they dropped to the pool level at the
bottom of the sample holder while the pool continued decomposing and producing
gases. The charring layer then turned to a solid residue sitting on top of the
decomposition products, preventing gaseous pyrolyztes from flowing through the
surface. The solid surface was lifted by the pressurized gases and then continued
consistently for the rest of the experiments.

The overall comparison between anaerobic and aerobic atmospheres shows no
significant difference in the decomposing behavior of FPUF in different environments.
Therefore, this study will focus on the decomposition in the nitrogen (anaerobic)

atmosphere.
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Figure 3.8. Sample thickness profile with its physical decomposition behavior of the
aerobic atmospheric experiments comparing to sample thickness profile of the anaerobic
atmospheric experiments CAPA II at 26 kW m heat flux exposure.

3.2 Cone Calorimeter

FPUF samples were used to determine HOC when FPUF experienced complete
combustion using a cone calorimeter in accordance with ASTM 1354 [23]. The average
HRR of each experiment was normalized by the sample surface area to obtain the heat

release rate per unit area (HRRPUA). Uncertainty was calculated using 2 standard
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deviations of the mean HHRPUA of each test. The average HRRPUA is shown in
Figure 3.9.

HOC was calculated as a ratio of the area under the HRR curve to the total mass
loss. During the experiments, the calibration performed on cast poly(methyl
methacrylate) provided a slightly lower HOC value than published values. Therefore,
a correction factor, which was a ratio of the published value to the experimental value,
was applied to adjust the HOC of FPUF. As a result, the average HOC was calculated
to be 27.4 + 1.5 kJ g!, which is within the range of the published values [32, 33].
Moreover, an average mass loss rate per unit area (MLRPUA) of the foam was

calculated as the ratio of HRRPUA to HOC for each experiment, and then the average

MLRPUA was determined.
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Figure 3.9. Average HRRPUA of cone calorimeter experiments.
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Chapter 4: Modeling Framework and Results

4.1 Model Development

As previously mentioned, the pyrolysis model development in this study
followed the hierarchical approach [10]. A prior study by Saar [22] on an FPUF
decomposition model accurately determined kinetic parameters, thermodynamic
parameters, and the heat combustion (AH.) of gas-phase decomposition products by
using the ThermaKin2Ds solver. The parameters developed in Saar’s model,
summarized in section 4.1.1, were used to complete the FPUF pyrolysis model by
determining heat and mass transport properties from CAPA experimental data and then

validating the complete model with the cone calorimeter experimental data.

4.1.1 Previous Study Parameters

By using NIST standard FPUF, Saar [22] defined the thermal decomposition of

FPUF as 2- consecutive first-order reactions:

(1) FPUF - Polyol + Gas;

(2) Polyol — Residule + Gas,.
In the first reaction, virgin FPUF decomposes into an intermediate product called
Polyol, and pyrolyzate gas as referred as to Gas;. Then, in the second reaction, Polyol
continues to decompose producing Residule and Gas,. These reactions were used to
obtain the kinetic parameters, defined by a pre-exponential factor (4), activation energy
(E,), and stochiometric coefficients of the reactions. To acquire these parameters, TGA
experiments were conducted at 10 K min’!, and the ThermaKin model was used to

inversely analyze the experimental data. The results obtained are shown in Table 4.1.
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Table 4.1. Reaction kinetics parameters optimized from TGA model.

Reaction A E,
Stoichiometry
# (s (kJ mol™)
1 2.45x 10" 168 FPUF — 0.733 Polyol + 0.267 Gas,
2 5.59 x 10" 262 Polyol - 0.033 Residule + 0.967 Gas,

Using kinetic parameters determined from the TGA model, the ThemaKin
model was optimized using 10 K min"! DSC experimental data. The thermodynamics

parameters including the heat capacity (c,) and the heat of reaction for each
decomposition (AH,.) were found, and are shown in Table 4.2 and 4.3, respectively.

Table 4.2. Heat capacities and heat of condensed phased components.

Component ¢, Jkg'K")
FPUF 2250
Polyol 2250

Residual 2000

Table 4.3. Heat of reaction obtained from thermal decomposition of FPUF.

Reaction AH, (J kg™)
FPUF - Polyol + Gas, 168
Polyol — Residule + Gas, 262

Lastly, the heat of combustion (AH.) of the gaseous products of thermal
decomposition was obtained by simulating MCC experiments at a nominal heating rate
of 10 K min!, along with the reaction kinetics determined by the TGA. AH, of both
pyrolyze gas species, Gas; and Gas,, were found the be 28 x 103 J kg'! [22]. All of the
decomposition model parameters were then used to further develop the thermal

transport properties through an inverse analysis using CAPA experiment data.
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4.1.2 CAPA Model Boundary Conditions

The experimental results of CAPA II in the anaerobic atmosphere were used to
model a one-dimensional ThermaKin2Ds simulation. This simulation mode was
defined by the experimental top and bottom boundary conditions.

4.1.2.1 Top Boundary

The top boundary of the CAPA model was defined by radiative (g top) and
convective (qctop) heat fluxes. However, FPUF samples in the CAPA experiments
showed unique physical decomposition behavior, collapsing to the bottom of the
sample holder in a relatively short period. In the CAPA II experiment, the samples were
positioned 7 mm above the sample holder, as detailed in Section 2.2.1. The ThermaKin
model can accurately predict any increase in heat flux due to the sample surface being
higher than the setpoint level. However, the model cannot accurately predict any heat
flux reduction due to the sample surface being lower than the setpoint level. To address

this unique behavior of the FPUF sample, ¢, ., was prescribed based on the

experimentally observed time of each flux exposure. The radiative heat flux of the top
boundary in CAPA model was prescribed as shown in Figure 4.1. The radiative heat
flux was initially configured as a constant flux corresponding to the nominal conical
radiant heater setting of each experiment (HFs in Figure 4.1). Once the sample
collapsed to the sample holder lip (setpoint level), the radiative heat flux was prescribed
as a linear downward ramp until the samples fully collapsed into the pool, Afterward,
a reduced heat flux remained constant, HFy, in Figure 4.1, for the remainder of the
simulation. The reduced heat flux was measured and found to be 8.5% of the setpoint

flux setting.
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Figure 4.1. Prescribed radiative heat flux of top boundary CAPA model.

The convective heat flux of the top boundary (qcyp) in ThermaKin was
calculated by using the environmental temperature around the sample’s top surface
during the experiments (Tjqs0p) and the convective heat transfer coefficient (he top),
which was found to be radically dependent as detailed in the previous study [24].
During the CAPA experiments, the environmental temperature was usually measured
by the thermocouple located above the glass beads in the gas flow direction. The
prescribed environmental temperature profile used in the ThermaKin model is

T

gas,top = CleCZt + C3ec4t + THFG (41)

where C;, C;, C3, and C, are coefficients for the best experimental fit, Ty g is the water
temperature that is used to cool the heat flux gauge in K, and ¢t is time in seconds.

However, the thermocouple that was used to measure experimental Ty 1op Was often
contaminated due to its location, resulting in an inaccurate measurement of Ty ¢op-
Alternatively, Tyqs ¢op Of two heat fluxes, 25 and 60 kW m™, were measured, and the
coefficients were obtained by fitting the Ty 4 top. In this study, Tgqs top Was determined

using linearly interpolated coefficients between the two heat fluxes’ coefficients. The
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experimental gas temperature coefficients of each nominal radiant heat flux are shown
in Table 4.4, and Ty 0, profiles of each flux along with the measured flux profiles

are shown in Figure 4.2.

Table 4.4. Environmental gas temperature coefficients for CAPA model.

Nominal Heat Flux Cq C, Cq Cy Tyrc
(kW m?) X) (Ks™) K) (Ks™) (K)
26 51.1 8.0 x 10° -334 -1.5 x 102 290
41 79.8 8.7 % 10° -51.2 1.4 x 102 290
62 117.9 95x%x 10° -74.9 1.3 x 102 290
440 ~—— Calculated 26 kW m-2 Measured 25 kW m-2
——Calculated 41 kW m-2 ——Measured 60 kW m-2

—— Calculated 62 kW m-2
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Figure 4.2. Environmental gas temperature profile of the sample top surface in each flux
with fitted measurement flux profiles.

Once the Tgq410p profile was established, the convective heat flux at the top

boundary used in the ThermaKin model was calculated as

qc,top = hc,top (Tgas,top - Ttop) (42)

where Ty, is the material top surface temperature in K.
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4.1.2.2 Bottom Boundary
Similarly, to the top boundary, the bottom boundary of the CAPA model was

also defined by the radiative (q, pottom) and convective (qc pottom) heat flux as
= eo(TS — Thottom) (4.3)
Qr,bottom gas,bottom bottom )

qcbottom = hc,bottom(T;as,bottom - Tlfottom) 4.4),
where Ty, ¢t0m 18 the temperature of the bottom surface of the sample, € is the emissivity
of the paint used on the copper foil at the bottom of the samples, o is the Stefan-
Boltzmann constant, h. j4¢0m 1S the average convective heat transfer coefficient of the
bottom surface, found to be 4 W m2 K! as detailed in the previous CAPA II study [24].
In equations 4.3 and 4.4, Tyuspottom Tepresents the environmental temperature
surrounding the bottom surface of the sample. This gas temperature was assumed to be
equal to the temperature of the inner wall of the aluminum tube inside the CAPA II
apparatus. For simplicity, the Tyqs pottom profile used in ThemaKin model prescribed
as a linear ramp up followed by a constant for the rest of the simulation. Figure 4.2
shows the experimental bottom surface temperature and fitted model. The fitted model
includes the initial (Tyas pottom,int) @and final (Tyas pottom,finar) temperatures, as well

as the model crossover time, which are summarized in Table 4.5.

Table 4.5. Summarized Tgqs portom With the crossover Time.

Nominal Heat T yasbottomint T yaspottomfinar  Crossover Time
Flux (kW m?) (K) (K) (s)

26 302 325.5 340

41 303 326.5 340

62 303 329 293
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Figure 4.3. Experimental and fitted model of anaerobic atmospheric Ty pottom for each

nominal heat flux exposure.

4.1.2.3 Additional Model Assumptions

The optical properties of FFUF, including emissivity (¢) and absorption
coefficient (o), used in the ThermaKin model were assumed based on literature values.
Since the emissivity of virgin FPUF is unknown, it was assumed to be an average of
common polymers in a fire-like environment, as measured by Linteris et al. [34] and
found to be 0.92. To simplify, the emissivity of FPUF was assigned to be 0.9. The
absorption coefficient used in the ThermaKin model was normalized by the FPUF
density and set to 200 m? kg'!, This value indicates that the sample absorbed all
radiation only at the surface, with no in-depth absorption. Increasing this absorption

coefficient would not affect the simulation results. There was limited information
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available about the optical properties of the decomposition products of FPUF in the
literature. Therefore, € and o of all decomposition products were assumed to be equal
to virgin FPUF and assigned to be 0.9 and 200 m2 kg!, respectively. The gas-phase
components were initially assumed to be transparent to thermal radiation.

In this model, it was assumed that all gaseous decomposition products did not
contribute to the volume of the sample [24]. The ¢, of all gaseous decomposition
products was 2100 J Kg'K"!, based on an average c, of collection of Cl1 — C8

hydrocarbon at 600 K [35]. The density of Polyol was measured to be 700 kg m= in a

previous FPUF study [22].

4.2 Model Results

The initial approach of the simulation aimed to optimize a combination of the
thermal conductivity of virgin FPUF (kppyr) and condensed-phase decomposition
products (k,roq), Which were set to be equal for both Polyol and FPUF residual, to
achieve the best agreement between the model and experimental data. The optimization
was explored in a wide range, with kgpyr ranging from 0.04 - 0.1 W m'K-!, and ko4
ranging from 1 - 3000 W m™'K"!. Note that for simplicity, the thermal conductivity of
gaseous decomposition products (ky,s) are both assumed to be equal to kgpyp.

The results of this initial approach did not accurately capture the physical
behavior observed in the experiments, with both MLR and Tj,¢¢0m being significantly
overpredicted for all fluxes. Although this approach did not provide an adequate fit, the
best agreement was found with a combination of kgpyr and ko4 equal to 0.07 W m-

'K and 300 W m'K"!, respectively, as shown in Figure 4.4.
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Figure 4.4. Experimental vs. modeled of anaerobic atmospheric CAPA MLR (left),
Tyottom (middle), and sample thickness (right) for the first approach.

This best agreement was chosen based on visual observation between the model
and experimental data along with optimized errors for both MLR and T}y¢r0m, @S

defined in equations 4.5 and 4.6.

MLRgy, = —XIZV [mZﬁﬂMLfo”—MLRjSimﬂ (4.5)
1 «ij= 1 = .
Toerr = JEi=t [miﬁilﬂi?’ - 7| (4.6)

where
* n s the total number of compared points in each flux
* N is the number of simulated fluxes, which equals 3 (26, 41, and 62 kW m™?)

s M LR].exP and T; jfp are the experimental MLR and T, ¢0m, respectively
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* MLR} m and T, ijm are the simulation MLR and T t¢0m, Tespectively

e MLR.P and Tlf nf o are the maximum MLR and T} ¢¢0m 0Of experimental data,

respectively.

The optimized errors in equations 4.5 and 4.6 were used to calculate the total
error of all fluxes between the simulation and experimental. A smaller total error
indicates a closer match between the simulation model and the experimental data. Since
MLR,,, and T, ., were obtained separately, both errors must be compromised to
achieve the best agreement for the model.

As observed and described in section 3.1.1, the physical decomposition
behavior of FPUF involved the sample collapsing relatively quickly after exposure to
radiant heat, while simultaneously forming bubbles on top of the surface as
demonstrated in Figure 4.5. This bubbling/frothing, which was characterized by high
absorptivity due to gas pockets within the bubbles, effectively reduced the radiant heat

flux reaching the underlying pool of FPUF.

Conical Heater

[ |
Radlant Heat

Bubbling FPUF Pool
Surface

Figure 4.5. Graphical bubbling/frothing sample surface during radiant heat exposure.
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To account for this phenomenon, a modified Beer-Lambert Law [36] was

implemented as

HFy _ ¢, MLR
R, = e 4.7),

where
* HF; is the final heat flux delivered to the pool underneath the bubbles,
* HF, is the reduced heat flux measured in section 3.1.1 (~8.5 % of the nominal
heat flux),
e MLR is an average MLR that is assumed to be approximately equal to the
average concentration of absorbing material,
* ¢, is an effective absorption coefficient.

Since the reduced heat flux of the front boundary condition accounted for the
lower position of the sample (described in section 4.1.2.1), this heat flux modification
aimed to reduce the radiant heat flux as it penetrated through the bubbled surface layer.
This modification eliminated the initial assumption that all gas-phase components were
transparent to thermal radiation. The effective absorption coefficient, c,, accounted for
the reduction ratio relative to the concentration of the decomposition species, which
was assumed to be equal to the MLR of FPUF during its decomposition process. To
simplify the calculation, an average MLR (MLR) was utilized and obtained from the
CAPA experimental MLR of each flux. Because FPUF decomposed very quickly
during the experiment, most of the significant MLR occurred at the beginning of the
experiments. Therefore, MLR was calculated from the beginning of the experiment

until the second peak was reduced to 30% of its peak value. Figure 4.5 illustrates the
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region of experimental MLR where MLR was calculated, and the values are shown in

Table 4.6.
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Figure 4.6. Anaerobic atmospheric CAPA experimental MLR with the 30% off 2™ peak

for each heat flux exposure.

Table 4.6. MLR used for heat flux reduction CAPA model.

Nominal Heat Flux  30% off Peak Time MLR
(kW m?) () (kg m?s™)
26 300 1.12x 10°
41 90 4.86 x 107
62 60 7.65 x 107

In this approach, the Thermakin model was optimized by exploring a

combination of Kgpyp, Kproa, and c,. The optimization range for both conductivities

remained the same as the first approach: kppyr ranged from 0.04 - 0.1 W m™'K"! and
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kyroq ranged from 1 —3000 W m'K™!. The parameter c, ranged from 0 - 120 m*s kg™!
(with ¢, equal to 0 m?s kg'! in the first approach). The best agreement between the
model and simulation was determined using the same criteria as the first approach,
which involved visual observation and optimized errors from equations 4.5 - 4.6. As a
result, the optimal values found were Kppyr, Kproq and ¢, assigned to 0.07 W m'K-!,
200 W m'K!, and 80 m?s kg'!, respectively. The simulation results of MLR and
Tyottom Of each heat flux are shown in Figure 4.7.
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Figure 4.7. Experimental vs. modeled of anaerobic atmospheric CAPA MLR (Left) and

Tyottom (right) of the effective absorption coefficient approach at all heat flux exposure.

With this combination of all parameters, the modeled MLR and Ty, ¢¢0m closely

resembled the experimental behavior at all three fluxes. The modeled Tyoirom

39



accommodated all fluxes. While the model Tporrom at 26 kW m2 was slightly
overpredicted, and at 62 kW m was slightly underpredicted, the T yrrom Of 41 kKW m-
2 was closely predicted. Similarly to the modeled MLR, the first peak of the modeled
MLR at 26 kW m™ and 41 kW m™ was effectively captured the experimental data, but
the second peak at 26 kW m? was overpredicted while at 41 kW m? was
underpredicted. The modeled MLR of 60 kW m2 was overpredicted at both peaks, but
the timing of the peaks was MLR behavior was well captured. The sample thickness
profile was also predicted by the model. The model accurately captured the timing of
the foam collapse at 26 kW m2, but it was slightly delayed at 41 and 62 kW m™
compared to the experimental observations. The optimized thermal conductivities of
each component, along with other properties used in the CAPA model as shown in

Table 4.7.

Table 4.7. Transport properties of each component used in the ThermaKin Modeling.

Density Conductivity (k) Absorption (o)
Component 5 . Emissivity (g)
(kg m™) (Wm™ K") (m™kg)
FPUF 29.40 0.07 0.9 200
Polyol 700 200 0.9 200
Residual 700 200 0.9 200
4.3 Model Validation

Cone calorimeter experimental data, with properties defined from the CAPA
model, were used to compare with a cone calorimeter model. Note that the conditions
of the cone calorimeter experiment were completely different from those of the CAPA
experiments, particularly, with the presence of a flame presented in the cone

experiment. In this regard, the heat flux delivered to the sample was a combination of
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the set conical heater, and heat from the flame, which included both convective and
radiative heat transfer modes. Because the parameter c, accounted for radiative heat
flux reduction due to the bubbling surface in the CAPA model, it was applied solely to
the radiative heat flux portion of the cone calorimeter model for consistency between
the two models.

To apply c, in equation 4.7, The average MLR from the experiments was
required. However, the MLR behavior from the experiments showed two distinct
peaks, with the second peak occurring sometime after the first peak relative to the
experimental duration. Unlike CAPA experimental MLR behavior, where two peaks
occurred relatively close to each other. Consequently, MLR of each peak was obtained
separately from 30% before and after its peak value, and the time between the peak was
determined to be 20 s. Figure 4.8 shows the regions where MLRs were calculated, and

the values are shown in Table 4.8.
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Figure 4.8. MLRPUA with the 30% off peak regions of the cone calorimeter experiments
at 26 kW m heat flux exposure.
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Table 4.8. MLR with the corresponding time of cone calorimeter MLR.

MLR 30% off Peak Time
Peak #
(kg m?s™) Q)
1 73 %107 9-19
2 243 x 1073 27-39

By applying the reduction of radiative heat flux to the cone calorimeter model
the front boundary radiative heat flux of the cone (g, cone) Was prescribed as a steps
function as shown in Figure 4.9. Initially, g, cone Was held constant at the nominal heat
flux set on the conical heater (26 kW m?) until ignition occurred (~ 3.5 s), at which
point the foam received heat from both the flame and conical heater. After the foam
was ignited, g, cone, Which represented the total radiative heat flux delivered to the
foam, was reduced using the first peak MLR, and remained constant until 20 s, when
MLR peaks were split. Then, g, c,ne Was reduced, once again, using the second peak

MLR, and held constant for the remaining simulation.

Heat Flux (HF)
A '

Set HF A —

Reduced HF
using 1% MLR

Reduced HF
using 2" MLR

»
»

At Igﬁition 26 s Time

Figure 4.9. Prescribed radiative heat flux for front boundary of the cone calorimeter
model.

The comparison between experimental data and the simulation model of the

cone calorimeter is shown in Figure 4.10. The comparison indicates that the simulation
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of the model accurately captured the ignition time observed in the experiment.
However, the peak experimental HRRPUA was overpredicted by the model, resulting
in an early extinction of the flame in the simulation. This discrepancy between the
model and the experiments is potentially due to the assumption made to account for the
bubbling surface of the foam, which reduced only radiative heat flux while ignoring
the reduction of convective heat flux from the flame. The convective heat flux is the
dominant mode of heat transfer from the flame to the pyrolyzing foam in a cone
calorimeter [31]. Aside from the overprediction, the overall behavior observed in the

experiments was fairly well captured by the simulation.
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Figure 4.10. The comparison of experimental data and the simulation model of cone

calorimeter at 26 kW m™ exposure.
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Chapter 5: Conclusion and Future Work

CAPA 1II Experiments were performed on NIST standard FPUF to determine
thermal transport properties and develop a complete pyrolysis model in an anaerobic
atmosphere. The parameter sets in the model were developed using a hierarchical
approach [10] and validated against the experimental results of the cone calorimeter.
An accurate thermal decomposition model developed in a previous study by Saar [22]
was adopted to complete the model. ThermaKin2Ds was utilized to perform an inverse
analysis of CAPA II experimental data, resulting in the thermal transport properties of
FPUF including thermal conductivity and density of condensed-phase components. An
effective absorption coefficient was implemented in CAPA modeling to correct for the
reduction of radiant heat flux delivered to the foam due to the bubbling surface of the
foam. As a result, the thermal transport properties were found to be reasonable for
capturing both the CAPA II and the cone calorimeter experimental behavior. However,
the optical properties of the FPUF decomposition products could not be measured
directly and had to be assumed, which reduces the accuracy of the presented model. It
is recommended that future study focuses on these properties, as they may improve the
accuracy of the model and enhance the prediction of the fire simulation.

Furthermore, the reduction in radiative heat flux of the cone calorimeter model
was calculated using the same effective absorption coefficient as in the CAPA model.
However, in the cone calorimeter experiments, the sample was primarily exposed to
the convective heat flux from the flame. The model assumed that the bubbling surface
of the foam did not reduce this dominant convective heat flux. It is recommended that

future studies further investigate the reduction of both radiative and convective heat
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fluxes due to the unique behavior of FPUF during the decomposition in the cone

calorimeter experiments.
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Appendices

Al. Sample Holder Preparation for CAPA II Experiment

The procedures for the sample holder preparation are as follows:
1) Cut four insulation rings using 6.35 mm (1/4”) thick Kaowool PM with an
inside diameter of 70 mm (Total of 4 rings)
2) Place two layers of insulation rings at the bottom of the sample holder
3) Place painted aluminum mesh and copper foil on top of the rings
4) Place another two of the insulation rings on the foil
5) Cut the insulation tape into 25 mm long strips
6) Place the strips from the foil (~ 1 mm on the foil) to the lip of the sample holder
7) Place the next strip about 1 mm overlapping the previous strip
8) Repeat applying the tape strips around the holder until the insulation rings are

fully covered with tape.

Figure Al.1. shows the drawing of the sample holder configuration and the sample in

the sample holder. Figure A1.2. shows the sample holder photos.

7 0.18 mm thick
oly Insulation tape

Copper Foil

Aluminum Mesh

6.35 mm (%4”)
thick Kaowool PM
Insulation Ring

Figure Al.1. Sample holder drawing and its configuration (left) and sample holder with
sample inserted (right).
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Figure A1.2. Sample holder for FPUF samples used in CAPA II experiment.
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