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Abstract:

Fire behavior of pure polyethylene has been investigated by performing thermal analysis
using a standard cone calorimeter. Specifications of polyethylene samples were 100 + 1
mm long, 100 £ 1 mm wide and 5 mm thick, with mass of 25.0 £ 0.1 gm. Sample surface
area exposed to the external heat flux was limited to 94 mm in length, 94 mm in width
due to use of edge lip sample holder frame. The values of external heat flux used were
ranging from 40 — 55 kW/m? with an incremental step of 5 kW-m?2. Three set of
experiments were performed for each value of external heat flux. The results obtained
were recorded and fitted to a set of mathematical equations to determine the thermal
inertia, critical heat flux and the peak heat release rate. Study shows that thermal inertia
value obtained from experimental data was 0.86 kJ?-m*-K2.s* and from well-known
correlations was 0.83 kJ?-m*-K2-s* with a difference of 3.49 %. The factors to relate the
observed critical heat flux with the actual critical heat flux were determined as 0.77 and
0.64. The peak heat release rate for each test was determined using the model equation
based on oxygen depletion index and concentrations of gaseous species such as oxygen,
carbon monoxide, carbon dioxide and water. The values observed experimentally and the
ones calculated had a standard deviation of +4.56 %. Thus, this thesis serves as basis for
transformation of qualitative understanding of polyethylene fire behavior into systematic
quantification which can be generalized for other polymers and their composites.



TABLE OF CONTENTS

Chapter Page
. INTRODUCGTION ...ttt et e e et e e e s e are e e e e entaeeeeens 1
1. REVIEW OF LITERATURE.......ooii ettt 8
[1l. CONE CALORIMETER ...ttt 12
IV. EXPERIMENTAL WORK ...ttt 20
V. DATA ANALYSIS AND MODELING.....ccccoe it 30
V1. CONCLUSION AND FUTURE WORK .......ccoiiiie et 48
NOMENCLATURE ...ttt e e s saree e e enees 52
REFERENGES ... .o e s e e e e eaees 53
APPENDICES ... ..ottt e et e b e e e e as 59



LIST OF TABLES

Table Page
Table 1 Characterization of Polyethylene (PE) SAMPIE .......ccooerierieiiinirenerereeeeeee e 20
Table 2 Ignition time and flame out time ODSEIVAtIONS ..........cccvvveeererierereeee e 26
Table 3 Timeline of different regimes for polyethylene thermal degradation (first set)................ 29
Table 4 Thermal inertia of POIYETNYIENE.......ooviiiie e 36
Table 5 Concentrations of gas components in ambient air and exhaust gas (first set) .........c........ 42
Table 6 Concentrations of gas components in ambient air and exhaust gas (second set).............. 42
Table 7 Concentrations of gas components in ambient air and exhaust gas (third set) ................. 42
Table 8 Peak heat release rate (40 KW:M2) .......coviiirieieieieeeeeiessssee e sns 46
Table 9 Peak heat release rate (45 KW M) .....oovoviioeeeeeceeeeeeeeeeeeee et es e s 46
Table 10 Peak heat release rate (50 KW« 2) .......ccouviueueieiniriceeieiesisssee e sssssssese s ssessaesens 46
Table 11 Peak heat release rate (55 KW M) ....c.cuoieieeeecieeeeeeeeeeee et eeses e enanes 47
Table 12 United States fire StatiSTICS. .....cvivirereieieeeeeere e 59
Table 13 United States Structure fire SEAtISICS..........ecvreririrerierieieieeeerere e 61

Vi



LIST OF FIGURES

Figure Page
Figure 1 World plastic materials demand .............ccoeeeirerineniereieeeeeeese e 7
Figure 2 Schematic arrangement of cone Calorimeter ..........cocceviieecicieccece e 13
Figure 3 Zoomed view of test SPECIMEN aNd CONE........ccecveiuieieieceeeee et 13
Figure 4 Cone calorimeter assembly in Fire Protection and Safety Technology Lab.................... 22
Figure 5 Timeline of cone CalorimEeter tESt........ccvveeciieieeeceee ettt e 26
Figure 6 Heat release rate profile...........oo oo e 27
Figure 7 Oxygen concentration profile in exXhaust dUCT............cceoveiririeninenineec e 28
Figure 8 Carbon monoxide concentration profile in exhaust duct............ccccovevveveneeceveeiece e 28
Figure 9 Carbon dioxide concentration profile in exhaust duCt...........c..coceverenereneienencreene 29
Figure 10 Determination of thermal inertia for Polyethylene (PE).........ccccoevinereiiinininerenne 34
Figure 11 Extrapolated thermal inertia model for critical heat flux determination ....................... 37
Figure 12 Model profiles for critical heat flux determination..............cocevveneneneneinncncreene 39

Vii



CHAPTER I

INTRODUCTION

Looking into the history of major events that enhanced the quality of human lives across
the planet, one common fact that will definitely catch our eye would be the infrastructure
availability. Since the time of industrial revolution which triggered the mass production of goods
and consumer items until today and in the times to come, availability of infrastructure has played
and will continue to play the decisive role. Indeed it’s a well-developed and integrated process
wherein a variety of industries, manufacturing firms and production houses are cohesively
associated to produce the desired product. It has been a trend to optimize and integrate the
processes. A variety of manufacturing industries have relied on conventional raw materials of
construction for over two centuries since, the early days of industrial revolution back in ~1760. In
the quest of optimizing the manufacturing cost and time there were two prevailing approaches
which were employed, one is to improve the process itself and the second one is to have a
cheaper, easy to process raw material which is available in abundance or has an unconstrained
supply. Over the course of time with the evolution of oil industry came along the petrochemical
industry. Among the products of petrochemical industry the one product branch which gained a
rapid and high popularity across the globe was polymers. Owing due to their physical and
chemical properties polymers were readily accepted as a preferred raw material in the

manufacturing industry and other downstream consumer products industries.



Among the factors that favored polymers over the conventional construction and
manufacturing raw materials comprised of their resemblance in the desired set of mechanical &
chemical properties and easy processing. As the technology is advancing, new classes of
polymers and their composites are being developed to specifically meet the desired set of
properties for a particular application. A level of expertise has been attained in polymer synthesis
that polymers with specific compositions are being manufactured to meet the desired property
requirements. As of today, polymers have become an essential part of electrical, construction,
automobile, textile, packaging, and military industry. The net worth of global polymer industry as
estimated in 2011 was $ 454 billion. The future trend of for the polymer industry is predicted to

be governed by the growing economies, which is projected to take it to $ 567 billion by 2017 [1].

With the constantly improvising trend of polymers replacing conventional materials there
are certain aspects which need to be addressed pertaining to the risk associated with extensive use
of polymers. Majority of the polymers are derived from hydrocarbons. As a result most of them
share a hydrocarbon backbone on which different functional groups are attached to yield the
desired properties. Thus in spite of having a multitude of applications, polymers poses a potential
fire hazard because of their basic construction blocks being hydrocarbon molecules. Some of the
thermoplastic polymers which are widely used consist of polyethylene (PE), polypropylene (PP),
polymethylmethacrylate (PMMA), polystyrene (PS), polyvinylchloride (PVC) and polyethylene
terephthalate (PET) which carry hydrocarbon backbone. So they all can serve as a potential fuel

given the ignition source, the supply of oxygen and sustained chain reactions.

The fire statistics from the National Fire Protection Association (NFPA) [2] over the
years, demonstrate the magnitude of the issue would be self-evident. During the year of 2013
there were 487,500 reported structure fires resulting into 2,855 civilian fatalities, 14,075 civilian

injuries and property loss worth $9.5 billion. Also, during the year of 2012 there were 480,500



recorded structure fires resulting in to 2,470 civilian fatalities, 14,700 injuries and $9.8 billion

property loss [2]. Thus it becomes an issue which needs to be addressed with undivided attention.

Efforts are ongoing to develop fire retardant polymers and their composites to have an
enhanced fire retardant behavior to reduce the fire risk and mitigate associated consequences.
Process of polymer degradation comprise of series of steps starting with physical degradation
under effect of an external heat source where in polymer loses its mechanical strength and starts
to become soft. Next stage is of chemical degradation wherein the low energy bonds of the
polymer molecules break converting a large polymer molecule into monomer molecules. Then
comes the pyrolysis stage in which polymer decomposes to produce gaseous products which mix
with air and eventually serves as a fuel source in case of any ignition source. Once ignited the

combustion reaction goes on until entire polymer is burnt.

Addition of filler molecules into virgin polymer is one of the current techniques being
used to enhance fire behavior of polymers. Production technology for polymers adopted
worldwide allow doping such additives right during polymerization process making it convenient
to maintain the uniform distribution of filler particles and at the same time to yield the desired set
of properties. Flame retardant additives can be classified into three basic categories based on their
constituents; minerals, organohalogen compounds and organophosphorus compounds. Aluminum
hydroxide, magnesium hydroxide and hydromagnesite are some of the examples of widely used
mineral type flame retardants. They serve as the additive flame retardant which do not get
attached with polymer molecules chemically. Whereas organohalogens and organophosphorus
type of flame retardants form weak chemical bonds with the polymer molecules. Chlorinated
paraffins, tetrabromobisphenol A and hexabromocyclododecane are commonly used
organohalogen type of flame retardants. Triphenyl phosphate, bisphenol A diphenyl phosphate
and dimethyl methylphosphonate are the examples of widely used organophosphorus type of

flame retardants [3]. These flame retardants can work both in the condensed phase and in the



vapor phase. But, the fact that conventional flame retardants have limited application because of
their health and environmental concerns; is providing the driving force for new research in flame
retardant nanocomposites. Flame retardant nanofillers like clays [4], carbon nanotubes [5, 6], and
metal oxide nanoparticles [7] when added in to the polymer act in the condensed phase by
forming a film in the condensed polymer. This limits the availability of vapor generated from
polymer which serves as fuel to the fire, at the same time constraining the supply of oxygen to the
polymer and shielding condensed polymer against the flame heat flux. The two basic contributing
effects that have been identified which make the nanocomposite materials highly efficient are
physical barrier effect and catalytic charring effect [8]. During the combustion process of polymer
nanocomposites, the nanofillers migrate through the condensed polymer and reach the surface to
form a thermally stable ceramic like surface layer which serves as barrier. This layer restricts the
supply of pyrolysis gases to the flame and supply of oxygen from flame to the polymer on the
other side of layer. This behavior observed from nanofillers is termed as physical barrier effect.
Also, the physical barrier effect help reduce the external heat flux which is applied on the
polymer by reflecting a certain amount of the radiation [8]. Various theories have been proposed

describing mechanism of nanofillers’ action. Some of them are as follows:

1. Gasification of polymers and subsequently gradual precipitation of nanoparticles on the
surface [9]

2. Migration or convection of nanoparticles to the surface [10]

3. Nanoconfinement, wherein nanofillers exert spatial constraints on a polymer and its

degradation [11]

In the catalytic charring effect, the nanofillers induce partial charring by forming newer
more stable bonds as the original polymer bonds deteriorate under the effect of external heat and
hence modify the degradation pattern of the polymer [12, 13]. The nanofillers which exhibit the

physical barrier effect does slow down the rate of heat release during the process of polymer



combustion. This reduces the value of peak heat release rate; but the total amount of heat released
remains the same as that for the pure virgin polymer. This implies that the total area under the
curve for a heat release rate profile for pure polymer and for polymer with nanofillers will be
same, only the peak heat release rate value for polymer with nanofillers would be lower than pure
polymer. Whereas with nanofillers which result in catalytic char formation, total amount of heat
released also reduces. This is due the fact that formation of char reduces supply of carbon to the
flame by retaining it within condensed phase. Both the phenomenon described so far have their
distinct significance towards improving polymer fire behavior; however in most of the cases
nanofillers resulting into physical barrier effect or catalytic charring effect are not effective by
themselves to reduce the total heat release. Hence the situation calls for the study of synergistic

effect of nanofillers with these two effects.

Researchers have been studying the effect of fire retardant nano-materials on the polymer
fire behavior [14, 15] using a variety of experimental [16, 17] and theoretical analysis like
thermogravimetry, cone calorimetry, differential scanning calorimetry, limited oxygen index,
UL-94 and morphological studies like X-ray diffraction. But most of the data reported in the
literature is qualitative [18, 19]. For the knowledge to be useful and find its application it needs to
be quantitative in nature. Hence, the primary objective of this research work is to quantify the fire
behavior of polymer nano-composites considering the synergistic effect of physical barrier effect

and catalytic charring effect.

Efforts are ongoing to study and predict the fire behavior of the polymers. Luche et al.
[20] have studied the fire behavior of black polymethylmethacrylate (PMMA) and demonstrated
its property characterization. Similarly thermal analysis has been performed and fire behavior
been investigated for polystyrene (PS), polyethylene terephthalate (PET), polypropylene (PP) and
polyvinyl chloride (PVC) by Shi et al. [21]. Fire behaviors of polycarbonates (PC) and polyvinyl

chloride (PVC) have been investigated by Stoliarov et al. [22]. They have demonstrated the



relation among cone calorimeter results with model equations using a computational framework
called ThermaKin [23, 24]. Lautenberger et al. [25] have worked on the generalized pyrolysis
model for combustible solids using Gpyro model for polymethyl methacrylate (PMMA) and
polyurethane foam. Most of the research has yielded a general idea about how a polymer
degrades under pyrolysis conditions, what are the different stages involved and what are the
external factors governing the process. Thus a sound qualitative interpretation has been developed
with an insight that the fire behavior can be modeled and hence quantified. As such pyrolysis
models have been reviewed by Colomba Di Blasi [26], Takashi Kashiwagi [27], A. C. Fernandez-
Pello [28] and others [29-31], though the application of these models have not crossed the lab
environment. Current research work is an effort to bridge this gap and create a platform for

quantitative comparison of polymer fire behavior.

The first step in this direction is to synthesize the polymer nanocomposites to achieve the
flame retardancy of polymers through the physical barrier effect and catalytic charring effect
independently as well as synergistically. Subsequently study the kinetics and mechanics of
thermal degradation of polymer nanocomposites and the individual effects of physical barriers,
catalytic charring and combination of both the effects. The last stage of the research is to quantify
the synergistic effect of the two categories of nanofillers by performing thermal analysis using
cone calorimeter. As such the research project is a collaborative effort among School of Chemical
Engineering and Department of Fire Protection & Safety Technology at Oklahoma State
University and Marry Kay O’Connor Process Safety Center of Texas A&M University. The
scope split is well defined among the collaborators. Texas A&M University is working on
synthesis of polymer nanocomposites and their morphological analysis. Oklahoma State
University, i.e. our research group will be working on the thermal analysis and modeling of the

fire behavior of polymer nanocomposites.



To get started with the research objective of performing thermal analysis using cone
calorimeter, it was decided to start performing experiments with pure polymers, study their fire
behavior and fit them to a set of model equations. One of the objective of current research project
is to obtain a quantitative understanding of fire behavior. A validated set of model equations that
describe polymer fire behavior can play elemental role in prediction of the fire behavior and
hence in quantification. Polyethylene has been chosen as the pure polymer to carry out thermal
analysis using cone calorimeter.
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Figure 1 World plastic materials demand

Polyethylene [32] is one of the most commonly used polymers today along with
polypropylene, polystyrene, polyvinylchloride and polymethylmethacrylate. Figure 1 represents

the global demand of plastic in the year of 2006 [32].

The objective of this thesis is to study the thermal analysis and understand the fire
behavior of polyethylene. This has been achieved by validating the set of model equations which
can describe the fire behavior of polyethylene. This would help in creating a reliable and tested
approach to quantify the polymer fire behavior and eventually for polymer nanocomposites. Thus

this thesis would serve the purpose to create a proven basis to quantify the polymer fire behavior.



CHAPTER II

REVIEW OF THE LITERATURE

The inspiration for the current research work is derived from fact that there is a limited
understanding of the quantitative effects of nanocomposite fire retardants on the polymer fire
behavior. With the constantly increasing share of polymers in today’s construction and other
industries, as discussed in the Chapter I, it is of prime importance that the issue of fire cases
created due to polymers is addressed. There were a total of 1,240,000 fires reported in United
States during the year 2013, out of which 478,500 were identified as structure fires which
accounts for a hopping amount of ~39 % of the total reported fires with an increase of ~1.5 %
since 2012. Further it also lead to 2855 civilian fatalities, 14,075 civilian injuries and a property
damage worth of $ 9.5 billion as reported in the National Fire Protection Association (NFPA)
report “Fire Loss in United States during 2013 [2]. Please find the more details about United
States fire history in Appendix A and B. Most of the deaths reported were due to inhalation of
toxic fumes generated as a result of fire. Polymers and their derivatives find increased share of
application owing due to their excellent mechanical and chemical properties and have replaced
the conventional materials of construction such as metals, wood, natural rubber and ceramics.
Thus presence of polymers can be found almost everywhere surrounding us may it be building,
housing, vehicles, electronics or other consumer goods. Hence, it becomes important to study the

fire behavior of polymer thoroughly to be able to design an effective fire retardant material.



Nanocomposites have been successful in enhancing the fire behavior of the polymers.
Studies have been ongoing with various nanoparticles being used as fillers to create a polymer
nanocomposite to investigate their fire behaviors. Some of the most commonly used nanofillers
are zirconium phosphate, ammonium polyphosphate, antimony oxide, benzyl phosphate, benzyl
sulfonate, calcium iron undecenoate, montmorillonite, mixture of decabromodiphenylether and
antimony trioxide, bis(2-ethylhexyl)phosphate, molybdenum sulfide, hexa decyl allyl dimethyl

ammonium chloride, tricresylphosphate, trixylylphosphate and resorcinoldiphosphate [33].

As discussed in the Chapter I, polymer nanocomposites exhibit two distinct mechanisms,
physical barrier effect and catalytic charring effect which contribute toward enhancing the fire
retardancy. Cinausero et al. [34] studied the synergistic effects using a combination of nano-sized
hydrophobic oxides and ammonium polyphosphate as flame retardant filler. The study
demonstrated that the formation of a specific silicon metaphosphate crystalline phase which
stimulated charring and formation of an efficient insulating layer. As a result of this phenomenon

a notable decrease in the peak heat release rate and smoke opacity was observed.

A system of silicotungustic acid which acted as catalyst to promote the charring in
polypropylene as the base polymer was studied by Qu et al. [12]. Liu et al. [35] showed that
synergistic interaction among the clay and phosphomolybdates where the later act as catalyst to
promote charring using the base polymer as styrene-acrylonitrile. A combined system of nano
metal oxides TiO, & Al,O3 along with char forming phosphonated flame retardant was studied on

the base system of polymethylmethacrylate by Laachachi et al. [18, 36-38].

Zhang et al. [39] have conducted experimental and numerical studies on the effect of
nanoparticles on pyrolysis of polyamide-6 nanocomposite in cone calorimeter. They have focused
on gasification of polymer and precipitation of nanoparticles, migration of nanoparticles towards

the surface and nanoconfinement. Experiments demonstrated that even a small amount



(~2.5 % wt.) of nanoparticles can reduce the mass loss rate and thus the heat release rate due

formation surface layer of nanoparticles.

While trying to study the synergistic effect of polymer nanocomposites on the fire
behavior with the objective of current work being to contribute toward quantification and
modeling of polymer fire behavior, a couple of well-known model equations that can be used to
model polymer fire behavior have been studied. This approach can definitely help in predicting
the fire behavior of polymer nanocomposites with a set of validated models. There have been
models proposed to predict the heat release rate and mass loss rate, to determine the thermal
thickness of the sample, to determine the thermal inertia of polymer samples, to determine the

actual critical heat flux for the sample and others.

Hopkins Jr. [40] have predicted the ignition time and burning rate of thermoplastics such
as nylon 6, polyethylene and polypropylene using cone calorimeter. A protocol for thermal
analysis of thermoplastics has been presented in this work which allows prediction of ignition
time and the burning rate. Models developed by Quintiere and Rhodes were employed to derive
the properties of polymers to determine the ignition time and transient burning rates from the
cone calorimeter data. The predicted values of thermal inertia for nylon 6, polyethylene,

polypropylene and PMMA are 0.874, 1.834, 2.15 and 2.12 kJ?>-m™-K2-s? respectively.

Mouritz et al. [41] have studied the mass loss rate, heat release rate, carbon monoxide
yield, carbon dioxide yield and ignition time for various polymers and their composites such as
polyester, epoxy resin, aramid fibers, vinyl ester, polyethylene fibers and vinyl ester using cone

calorimeter data based on oxygen consumption.

Tsai et al. [42] have performed the experimental and numerical study of autoignition and
pilot ignition of PMMA plates using a cone calorimeter. They have conducted experiments with

PMMA plates at various radiative heat fluxes while measuring the surface temperatures and have

10



numerically proposed a two-dimensional axisymmetric model to simulate the burning process of
polymer. Some of the facts they came up with were that the autoignition process is not only
pyrolysis dependent but also reaction dependent at low values of heat fluxes. They also proved
that gas phase reaction has significant effect on the autoignition time of the polymer. Whereas the

piloted ignition process is controlled by the pyrolysis process.

Stoliarov et al. [43] have studied the burning rates of non-charring polymers and have
evaluated the feasibility of one-dimensional numerical pyrolysis model to predict the transient
energy transport and chemical reactions occurring during cone calorimeter test in a one-
dimensional specimen. Polymers that have been used in the study are PMMA, high-impact

polystyrene and high density polyethylene.

Out of above mentioned models, the current work has validated the models to predict the
thermal inertia, actual critical heat flux and to determine the peak heat release rate using a pure

non-charring polyethylene as the sample.
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CHAPTER IlI

CONE CALORIMETER

3.1 Introduction

Cone calorimeter is a sophisticated and a significant bench scale instrument used in
thermal analysis and fire testing. Cone calorimeter was first announced in 1982 which started the
modern era of fire testing. Evolution of cone calorimeter lies in the requirements of a bench scale
heat release rate measuring device which can operate with minimum errors and laboratory scale
environment. Eventually recognition of oxygen consumption principle to determine heat release
rate resulted into cone calorimeter [44]. Cone calorimeter has been accepted by the International
Organization for Standardization (ISO 5660-1) for measuring heat release rate of a sample. It has
been observed and recorded in the literature that approximately ~13.1 MJ of heat is liberated per
unit kg of oxygen consumed in the combustion reaction. Thus based on the observed
consumption of oxygen the amount of heat released for a sample under consideration can be
determined. Figures 2 [45] and 3 show the schematic arrangement of a cone calorimeter. As

shown in figure 2 following are the major parts of a cone calorimeter apparatus:

a. Load Cell

b. Cone Heater

c. Exhaust Duct

d. Gas Analyzer Panel

e. Control Panel

12



- € Stack Thermocouple
. Laser System Estst Dt ™
an L — Sampling Rire
= A,
A »’ AN -
Fan Motor——— 34

i =
Fire Testing Technology Cone Calorimeter ==

-
o o .
Fan Speed Contrel — - [JE - - Svtch Panel | foss Loss ot
-

g o o FI \*‘"—-____C H&Comu'_pmg. “D_H'
1 ane iter

Ihjin.gcdm—j{| |:||:| ” E H U " Iilqil_m'ceu ‘ |j

I Nil—— }wemm

AN
I e ' @y oo iue
~,

5\
N\,
\\ \ COICO, Ansbymer

™,
\\ ™ Flow Control Panel

N,
" AD Tray

'\_l_/' \Z) I'D

Figure 2 Schematic arrangement of cone calorimeter

Laser photometer heam

Temperature and differential pressure
measurements made here

taken here

Load Cell

Figure 3 Zoomed view of test specimen and cone

13



Load cell is the place where the sample to be tested is mounted in horizontal position. It
is situated right under the cone heater, which contains the heater coil to supply a predetermined
amount of heat flux. The load cell is equipped with a weigh balance which helps observe the mass
loss rate of the sample as a function of time during the test. The separation between the specimen
holder and the cone heater should be maintained as 25mm. The instrument facilitates two type of
tests, one with piloted ignition and without pilot ignition. It has an inbuilt electric ignition switch
which can help trigger the sample ignition if it is desired that ignition should start at a fix time
before sample attains its autoignition temperature. The other type of test is in which the sample is
allowed to attain its autoignition temperature and then ignite without using of external spark as
ignition source. It is equipped with a heat flux gauge which helps in setting the temperature of

cone heater so as to generate desired value of heat flux.

Right above the cone heater there is an exhaust hood followed by duct. Exhaust duct
facilitates removal of all the fumes / vapor generated prior to ignition and the smoke produced
during combustion. It is equipped with an exhaust fan, two differential pressure ports across an
orifice plate to maintain constant differential pressure across the duct which makes sure there is
always a negative gradient to prevent accumulation of any fumes or smoke in the laboratory. It
also contains a sampling ring for the gas analyzers such as oxygen, carbon monoxide and carbon
dioxide which constantly draws a gas sample and route it to gas analyzer chamber. Gas analyzer
chamber monitor the concentration of these gaseous species in the exhaust gas as a function of
time over the test duration. To prevent the soot and other solid particles from entering the gas
analyzer chamber, the sample gas is filtered using a series of filters. Precaution is taken to remove
any water vapor using the adsorption column filter packed with hydroscopic adsorbent generally
being soda lime, ascarite or silica gel / drierite. In this case, drierite have been used. Further the

entrained water vapor is removed in the cold trap which freezes the carried over moisture to allow

14



a dried solid free gas sample to enter the gas analyzer chamber. Thus the accurate functioning of

gas analyzers is ensured.

3.2 Calibration

Before a test can be performed, cone calorimeter requires calibration. As discussed in
section 3.1, each element of the cone calorimeter needs to be calibrated at the beginning. The gas
analyzers used with the equipment use laser beams to detect the gas molecule and operate at very
high temperatures. Thus, most of the manufacturers suggest that the gas analyzers be kept on all
the time, as it takes a couple of hours for these lasers to attain the operational temperature. Before
starting the instrument one needs to make sure that Balston filter and the secondary Hepa Vent
are clean and the adsorber column is filled with fully active adsorbent (drierite). Also, one needs

to make sure that the drain valve on the cold trap line is closed.

First thing to calibrate is the exhaust duct flow rate. Make sure that the exhaust fan of
cone calorimeter and the main room extraction systems are off to record the initial differential
pressure reading across the orifice plate in exhaust duct. This differential pressure will correspond
to zero flow. After taking these precautions and recording the zero point for flow one can start the

exhaust duct fan and set the flow rate through exhaust duct to a constant value of 24 L-s* by

varying the speed of the fan. Subsequently start the main room extraction system.

Next thing to be calibrated is smoke system. One needs to place a “smoke zero blank”
between the laser and the compensating photodiode. At this point of time there is no smoke in the
duct and corresponding reading is recorded as zero point. Repeat the steps after removing “smoke
zero blank” to get the normalized ratios for photodiodes. Next on the list is the most important
calibrations of gas analyzers. For this sample gas pump is started first. Then pure nitrogen is
employed to set the zero points for each gas analyzer. This is achieved by routing pure nitrogen

gas through the analyzer and recording the electric potential generated by the analyzers as

15



corresponding zero points. After this, turn off the nitrogen gas and operate the system on the air
to set the span value for oxygen, i.e. maximum concentration of oxygen expected in the exhaust
duct. Once span value for oxygen is attained, air is turn off and calibration gas is routed through
the system which has a known concentration of CO and CO; which is sufficient enough to cover
the maximum concentration of each species that can be achieved in the exhaust gas. Once span

values for the CO and CO: are set, calibration gas is turned off.

With this basic calibration attained comes the calibration of the heat release system. Turn
on the power to cone heater and ignition switch. For this a methane gas stream is used. Place the
methane gas burner under the cone. Open the shutters which separate the cone and gas burner
underneath. Start the methane gas flow and ignite the gas with electric spark generator. As the
flame appears, cone measures the value for the flame heat flux. Now by adjusting the flow rate of
methane gas with the help of a manual ball valve the desired value for flame heat flux is
achieved. Generally the preferred value is 5 kW-m=2. Once it is attained, the system is allowed to
stabilize for 180 sec (3 min) and it calculates a parameter called orifice flow constant, “C-factor”.
Since the value for heat of combustion of methane is known and the gas analyzers are calibrated,
system can determine the C-factor. Typically the values for C-factor range between 0.040 —

0.046. Then turn off the methane gas valve.

Next is calibration of the load cell. Turn on the power of load cell. Scale of the load cell
is first aligned with the software tool. Place the empty sample holder on the load cell. Select tare
option on the load cell control panel. Select the corresponding electric potential to this point as

the zero weight.

The last step required before the test can be performed is to set the desired heat flux for
cone heater. Place the heat flux meter under the cone heater. Make sure you have the flow of

cooling water through the system which serves as a coolant for the heat flux gauge and prevents it
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from getting damaged from the heat. Set a particular temperature for cone heater and observe the
heat flux as detected by the heat flux meter. While performing this make sure you do not touch
the black top surface of the flux meter as it affects its ability to detect the heat flux adversely.
Also, make sure that the separation between the flux meter and bottom of cone heater is
maintained as 25 mm. This concludes the calibration process. Appendix F contains detailed

procedures for calibration, sample preparation and performing tests.

3.3 Experimental

Once calibration is complete, prepare the samples for test. For consistency in the test data
it is highly advisable that same steps are followed while preparing the samples. The accuracy of
results depends on the reproducibility of exactly the same samples which are identical in weight,
thickness and are uniformly distributed. The typical sample size that is employed is 100 x 100
mm. If you are using a sample holder which has an edge lip, then the exposed surface area
typically becomes 94 x 94 mm?. Magnitudes of thickness can vary from 4 mm to 15 mm, with
typical thickness being used as 5 mm. Generally tests are performed on the identical sample
specimen for different values of external heat fluxes. This helps us study how the sample behaves
under the effect of varying heat flux. Following are the typical information that can be obtained

from a cone calorimeter test:

a. Heat release rate profile

b. Mass loss rate profile

c. Oxygen concentration profile in exhaust gas

d. Carbon monoxide concentration profile in exhaust gas
e. Carbon dioxide concentration profile in exhaust gas

f.  Smoke generation rate profile

g. Exhaust duct volumetric flow rate as a function of time

17



All these data help us in interpreting and analyzing the sample fire behavior which can be

classified as under:

a. Fire growth modeling
b. Simulating real scale fire behavior
c. Ranking of products on basis of their fire performance

d. Pass/fail test for newly developed materials / composites

34 Shutdown procedure

To initialize the shutdown process, set the cone temperature as 0°C using the temperature
control manifold. Wait until the manifold display the value 250°C. Once a temperature of 250°C
or less is attained then turn off the exhaust duct fan and main room extraction. Subsequently turn
off the sample pump, cold trap, load cell, ignition, cone, and power buttons. Ensure that you leave

the gas analyzer lasers on.

35 Safety precautions

Following are some of the safety precautions to be observed while performing the experiments

with cone calorimeter:

e Use proper personal protective equipment such as protective glasses, rubber gloves while
handling the adsorbent material, wear closed toe shoes (preferably safety shoes) and heat
resistive gloves while handling the sample holder.

e Ensure there is cooling water flow through the heat flux gauge.

e Check whether the room extraction and exhaust duct fan both are operating while
performing the tests. If anyone of them is not operational immediately abort the tests and
shutdown the equipment as it may lead to accumulation of fumes and smoke in the

laboratory.
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Maintain a vertical separation of 25 mm between bottom of the cone heater and heat flux
meter, methane gas burner or top surface of sample holder, depending on the type of
activity being performed.

Ensure that the doors of the room are latched all the time as the lab corridors are
equipped with smoke detectors which may lead to false alarms.

Make sure you leave gas analyzers and smoke detector buttons on.

Ensure you open the cold trap drain valve so as to allow the condensed moisture to be

drained after shutdown.

19



CHAPTER IV

EXPERIMENTAL WORK

4.1 Material specimen

Material used for this study is white non-charring Polyethylene (PE), supplied by
SIGMA-ALDRICH®, manufactured under the trade name of 427799 — Polyethylene [46]. Being
a laboratory grade polymer, it is reasonable to make an assumption that sample contain trace
levels or negligible quantities of chlorine and sulfur as impurities. Its molecular weight and
molecular weight distribution were obtained using Gel Permeation Chromatography (GPC) [46].
PE tested in this work was in form of small granules. Polyethylene and its co-polymers are being
used in various applications such as construction industry as separators, support structures, pipes,
moisture containment layers and others. These application employ a polymer with density
920 - 930 kg-m3, which corresponds to the molecular weight of more than 25000 gm/gmol. Thus,
polyethylene with molecular weight of 35000 gm/gmol was selected for current work, which has
the molecular weight in same order of magnitude. Table 1 shows the number average molecular
weight (Mn), molecular weight (Mw), molecular weight distribution (Ip) and polymerization

degree (n) of test polymer.

Table 1 Characterization of Polyethylene (PE) sample

Mn Mw Ip = Mw/Mn n

7700 35000 4.5 275
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Molecular weight distribution (Ip) value being 4.5 indicated that PE is a poly-molecular
compound. From this, the degree of polymerization (n) of polyethylene sample is determined to

be of the order of 275.

4.2.  Sample preparation

As the polyethylene sample was in granule form, it was precisely weighed into 4 equal
samples of 25 gm each with and accuracy of £0.1 gm. The temporary sample holder was created
using aluminum foil. The sample was evenly spread through the sample holder having
dimensions 100 x 100 mm. Use of edge lip sample holder frame reduces the sample surface area
exposed to the external heat flux. As mentioned in section 3.2, an area of 94 x 94 mm? is
available as the exposed surface area. The thickness of the sample for all the tests was maintained

uniformly as 5 mm.

4.3 Calibration parameters

The equipment employed for current work is supplied by Fire Testing Technology
Limited. Figure 4 shows the actual cone calorimeter assembly in Fire Protection and Safety
Technology lab. Before initiating the test, calibration procedures were followed thoroughly and
safety precautions adhered to. Following were some of the important calibration parameters of

cone calorimeter for the tests:

a. Ambient pressure = 97.688 kPa

b. Ambient temperature = 24°C

c. Relative humidity = 63%

d. Exhaust duct volumetric flow rate = 24 + 3 L-s* = 0.024 + 0.003 m®-s*
e. Baseline oxygen concentration = 20.95% (v/v)

f. Baseline carbon dioxide concentration = 0.067% (v/v)

g. External heat flux from cone heater (three sets of test) = 40 — 45 — 50 — 55 kW-m
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h. Surface area exposed to the external heat flux = 88.36 cm?

Figure 4 Cone calorimeter assembly in Fire Protection and Safety Technology Lab

Thermal analysis of four identical samples at different external heat fluxes ranging from
40 to 55 kW-m? in step of 5 kW-m2 were conducted without the aid of electric spark ignition,
allowing sample to attain its autoignition temperature each time. As per standard practice
recommended by Fire Testing Laboratory Limited, the exhaust fan speed in the cone calorimeter
was adjusted so as to maintain the volumetric flow rate at a constant value of

0.024 + 0.003 m3-sL. Three such sets of experiments were conducted for each value of heat flux.

Following figure 5 exhibit timeline of test spanning from sample preparation and
instances captured during the test conducted at 40 kwW-m2. Also, one can see the final residue

obtained at the end of the test.
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(a)t=0sec

(b) t =30 sec (c) 70 sec
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(d) t=190 sec (e) t =105 sec

(f)t=120sec (g) t =135 sec
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(h) t = 150 sec (i) t =165 sec

(j) t = 180 sec (K) t = 250 sec
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(1) end of test residue (m) end of test residue

Figure 5 Timeline of cone calorimeter test

4.4 Data collection

Various events were recorded during the timeline of each test such as start of test,
ignition time, flame out time and end of test time. Here, start of tests corresponds to the instance
when sample is first exposed to external heat flux. Ignition time corresponds to the instance when
sample starts burning. Flame out time corresponds to the instance when the flame is almost about
to extinguish. And test stop time corresponds to the instance when the external heat flux is

stopped. Table 2 shows the observations for ignition time and flame out time for each test.

Table 2 Ignition time and flame out time observations

Test | External heat flux Experimental average Experimental average time
No. (KW-m?) ignition time (sec) to flame out (sec)

1 40 72.3 421.3

2 45 63.3 327.0

3 50 48.3 321.7

4 55 35.3 248.7
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Cone calorimeter, based on the recorded data and its software tools generates some of the
useful profiles as a function of time. The best ones and the ones useful in current research work
are heat release rate profile (HRR), oxygen concentration profile in the exhaust gas, carbon
monoxide concentration profile in the exhaust gas and carbon dioxide concentration profile in the
exhaust gas. These data is very helpful in understanding the fire behavior of polymer sample as it
is available as continuous function of time, i.e. instantaneous values of each of the parameter can
be determined over the entire duration of test. Figures 6 - 9 represent the heat release rate, oxygen
concentration profile, carbon monoxide concentration and carbon dioxide concentration profiles

in the exhaust gas respectively (for first set of tests).

One of the best features of cone calorimeter is that it allows generation of profiles for
individual tests and it also facilitates merging data for a couple of tests, making comparison easy.
This feature is very useful when it comes to comparison of data among different test runs with

different values of heat fluxes.
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Figure 6 Heat release rate profile
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Figure 9 Carbon dioxide concentration profile in exhaust duct

From figure 6 it can be observed that the thermal degradation of PE can be divided in to
four distinct regimes which are physical degradation, ignition & flame development, flame
stabilization and flame out, based on the slope of heat release rate profile. These regimes are in
alignments with the thermogravimetry analysis of PE. Table 3 represents those regimes as

function of time.

Table 3 Timeline of different regimes for polyethylene thermal degradation (first set)

Heat Flux Time Zone (sec)

(KW-m?) 1%t Stage 2" Stage 3" Stage 4™ Stage
40 69-135 136-215 215-345 >345
45 60-115 116-210 211-355 >355
50 44-115 116-225 225-300 >300
55 35-100 101-175 175-250 >250

Please refer to the Appendix C, D and E for more information about each test. They

contain the combined reports for all tests of three trials, comparing the fire behavior of

polyethylene.
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CHAPTER V

DATA ANALYSIS AND MODELING

51 Requirement of mathematical models

With the main aim of current research being able to quantify the fire behavior of
polymers, the use of model equations get the first preference. It is always desirable to have an
equation or a set of equations that can best fit the available data. As discussed in Chapter 1V,
substantial experimental data is available for polyethylene, which is intended to provide
guantitative insight. Further once a validated set of model equations is available, dependence on
the experimental analysis can be reduced. This is due to the fact that polymer fire behavior can be
predicted using these equations. The main purpose to use the model equations is to be able to
compare the improvement in the fire behavior among different polymers and their composites. In
this chapter, a couple of model equations have been discussed that can prove to be elemental in

guantification of polymer fire behavior.

5.2 Model for external heat flux

As discussed in Chapter Ill, while performing the thermal analysis of polyethylene
samples under autoignition condition [21] using cone calorimeter, the only heat source available
is cone heater. Also, there is no direct physical contact among the cone heater and the test
specimen. Thus, it can be concluded that the only means by which heat transfer occurs are
convection and radiation. Based on this hypothesis, using the first principles of heat transfer,
Rhodes et al. [47-49] came up with following relations which relates external heat flux and the
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ignition time with the basic properties of polymer.

4 = €Goxt — [he(Tig — To) + €0T} ] Eql
tig = 2kpCp (@)2 Eq2

Here, ¢ (KW-m) is the heat flux at the specimen surface. ¢.,; (KW-m?) is the set value
of external heat flux being supplied by cone heater which remains constant through each test. ¢;,
(sec) is the ignition time recorded during each test. ¢ is the emissivity of PE which has a constant
value of ~0.92. k (kW-m?1.K?) is the thermal conductivity, p (kg-m?3) is density and
Cp (kJ-kgt-K?) is specific heat of PE. Product of all three properties together is called thermal
inertia. T;; (K) and T, (K) are the absolute ignition temperature and absolute ambient
temperature. h, (KW-m2.K) is the convective heat transfer coefficient among polymer surface

and surrounding. o is Stefan Boltzmann constant which is 5.6704 x 10® W-m2- K.

It has been assumed that heat transfer takes place only in vertical direction from the cone
across the polyethylene thickness, one dimensional unsteady heat conduction equation applies
during the preheating period. This is the time duration of the test when sample is exposed to the
cone heat flux, but is not ignited. Assuming constant properties, following governing equation

was proposed by Quintiere [50].

oT 0°T

o= Yoy Eq3

Here, T is temperature (K), t is time (sec) and y is sample thickness (mm). and a is

thermal diffusivity (m?-s) which is defined as
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Considering initial temperature to be constant and same as ambient temperature,
T=Tyatt=0

Now, considering the convective heat transfer at specimen surface (y = 0) and radiative

losses,

_ka_T =q= EQext_hc(T_TO) —eaT* Eq 4
dy y=0

An approximate integral solution for the partial differential equation 3 is applied. Thus,

integrating equation 3 between surface position (y = 0) and certain penetration depth (y = 9),
T == TO

aT _

= Eq5

A quadratic profile is then assumed for temperature (T) such that boundary conditions

mentioned in equations 4 and 5 are satisfied.
. 2
T-T,=1(1-2) Eq 6
Applying above boundary condition to equation 3 and integrating between y =0 to y = 9,
L (46?) = 6ag Eq7
2\ q

Assuming ¢ to be constant, which is a reasonable assumption considering the large

external heat flux g,,¢, equation 7 can be reduced to,
6 = Jéat, Eq 8

Substituting the equation 8 into equation 6 at y = 0, yields,
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_4% _ 4
Tig_TO_ﬁ_ﬁ 6C(tig Egq9

Solving equation 9 for tig, gives equation 2,

2 Tig—To\ 2
tig = 2kpCp (QT") Eq 2
Also, the critical heat flux for ignition g, can be determined by extrapolating the

ignition data for (tig) ®° to zero. At this intercept,

Gext = = [he(Tig = To) + €0T{5] = dere Eq 1

Here, equation 1 represents the external heat flux in terms of convective and radiative

heat transfer. Whereas equation 2 relates the ignition time with polymer properties like thermal
inertia, external heat flux and the difference between ambient temperature and autoignition
temperature. Here, thermal inertia of a substance is defined as the product of thermal
conductivity, specific heat and density. Now, on combining the equations 1 and 2, equation 10 is

obtained as under:

2
SkpCp(Tig = To)

2
|eexe = [he(Tig — To) + 20T ]|

tl’g =

he(Tig—To)+e0T;;

= e~ [ Eq 10
9 /gkpCp(Tig—To) 3kpCp(Tig—To)

Comparing equation 10 with the general equation of straight line yields,
Slope = 2; Eq 11
EkpCP(Tig_TO)

B hC(Tl-g—To)+mT{z7

%kpCp (Tig_TO)

y — axis Intercept = Eq 12
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What this implies is graph of L vs. Gexe Would result in a straight line. Slope can be

Vtig
determined for the obtained straight line. Now using equation 11, with known values of the
ambient & autoignition temperatures, emissivity and observed value of slope, the thermal inertia

for polyethylene can be determined. Figure 10 represents the plot for equation 10 which is

1 .
(E vs. Qext)-

Thermal inertia model

0.18
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Figure 10 Determination of thermal inertia for Polyethylene (PE)

Above plot represent the data with error bars observed in the ignition time for the three
sets of experiments performed for four distinct values of heat flux. From figure 10 the value of
slope obtained is 3.41 x 103 With autoignition temperature of polyethylene being 653 K,
emissivity as ~ 0.92 and ambient temperature of 297 K assumed to be constant, thermal inertia for
polyethylene sample was determined as 0.86 kJ?-m™*-K-2-s. Also, Hopkins Jr. [40] has recorded
the slope value for polyethylene to be 3.23 x 103, which is in accordance with the observed value

of slope 3.41 x 102,
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Now to be able to prove that the equation 10 can represent the polymer fire behavior it
needs to be validated using the calculated value of thermal inertia for polyethylene. For this
proven correlations for property estimation of polyethylene as a function of temperature were
employed. Equation 13 represents the correlation to determine density of polyethylene as a

function of temperature [51].
p=0.8674—6.313 x 107*T + 0.367 X 107°T? — 0.055 x 1078713 Eq 13

To be able to estimate the realistic thermal inertia of polyethylene, average value of
density over the entire temperature range starting from ambient room temperature to the
autoignition temperature of polyethylene was used with equation 13. For this, the values of
density were estimated at each temperature starting from room temperature (297 K) up to its
autoignition temperature (653 K) in the step of 5 K. Average of the density value was then
determined and considered towards the estimation of thermal inertia. The average value of

density obtained is 750.71 kg-m3.

Further equation 14 represents the correlation to estimate the specific heat of

polyethylene [52].
C,(T) = C,(298)[1 + 1.3 x 1073(T — 298)] Eq 14

In equation 14 the value of C, at 298 K is considered to be 2.26 kJ-kgl-K?, as
determined experimentally. Then similar to the approach used for average density estimation,
values of specific heat are estimated at each temperature starting from ambient (297 K) to
autoignition (653 K) temperature in the step of 5 K. The average value of specific heat obtained is

2.77 kJ-kg't-K™L.

35



To predict the thermal conductivity, the graphical representation of thermal conductivity
of polyethylene as a function of temperature is used [53]. The value of thermal conductivity

observed from the correlation is 4 x 10* kW-m*. K1,

Multiplying all three average values thermal inertia of polyethylene can be obtained as
0.83 kJ>-m*.K2.s1, Table 4 represents the collective values used in determination of thermal
inertia for polyethylene. Error of 3.49 % was observed among the experimental and calculated

thermal inertia.

Table 4 Thermal inertia of polyethylene

Experlmental_ Calculated thermal Inertia Error
Thermal Inertia
kJ?>m*.K?2s? kJ?>m*K?gs? %
. Specific Heat Thermal
Density [51] [52] conductivity [53]
kg-m?3 kJ-kgt-K1 kW-mt.K1
750.71 2.77 4.0 x 10*
0.86 0.83 3.49

5.3 Critical heat flux

From figure 11 it can be observed that the intercept on x-axis is ~ 7 KW-m2. This value
corresponds to be critical heat flux (CHF). CHF is defined as the value which represents the
minimum amount of external heat flux required for the polyethylene (i.e. polymer sample) to

ignite without the aid of external spark.
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Figure 11 Extrapolated thermal inertia model for critical heat flux determination

The significance of critical heat flux is that to ignite a sample, a minimum value of

external heat flux is required which should be greater than the critical heat flux.

CHF = _ Yintercept Eq 15

slope

Critical heat flux estimated from equation 15 is 6.81 kW:m? (~ 7 KW-m?). The
estimated value of critical heat flux from figure 11 is on lower side than the values observed
experimentally. Experiments have revealed that the actual values for critical heat flux for
polyethylene is higher than 7 kW-m™. To be able to predict the factor which can relate the
predicted value with experimental value, another mathematical model equation has been
employed. There are many correlations available in literature that claim to best predict the critical
heat flux factor. This thesis discuss the most proven and cited correlation developed by Quintiere

[54]. It is an integral model derived based on following assumptions:
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a. Polymer sample ignites only when its surface temperature attains a critical value of
autoignition temperature

b. Solid polymer sample act as an inert until ignition

c. Solid is infinitely thick (to justify the boundary conditions of one side of polymer being

at ambient temperature and other being exposed to external heat flux)

Above mentioned assumptions are also valid in our experimental system. Thus, the use of

integral model proposed by Quintiere [54] is justified for our system under consideration.
1/

1 — I:Z(z_ﬁig)(l_ﬂig):l 2 1

JTig Ll Big

Equation 16 represents the final form of integral model which relates dimensionless time

Eq 16

(tig) with the ratio of convective gain and radiative loss with external heat flux (Big). Both the

guantities are dimensionless and are defined as in equations 17 and 18.

- quttig Eq 17
g (Tig—To)kaCp
_ o(T¢=Tg)+ho(Ts=To)
L= Eq1l
'Blg Gext q18
_C.Icrt
L= Eq1l
YU Gext q19

A complete derivation has been reported by Quintiere [54] using finite element integral
analysis. Dimensionless groups for ignition time and external heat flux are used to model the

critical heat flux as they have already been used in previous works.

Further to compare the factor obtained from integral model of Quintiere [54], a couple of
other equations developed by Delichatsios et al. [55] were also considered. In fact the model
equations proposed by Delichatsios are special cases of the original integral model of Quintiere.
Delichatsios et al. have classified the original integral model equation into two equations based

on the values of external heat flux being high heat flux and low heat flux. Each value of external
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heat flux corresponds to a specific value of Big. Thus, based on the values of Big, Equations 20 and
21 represent the model equations proposed by Delichatsios, wherein equation 20 represents the

high external heat flux and equation 21 represent the low heat flux scenario respectively.

1 o1

2 (1
m—ﬁ(a—064),ﬁlg>3 Eq20
1 _ 1 _q1). L
== \/E(ﬁig 1), B < 1.1 Eq 21
Critical Heat Flux Determination
10 -
Integral Model (Eq. 16)
8 [
Delichatsios - High Heat Flux (Eq. 20)
6 Delichatsios - Low Heat Flux (Eq. 21)
;:.Ea
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Figure 12 Model profiles for critical heat flux determination

1

— VS, L based on equations 16, 20 and 21, profiles can be

Now plotting the points of
Tig ig

obtained as shown in figure 12.

From the integral model solution for equation 16, on choosing three distinct values for

1

1 .
— and — obtained are as follows:

high heat flux, corresponding values of = -
ig ig

1
= 1.38 when — = 2.0
Tig 'Big
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1 1
= 3.09 when — = 3.5
Tig Big

1
= 4.78 when — = 5.0
Tig Big

At high heat fluxes, p;;,=> 0, so equation 16 can be rewritten as

1 _2 (L
m_ﬁ(ﬁig) Eq 22

Further the difference between the exact solution and the extrapolated solution is

(1Big - 1Big intercept)- Thus equation 15 can be written as

1 2 1 1
L N — Eq 23
Tig VT (Big ﬁig,intercept) g
Substituting the values for L and = the respective values for —— L determined
\/ Tig Big Big,intercept

are 0.78, 0.76 and 0.76. Average of three values obtained is 0.77. Plug this value along with the
value for the X-axis intercept value obtained from figure 11, in equation 19 to get the actual

critical heat flux for polyethylene.

Gere = 528 Eq 24

Similarly, Delichatsios et al. proposed the factor value to be 0.64 based on their high heat

flux model described in equation 20.

The values of critical heat flux determined are ~ 9.09 kW-m2 for Quintiere model and
~ 10.93 kW-m for Delichatsios model. Though there is wide range of reported values of critical

heat flux for polyethylene available in literature ranging between 10 — 25 kW-m2 [40].
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5.4 Model for heat release rate

For a fire to occur four basic things required are the fuel source, sufficient oxygen supply,
an ignition source and sustained chain reactions. Whereas for a fire to propagate, a potential
source for heat emission is required to sustain the flame in absence of continuous ignition source.
Thus, heat release rate become one of the important aspects to be considered while studying the
fire retardancy of polymers. The rate of heat release ultimately controls the spread of fire,
generation of noxious gases and smoke. The value of peak heat release rate is the decisive factor
in the fire behavior of a polymer or polymer composite. Higher the value of peak heat release
rate, more vigorous and rapid will be the spread of fire. Thus it is of prime importance to predict
this phenomenon to understand their fire behavior fully [56, 57]. Heat release rate have been
determined based on the concentrations of various gaseous species in the ambient air as well as in
the exhaust gas such as O,, CO, CO, and H,0O as they comprise of more than 99% (v/v) of the
gases. The calculation procedure is based on the oxygen depletion factor [58, 59] derived from
the consumption rate of oxygen over the course of test. Equation 18 represents the oxygen
depletion factor (@) as per 1SO 5660 standard [60, 61]. Oxygen depletion factor is calculated
based on the change in mole fraction of gaseous species such as oxygen, carbon monoxide and

carbon dioxide in the ambient air and exhaust gas.

0= X32(1—XCO—XC02)_X02(1_X(C)02) Eq 25

X5,(1=X0,=Xco,~Xco)

Here, X? is the initial mole fraction of gaseous species i in exhaust duct before the test
has started and X; is the mole fraction of the gaseous species i in the exhaust duct over the

duration of test. Here subscript i is Oz, CO, CO; and H,0.

Tables 5 — 7 contain the observed concentrations (mole fractions) of the gas species

during the battery of the tests conducted for each values of external heat flux.
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Table 5 Concentrations of gas components in ambient air and exhaust gas (first set)

HeatFlux | X9 X0, Xbo | Xo, Xco, Xco XH,0
(KW-m?)
40 0.2095 | 7.33x10* | 0.0186 | 0.1908 | 9.60x 10 | 7.00 x 10° 0.0365
45 0.2095 | 4.46x10* | 0.006 | 0.1934 | 1.11x 10 2.36 x 10* 0.0329
50 0.2095 | 7.18x10* | 0.0189 | 0.19 1.18 x 10 1.60 x 10 0.0414
55 0.2095 | 7.29x10* | 0.0186 | 0.185 | 1.34x 102 | 1.32x10* 0.0439

Table 6 Concentrations of gas components in ambient air and exhaust gas (second set)

Heat Flux | X7, X¢o, Xio | Xo, Xco, Xco Xu,0
(KW-m?)
40 0.2095 | 4.36 x 10* | 0.0066 | 0.1956 | 9.70 x 107 1.8x 10" 0.0255
45 0.2095 | 4.68 x 10* | 0.006 | 0.1886 | 1.43 x 10* 3.1x10* 0.0343
50 0.2095 | 456 x 10* | 0.006 | 0.189 | 1.40 x 10% 3.0x10* 0.0377
95 0.2095 | 4.65x10* | 0.006 | 0.177 | 2.20 x 10 5.2x 10" 0.0501

Table 7 Concentrations of gas components in ambient air and exhaust gas (third set)

Heat Flux | X9 X0, Xio | Xo, Xco, Xco XH,0
(KW-m?)
40 0.2095 | 4.33x10* | 0.0066 | 0.1958 | 9.40 x 10 1.87 x 10* 0.0249
45 0.2095 | 457 x10* | 0.006 | 0.186 | 1.58 x 10% 3.5x10* 0.0374
50 0.2095 | 4.61x10* | 0.006 | 0.1906 | 1.30x 102 | 2.65x 10* 0.0316
55 0.2095 | 4.67x10* | 0.006 | 0.1785 | 2.14 x 10 4.8 x 10* 0.0488
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For external heat flux of 40 kW-m2 the recorded values were,
Xg, =0.2095

X2, =7.33x 10"

X, =0.1908

Xco, =9.60x10°

Xco =7.00x 10

Substitution of above mentioned values in the equation 25 yields,

_0.2095(1 —7.00 x 1075 —9.60 x 1073) — 0.1908(1 — 7.33 x 10~%)
- 0.2095(1 — 0.1908 — 9.60 X 10~3 — 7.00 X 10-5)

%

Thus, the value of oxygen depletion factor (¢) is 0.1004. Similarly the other values for
oxygen depletion factor (¢) are calculated for the external heat flux values of 45, 50 and

55 kW-m respectively.

From the experiments performed for heat fluxes ranging from 40 — 55 k W-m, the peak
heat release rate has been determined for each case using calculated oxygen depletion factor (¢)

and equations 26 & 27 [58, 59, 62-64].

1 1-¢ Xco| Mo, . 0 0 0
HRR = Z{E"’ = (Bco - E)TX_OZ} i (1= Xf0 = X80,)X3, Eq. 26
Mair _ (1—XH2<3))(1—X02;XCOzO‘XCO)& Eq. 27
Mair (1-x9,0)(1-%8,-x%,,)  Me

To determine the peak heat release rate, concentration values for the gaseous fractions
corresponding to the time of peak heat release were used as mentioned in tables 5 - 7. These

concentrations are corresponding to the time zone representing maximum heat release rate in the
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experimental profiles. Heat release rate profiles and exhaust gas concentrations for oxygen,
carbon monoxide and carbon dioxide can be found in figures 6 - 9 respectively. In equation 19 the
value for net heat release per unit mass of oxygen consumed (E) is taken to be 13.1 MJ/kg of O;
heat release per unit mass of oxygen consumed to produce CO (Eco) is taken as 17.6 MJ/kg of Oa.
Further A = 88.36 cm? is the area of the polymer sample exposed to the external heat flux from

cone calorimeter, molecular weight of oxygen (M,,) = 32 gm/gmol, molecular weight of air

(M) = 28.8 gm/gmol, mass flow rate of air (riy;,) is determined using equation 27, X is the
initial mole fraction of gaseous species i in exhaust duct before the test has started and X; is the
mole fraction of the gaseous species i in the exhaust duct over the duration of test. Further to
simplify the calculations a reasonable assumption has been made that the gas flowing through the
exhaust duct is same in composition to the air, as there are only small change in concentrations of
gaseous species. Thus, concluding that the molecular weight of exhaust gas is same as that of
ambient air (~28.8 gm/gmol). Tables 8 - 11 represent comparison among observed and calculated
values of peak heat release rates along with % errors, which is acceptable as per the literature data

available.

Following are the steps to determine peak heat release rate for the test with external heat
flux of 40 kW-m?2. First of all, the mass flow rate of air (1) is to be determined as per
equation 27. Substitution of all input variables yields,

Ma  (1—0.0365)(1 — 0.1908 — 9.60 x 1073 — 7.00 x 107%) 1.76 x 1072
288 (1—0.0186)(1 — 0.2095 — 7.33 X 10~%) (~28.8)

In above expression, the mass flow rate of exhaust gas (11,) has been calculated from the
known value of volumetric flow rate of exhaust gas which was set to be 24 L-s (~0.024 m3-s™)
and assumption that exhaust gas behaves like an ideal gas. Thus using the ideal gas equation the
density of exhaust gas can be calculated and then multiply calculated density with the volumetric
flow rate to determine the mass flow rate of exhaust gas.
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101.325) = (~28.8 k k
_ S 253(+ 297) = 0.739—‘93 =7.39%x107* Tg
(8.314) (T) m i

Here, to get the average density of the exhaust gas, average temperature (475 K) has been
considered starting from the ambient room temperature up to the autoignition temperature of
polyethylene. The other values used are pressure (P) as 101.325 kPa, molecular weight of exhaust
gas as ~28.8 kg/kmol and universal gas constant as 8.314 kPa-m?3-kmol*-K-1. Thus, the density of
the exhaust gas obtained is 7.39 x 10* kg-lit*. Multiplying the volumetric flow rate of exhaust

gas with density, required mass flow rate of exhaust gas was obtained as 1.77 x 102 kg-s™.

Also, in experimental set up used was not facilitated with necessary instruments to
observe and record the concentration of moisture in the exhaust gas. Though, lab was equipped
with relative humidity measuring device whose reading was recoded at the beginning of each test.
From the value of relative humidity, the % H>O in the ambient air was determined using its
saturation vapor pressure at ambient temperature. Further to that, combustion reaction was
considered to be the only source for concentration of H,O to change. Hence, based on the %
change in concentration of carbon monoxide & carbon dioxide and the stoichiometric coefficients
of combustion reactions % concentration of H,O in the exhaust gas stream was estimated. The

value for Xy, for the test of 40 kW-m is 0.0365.

Having done this, the value of mass flow rate of air (rh,;,-) for the system was determined

to be 0.0176 kg-s™.

Peak heat release rate can now be determined using equation 25. Substitution of all the

values in equation 25 yields,
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kj

HRR =
kg 0,

[(13100 ) (0.0990)

88.36 X 10~4m?

il 13100 il
kg 0, kg 0,

- (17600

) (1 - 0.0990) 1.29 x 107*
2 0.1910

kg 0,
kmol
kg Air

kmol

32 kg Air

(0.0176 ) (1—0.0186 — 6.95 x 1074)(0.2095)

28.8

The value for peak heat release rate thus obtained is 598.46 kW-m2. Similarly the peak
heat release rates for other tests have been determined and are tabulated for distinct heat fluxes in

tables 8-11.

Table 8 Peak heat release rate (40 KW-m)

Test ¢ HRRexp (KW-m?) | HRRcaic (KW-m2) | Error (%)
1 |0.1004 573.71 598.46 4,31
2 | 0.0716 508.07 428.28 15.70
3 | 0.0707 500.69 423.49 15.42
Table 9 Peak heat release rate (45 kW-m)
Test (P HRRexp (ka-Z) HRRcalc (ka-Z) EFI’OI’ (%)
1 |0.0829 577.32 492.53 14.68
2 |0.1074 703.3 638.38 9.23
3 |0.1208 724.54 717.05 1.03
Table 10 Peak heat release rate (50 kW-m)
Test ¢ HRRexp (KW-m?) | HRRcaic (KW-m) | Error (%)
1 |0.1025 563.04 606.19 7.66
2 | 0.1054 710.88 626.78 11.83
3 | 0.0972 649.35 578.85 10.85
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Table 11 Peak heat release rate (55 kW-m)

Test| @ | HRRep (KW-m?) [ HRReae (KW-m?) | Error (%)

1 |0.1300 708.14 770.97 8.87

2 |0.1662 1010.71 975.79 3.45

3 |0.1582 1005.77 929.31 7.60
55 Results

From the battery of thermal analysis tests performed using cone calorimeter the fire
behavior data for polyethylene was recorded over a practical range of external heat flux values
ranging from 40 to 55 kW-m2, Please refer to combined test reports attached in the Appendix C,

D and E for further information on test results.

As discussed in Chapters 1V and V, the thermal inertia of polyethylene determined based
on experimental data was 0.86 kJ?-m™.K2.s and the value calculated using property correlations
derived from numerical estimation and additive group contribution approaches was
0.83 kJ?-m™-K2.s, The difference among the two values of thermal inertia is 3.49 % which is in

line with the literature data available for polyethylene and other polymers.

Also, the estimated factor to determine the actual critical heat flux for polyethylene using
mathematical models developed by Quintiere [54] and Delichatsios et al. [55] were found to be

9.09 and 10.93 KW-m respectively.

Lastly the peak heat release rate was quantified based on the oxygen depletion factor ()
and external heat flux by determining the peak heat release rate for each test which are in good
agreement with the experimental observations with a standard deviation of +4.56 %. The

calculated and observed data are recorded in tables 8 - 11.
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CHAPTER VI

CONCLUSION AND FUTURE WORK

6.1 Conclusion

From thermal analysis of polyethylene it can be concluded that increase in external heat
flux results in increased peak heat release rate, early ignition and rapid thermal degradation. As
the external heat flux increases it has been observed that oxygen consumption also increases
validating the higher heat release rate. With increase in external heat flux the concentrations of
carbon monoxide and carbon dioxide in the exhaust gas increases considerably. Based on the heat
release rate profile, thermal degradation of polyethylene can be classified into four distinct
regimes corresponding to physical degradation, ignition & flame development, flame stabilization

and flame out.

With the proposed model equations being validated for the thermal inertia and peak heat
release rate for polyethylene, it can be concluded that a strong platform has been created towards
guantification of polymer fire behavior. This thesis serves as a basis that proposed model
equations hold good for pure polymers and hence they can also be employed to investigate the

fire behavior of polymer nanocomposites.

Thus, the current thesis serves the purpose to provide a quantitative insight to
polyethylene fire behavior which would prove to be elemental in fulfilling the next objectives of

the research project.

48



6.2 Future work

6.2.1 To study the thermal analysis of polymer nanocomposites

Model equations discussed in current work can be used to analyze the thermal analysis
results obtained using cone calorimeter for newly designed polymer nanocomposites. This would
allow a quantitative insight of properties and the extent to which polymer nanocomposites differ
from pure polymer. This information could be of very useful as to help retain some of the desired

properties of pure polymer while adding nanofillers into them.

6.2.2  To design a fire retardant polymer nanocomposite

An important future work would be to check if the model equations discussed in this
thesis can be employed to predict the properties and fire behavior of polymer nanocomposites by
interpolation. This would require three samples each with distinct % loading of nanofillers.
Thermal analysis would have to be performed on the samples with maximum and minimum %
loading of nanofillers. Autoignition time would be determined for each of the samples. Here, it
has been assumed that polymer nanocomposites have known set of properties such as autoignition
temperature and thermal inertia. If not properties of pure polymer could be used. Based on these
data, autoignition time for the polymer nanocomposite with intermediate % loading of nanofillers
could be estimated. This value would then be validated by performing the thermal analysis of the

intermediate polymer nanocomposite.

6.2.3 To design sample holder

While performing experiments polyethylene samples were observed to swell and drip
down from the edges of sample holder made from aluminum foil. Eventually use of 3 layers of
aluminum foil helped overcome this challenge. But, there is a need to design a suitable sample

holder which may contain the molten solid. This would help in producing effective test results
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and also reduce the risk of spread of hot molten polymer and fire. Suitable materials for this

application could be ceramic or metal.

6.3

Recommendations

Following are certain recommendations for conducting efficient thermal analysis tests

using cone calorimeter:

The weight of the sample being tested can be among 15 — 100 gm and its thickness can
vary among 4 — 15 mm. Optimum weight for a polymer sample would be 25 — 30 gm
with thickness of 5 — 10 mm.

Though the sample dimensions are fixed by the standard, the choice of sample weight
should be made such that the test lasts for at least 180 sec, with ideal test duration ranging
from 240 — 600 sec.

This is recommended to obtain the reliable data for the samples. If a small sample mass is
chosen, it will get exhausted within couple of seconds and the data collected will
comprise of spikes. It will not yield the desired profiles which actually represent various
stages of sample degradation.

On the other hand the selection of heat flux values should be made such that it allows the
sample to last for above mentioned time range. Heat flux should not be too high making
test duration less than 180 sec and also not too low that it takes much longer for sample to
ignite.

Choice of sample mass and heat flux values should be selected such that each test lasts
long enough to yield the results which represent all stages of thermal degradation and
their transition.

It is recommended to have three or four layers of aluminum foil base to carry the polymer

sample, as using a single layer results in polymer dripping, when it starts melting.
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On entering the lab, make sure that main exhaust duct of the lab is operational and all the
gas cylinders including methane, calibration gas and nitrogen are turned off (i.e. both the
pressure gauges indicate zero).

Before starting the cone calorimeter, ensure that cold trap valve is closed, adsorber
column is recharged with fresh drierite and make sure cooling water is circulating
through the heat flux gauge.

Always wear personal protective equipments while performing the experiments such as
safety glasses, closed toe shoes and lab coat. Ensure that you wear cotton clothes the day
you are performing the tests. Use heat resistive gloves available in lab to handle the

sample holder while performing the tests.
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NOMENCLATURE

Gexe = external heat flux (kW-m-?)

dere = critical heat flux (kW-m)

q = external heat flux absorbed by sample (kW-m?)

€ = emissivity (dimensionless)

h¢ = convective heat transfer coefficient (kW-m2-K1)

Tig = ignition temperature (K)

T, = ambient (initial) temperature (K)

o = Stephan-Boltzmann constant (5.6704 x 108 W-m2-K4)

tig = ignition time (sec)

Tig = dimensionless time (dimensionless)

k = thermal conductivity (kW-m?*.K1)

p = density (kg-m?)

Co = specific heat (kJ-kg?-K?)

a = thermal diffusivity (m?-s?)

Big = ratio of convective gain and radiative loss with external heat flux (dimensionless)
7 = oxygen depletion index (dimensionless)

x? = initial mole fraction of gaseous species i in the exhaust duct before test commences,

Here, i = Oz, CO,, CO, H,0
X; = mole fraction of gaseous species i in the exhaust gas during the course of test

Here, i = Oz, CO,, CO, H.0

m; = mass flow rate of species i, here i = Air, exhaust gas (e)

M; = molecular weight of gaseous species i, here i = Air, O, exhaust gas (e)
8 = thermal penetration thickness (mm)

R = universal gas constant (8.314 m3-kPa-kmol*-K*)

P = pressure (kPa)
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APPENDICES

Appendix A
Table 12 United States fire statistics
Direct Property
Damage
(in Billions)
- - . C e In

ver| s | Gl Chilen | Fitoner | Fretgner R | 200

ollars
1977 | 3,264,000 | 7,395 31,190 157 112,540 $4.70 $17.80
1978 | 2,817,500 | 7,710 29,825 174 101,100 $4.50 $15.80
1979 | 2,845,500 | 7,575 31,325 126 95,780 $5.80 $18.40
1980 | 2,988,000 | 6,505 30,200 138 98,070 $6.30 $17.60
1981 | 2,893,500 | 6,700 30,450 136 103,340 $6.70 $16.90
1982 | 2,538,000 | 6,020 30,525 128 98,150 $6.40 $15.20
1983 | 2,326,500 | 5,920 31,275 113 103,150 $6.60 $15.20
1984 | 2,343,000 | 5,240 28,125 119 102,300 $6.70 $14.80
1985 | 2,371,000 | 6,185 28,425 128 100,900 $7.30 $15.50
1986 | 2,271,500 | 5,850 26,825 119 96,450 $6.70 $14.00
1987 | 2,330,000 | 5,810 28,215 132 102,600 $7.20 $14.50
1988 | 2,436,500 | 6,215 30,800 136 102,900 $8.40 $16.30
1989 | 2,115,000 | 5,410 28,250 118 100,700 $8.70 $16.10
1990 | 2,019,000 | 5,195 28,600 108 100,300 $7.80 $13.70
1991 | 2,041,500 | 4,465 29,375 108 103,300 $9.51 $16.01
1992 | 1,964,500 | 4,730 28,700 75 97,700 $8.30 $13.60
1993 | 1,952,500 | 4,635 30,475 79 101,500 $8.52 $13.52
1994 | 2,054,500 | 4,275 27,250 106 95,400 $8.20 $12.70
1995 | 1,965,500 | 4,585 25,775 98 94,500 $8.90 $13.40
1996 | 1,975,000 | 4,990 25,550 96 87,150 $9.40 $13.80
1997 | 1,795,000 | 4,050 23,750 99 85,400 $8.50 $12.10
1998 | 1,755,500 | 4,035 23,100 91 87,500 $8.60 $12.10
1999 | 1,823,000 | 3,570 21,875 112 88,500 $10.00 | $13.80
2000 | 1,708,000 | 4,045 22,350 103 84,550 $11.20 | $14.90
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Direct Property

Damage

(in Billions)

- - L - In
e i T oo 201
ollars
2001 | 1,734,500 | 61,963 | 211,004 4435 82,250 $44.06 | $57.16
2002 | 1,687,500 | 3,380 18,425 98 80,800 $10.30 | $13.10
2003 | 1,584,500 | 3,925 18,125 106 78,750 $12.37 | $15.47
2004 | 1,550,500 | 3,900 17,875 104 75,840 $9.80 $11.90
2005 | 1,602,000 | 3,675 17,925 87 80,100 $10.70 | $12.60
2006 | 1,642,500 | 3,245 16,400 89 83,400 $11.30 | $12.90
2007 | 1,557,500 | 3,430 17,675 106 80,100 $14.68 | $16.28
2008 | 1,451,500 | 3,320 16,705 105 79,700 $15.59 | $16.69
2009 | 1,348,500 | 3,010 17,050 82 78,150 $12.50 | $13.40
2010 | 1,331,500 | 3,120 17,720 73 71,875 $11.60 | $12.20
2011 | 1,389,500 | 3,005 17,500 61 70,090 $11.70 | $11.90
2012 | 1,375,000 | 2,855 16,500 64 69,400 $12.40 | $12.40

60




Appendix B

Table 13 United States structure fire statistics

Direct Property

Damage

(in Billions)*

Civilian | Civilian As In

Year Fires . Reported 2012
Deaths | Injuries p Dollars
1977 | 1,098,000 | 6,505 26,310 $4.10 $15.50
1978 | 1,062,000 | 6,350 24,985 $4.00 $14.10
1979 | 1,036,500 | 5,970 24,850 $5.00 $15.80

1980

1,065,000 | 5,675 | 24,725 $5.50 $15.30

1981

1,027,500 | 5,760 25,700 $6.00 $15.10

1982 | 946,500 5,200 25,575 $5.70 $13.50
1983 | 868,500 5,090 26,150 $5.80 $13.30
1984 | 848,000 4,525 23,025 $5.90 $13.00
1985 | 859,500 5,265 23,350 $6.40 $13.60
1986 | 800,000 4,985 22,750 $5.80 $12.10
1987 | 758,000 4,880 23,815 $6.20 $12.50
1988 | 745,000 5,280 26,275 $7.22 $14.02
1989 | 688,000 4,655 24,025 $7.53 $13.93
1990 | 624,000 4,400 24,075 $6.70 $11.80
1991 | 640,500 3,765 24,975 $8.34 $14.04
1992 | 637,500 3,940 24,325 $7.05 $11.55
1993 | 621,500 3,980 26,550 $7.46 $11.86
1994 | 614,000 3,590 23,125 $6.90 $10.70
1995 | 573,500 | 39,857 | 21,725 $7.60 $11.40
1996 | 578,500 4,220 21,875 $7.90 $11.60
1997 | 552,000 3,510 20,375 $7.10 $10.10
1998 | 517,500 3,420 19,425 $6.70 $9.40

1999 | 523,000 3,040 18,525 $8.50 $11.70
2000 | 505,500 3,535 19,600 $8.50 $11.30
2001 | 521,500 3,220 17,225 $8.90 $11.50
2002 | 519,000 2,775 15,600 $8.70 $11.10
2003 | 519,500 | 33,859 | 15,600 $8.71 $10.91
2004 | 526,000 3,305 15,525 $8.30 $10.10
2005 | 511,000 3,105 15,325 $9.20 $10.80
2006 | 524,000 2,705 14,350 $9.60 $10.90
2007 | 530,500 3,000 15,350 $10.61 | $11.71
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Direct Property
Damage
(in Billions)*
_ Civilian | Civilian As In

Year | Fires | oaths Injuries | Reported 2012
Dollars
2008 | 515,000 2,900 14,960 $12.41 $13.21
2009 | 480,500 2,695 14,740 $10.80 $11.50
2010 | 482,000 2,755 15,420 $9.70 $10.20

2011 | 484,500 2,640 15,635 $9.70 $9.90

2012 | 480,500 2,470 14,700 $9.80 $9.80
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Appendix C

Combined thermal analysis report for 40 — 45 — 50 - 55 KW-m2 (first set)

Report produced with the Fire Testing Technology ConeCalc software

Cone Calorimeter Test Report

Laboratory name
Operator

Sponsor
Manufacturer
Sample description

FPST
Roshan

See individual reports

Material name/ID PE Report name See individual reports

Heat flux See individual reports Surface area 88.4 cm?

Orientation Horizontal Retainer frame used? Yes

Test averages

Test t(ig) t(fo) t(end) HRR(peak) tpeak THR HRR(60) HRR(180)  HRR(300)
(s) (s) (s) (kW/m?2) (s) (M3/m2) (kw/m2) — (kW/m2)  (kW/m2)

Mean 53.3 250.5 341.3 605.55 161.3 102.66 315.03 455.22 256.72

1 69 375 375 573.71 210 103.52 282.95 426.74 344.46

2 65 362 370 577.32 170 106.44 338.73 455.58 354.49

3 44 370 563.04 150 99.22 304.40 424.57 327.92

4 35 265 250 708.14 115 101.46 334.04 513.99 0.00

Test Flux t Area m(i) m(s) m(f) Am MLR(aV) .00

(kW/m2)  (mm) (em?) (a) (9) (@) (g/m2)  (g/sm?) (g/s'm?)

Mean 4.5 25.0 34.9 10.7 2739.8 9.75 12.90

1 40 5 88.4 25.0 40.5 16.4 27320 8.94 11.50

2 45 5 88.4 25.0 32.4 8.3 2716.5 8.90 12.07

3 50 4 88.4 25.0 259 1.6 27421 8.40 12.19

4 55 4 88.4 25.0 41.0 16.5 2768.5 12.76 15.82

Test THR(0-300) THR(0-600) THR(0-1200) EHC(av) SPR(av)  SEA(av) Fuel load MARHE
(M3/m2) (MJ/m2) (MI/m2) (M)fkg)  (m?/s)  (m?/kg) (Ml/kg)  (kW/m?)

Mean 72.54 - - 37.52 0.0085 28.14 36.30 357.73

1 93.86 - - 37.98 0.0836 1059.75 36.61 313.86

2 101.62 - - 39.18 0.0000 0.00 37.64 343.28

3 95.68 - - 36.27 -0.1098 -1476.77  35.08 341.97

4 - - - 36.65 0.0603 529.58 35.88 431.83

Test Date Specimen # Line colour  Filename

1 10/9/2014 — C:\CC5\DATA\14090005.CSV

2 18/11/2014 — C:\CC5\DATA\14110017.CSV

3 10/9/2014 C:\CC5\DATA\14090003.CSV

4 10/9/2014 C:\CC5\DATA\14090004.CSV
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Report produced with the Fire Testing Technology ConeCalc software page 2

Cone Calorimeter Test Report

Laboratory name FPST

Operator Roshan

Sponsor

Manufacturer

Sample description See individual reports

Material name/ID PE Report name See individual reports
Heat flux See individual reports Surface area 88.4 cm?

Orientation Horizontal Retainer frame used? Yes
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The test results relate to the behaviour of the test specimens of a product under the particular conditions of the test; they are not intended to be the sole criterion for assessing
the potential fire hazard of the product in use.
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Report produced with the Fire Testing Technology ConeCalc software

page 3

Cone Calorimeter Test Report

Laboratory name
Operator

Sponsor
Manufacturer
Sample description

FPST
Roshan

See individual reports

Material name/ID PE Report name See individual reports
Heat flux See individual reports Surface area 88.4 cm?
Orientation Horizontal Retainer frame used? Yes
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The test results relate to the behaviour of the test specimens of a product under the particular conditions of the test; they are not intended to be the sole criterion for assessing
the potential fire hazard of the product in use.
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Report produced with the Fire Testing Technology ConeCalc software

page 4

Cone Calorimeter Test Report

Laboratory name FPST

Operator Roshan

Sponsor

Manufacturer

Sample description See individual reports

Material name/ID PE Report name
Heat flux See individual reports Surface area
Orientation Horizontal

Retainer frame used?

See individual reports
88.4 cm?
Yes

0.5

0.4

0.3

02

0.1

Oxygen consumption rate (g/s)

Time (s)

Volume flow rate at stack (i)

o 50 100 150 200 250 300 350 400
Time (s)
160
140
120 ‘
100 ‘
E ®m ||
- & ‘
H i ‘
'3 /
g w |
1 |
20
§ s
2
® 20
H
-40
-80
-80
T 50 100 150 200 250 300) 350 a0

Time (s)

Mass flow rate (gfs)

Volume flow rate at smoke (is)

‘Smoke production rate (m?s)

400
0 100 150 200 250 300 350 400
Time (s)
3
2 |
! A
]
I
\
o v
o ﬂlm 1&0 2{‘!0 2.‘50 3450 !!.EIn M;n
Time (s)

The test results relate to the behaviour of the test specimens of a product under the particular conditions of the test; they are not intended to be the sole criterion for assessing

the potential fire hazard of the product in use.
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Report produced with the Fire Testing Technology ConeCalc software

page 5

Cone Calorimeter Test Report

Laboratory name FPST
Operator Roshan
Sponsor

Manufacturer

Sample description See individual reports

Material name/ID PE Report name See individual reports
Heat flux See individual reports Surface area 88.4 cm?
Orientation Horizontal Retainer frame used? Yes
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The test results relate to the behaviour of the test specimens of a product under the particular conditions of the test; they are not intended to be the sole criterion for assessing

the potential fire hazard of the product in use.
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Report produced with the Fire Testing Technology ConeCalc software

page 6

Cone Calorimeter Test Report

Laboratory name
Operator

Sponsor
Manufacturer
Sample description

FPST
Roshan

See individual reports

Material name/ID PE Report hame See individual reports
Heat flux See individual reports Surface area 88.4 cm2
Orientation Horizontal Retainer frame used? Yes
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The test results relate to the behaviour of the test specimens of a product under the particular conditions of the test; they are not intended to be the sole criterion for assessing
the potential fire hazard of the product in use.
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Appendix D

Combined thermal analysis report for 40 — 45 — 50 - 55 kW-m2 (second set)

Report produced with the Fire Testing Technology ConeCalc software

page 1

Cone Calorimeter Test Report

Laboratory name FPST

Operator Roshan

Sponsor

Manufacturer

Sample description PE

Material name/ID PE Report name See individual reports

Heat flux See individual reports Surface area 88.4 cm?

Orientation Horizontal Retainer frame used? Yes

Test averages

Test t(ig) t(fo) t(end) HRR(peak) tpeak THR HRR(60) HRR(180)  HRR(300)
(s) (s) (s) (kW/m2) (s) (M3/m2)  (kw/m2)  (kW/m2)  (kW/m2)

Mean 56 323.5 326.3 724.45 148.8 113.83 351.72 529.99 81.52

1 76 426 470 508.07 170 101.26 290.36 398.06 326.07

2 64 325 325 703.30 150 117.12 383.51 53741 0.00

3 50 303 290 710.88 155 117.78 35047 530.18 0.00

4 34 240 220 975.53 120 119.16 382.54 654.31 0.00

Test Flux t Area m(i) m(s) m(f) Am MLR(@V)  M10m

(kw/m2)  (mm) (em2) (@) (@ (a) (g/m?)  (g/ssm2) (g/s'm?)

Mean 5 25.0 30.9 6.7 2738.3 10.90 14.09

1 40 5 88.4 25.0 24.6 0.0 2781.3 7.05 11.13

2 45 5 88.4 25.0 24.8 1.3 2662.8 10.18 11.83

3 50 5 88.4 25.0 49.3 25.0 2749.2 1143 14.19

4 55 5 88.4 25.0 25.0 0.6 2759.9 14.95 19.20

Test THR(0-300) THR(0-600) THR(0-1200) EHC(av) SPR(av)  SEA(av) Fuel load MARHE
(M3/m?) (MJ/m2) (MJ/m2) (MJ/kg)  (m2fs)  (m?kg) (Mlkg)  (kW/m?2)

Mean - - - 41.78 0.0000 0.00 40.25 416.83

1 86.08 - - 36.54 0.0000 0.00 35.80 287.06

2 115.65 - - 44.56 0.0000 0.00 41.41 396.69

3 - - - 42.84 0.0000 0.00 41.65 426.31

4 - - - 43.18 0.0000 0.00 42.14 557.25

Test Date Specimen #  Line colour  Filename

1 18/11/2014 C:\CC5\DATA\14110015.CSV

2 18/11/2014 C:\CC5\DATA\14110018.CSV

3 18/11/2014 C:\CC5\DATA\14110020.CSV

4 18/11/2014 C:\CC5\DATA\14110022.CSV

The test results relate to the behaviour of the test specimens of a product under the particular conditions of the test; they are not intended to be the sole criterion for assessing

the potential fire hazard o

f the product in use.
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Repart produced with the Fire Testing Technology ConeCalc software

page 2

Cone Calorimeter Test Report

FPST
Roshan

Laboratory name
Operator
Sponsor
Manufacturer
Sample description PE

Material name/ID PE

Heat flux See individual reports
Orientation Horizontal

Report name
Surface area
Retainer frame used?

See individual reports
88.4 cm?
Yes

1000

900

800

700

600

500

Heat roloasa rato (KWim?)

] 100 200 300 400 500
Time (s)

Specific extinction area (m'/kg)

0 100 200 300 400 500

08 l

0.6 ||

0.4 H

€O yleld (kafkg)

“ AN ot e,

0.0{- AR

Effective heat of comb. (MWlkg)

Specimen mass (g)

cozyield (kg/ka)

|ffil‘fﬁ‘¢;\ﬁ |

ML

50

40

30

20

100-

90

80

70

60

50

a0

30

100 200 300 400 500
Time (s)

100 200 300 400 500

100 200 300 400 500

The test results relate to the behaviour of the test specimens of a product under the particular conditions of the test; they are not intended to be the sole criterion for assessing

the potential fire hazard of the product in use.

70



Report produced with the Fire Testing Technology ConeCalc software

page 3

Cone Calorimeter Test Report

Laboratory name FPST
Operator Roshan
Sponsor
Manufacturer
Sample description PE
Material name/ID PE Report name See individual reports
Heat flux See individual reports Surface area 88.4 cm?
Orientation Horizontal Retainer frame used? Yes
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The test results relate to the behaviour of the test specimens of a product under the particular conditions of the test; they are not intended to be the sole criterion for assessing

the potential fire hazard of the product in use.
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Report produced with the Fire Testing Technology ConeCalc software

page 5

Cone Calorimeter Test Report

FPST
Roshan

Laboratory name
Operator
Sponsor
Manufacturer
Sample description PE

Material name/ID PE

Heat flux See individual reports
Orientation Horizontal

Report name
Surface area
Retainer frame used?

See individual reports
88.4 cm?
Yes
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The test results relate to the behaviour of the test specimens of a product under the particular conditions of the test; they are not intended to be the sole criterion for assessing

the potential fire hazard of the product in use.
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Report produced with the Fire Testing Technology ConeCalc software

page 5

Cone Calorimeter Test Report

FPST
Roshan

Laboratory name
Operator
Sponsor
Manufacturer
Sample description PE

Material name/ID PE

Heat flux See individual reports
Orientation Horizontal

Report name
Surface area
Retainer frame used?

See individual reports
88.4 cm?
Yes

Total smoke production (m#)
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The test results relate to the behaviour of the test specimens of a product under the particular conditions of the test; they are not intended to be the sole criterion for assessing

the potential fire hazard of the product in use.
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Report produced with the Fire Testing Technology ConeCalc software

page 6

Cone Calorimeter Test Report

Laboratory name FPST

Operator Roshan

Sponsor

Manufacturer

Sample description PE

Material name/ID PE Report name See individual reports
Heat flux See individual reports Surface area 88.4 cm?

Orientation Horizontal Retainer frame used? Yes
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The test results relate to the behaviour of the test specimens of a product under the particular conditions of the test; they are not intended to be the sole criterion for assessing

the potential fire hazard of the product in use.
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Appendix E

Combined thermal analysis report for 40 — 45 — 50 - 55 kW-m (third set)

Repart produced with the Fire Testing Technology ConeCalc software

page 1

Cone Calorimeter Test Report

Laboratory name FPST

Operator Roshan

Sponsor

Manufacturer

Sample description PE

Material name/ID PE Report name See individual reports

Heat flux See individual reports Surface area 88.4 cm?

Orientation Horizontal Retainer frame used? Yes

Test averages

Test t(ig) t(fo) t{end) HRR(peak)  tpeak THR HRR(60) HRR(180) HRR(300)
(s) (s) (s) (kW/m?2) (s) (Mym2)  (kW/m2)  (kW/m2)  (kW/m2)

Mean 55.5 327.5 3313 710.02 161.3 117.41 371.34 527.76 92.60

1 72 463 505 500.69 185 118.51 299.38 400.68 37041

2 62 294 285 724.54 215 116.79 369.12 556.70 0.00

3 51 312 305 649.35 130 117.42 374.73 519.39 0.00

4 37 241 230 965.50 115 116.92 442.13 634.27 0.00

Test Flux t Area m(i) m(s) m(f) Am MLR(8V)  /.1000

(kw/m2)  (mm) (em2) (9) (a) (@) (g/m2)  (g/ssm?) (g/ssm2)

Mean 5 25.0 37.2 12.6 2785.8 11.21 14.29

1 40 5 88.4 25.0 24.7 0.1 2779.1 6.49 9.26

2 45 5 88.4 25.0 49.7 25.0 2788.6 12,67 15.39

3 50 5 88.4 25.0 49.8 25.0 2801.7 11.14 14.01

4 55 5 88.4 25.0 24.8 0.3 2774.0 14.53 18.49

Test THR(0-300) THR(0-600) THR(0-1200) EHC(av) SPR(av) SEA(av)  Fuelload MARHE
(M3fm?2) (M3/m?2) (M3/m?2) (Mi/kg)  (m?/s)  (m2/kg)  (MJ/kg)  (kW/m2)

Mean - - - 42,20 0.0000 0.00 41,52 413.00

1 89.99 - - 42.53 0.0000 0.00 41.91 302.40

2 - - - 41.79 0.0000 0.00 41.30 416.29

3 117.16 - - 42.16 0.0000 0.00 41.52 406.01

4 - - - 42.31 0.0000 0.00 41.34 527.28

Test Date Specimen #  Line colour  Filename

1 18/11/2014 C:\CCS\DATA\14110016.CSV

2 18/11/2014 C:\CC5\DATA\14110019.CSV

3 18/11/2014 C:\CC5\DATA\14110021.CSV

4 18/11/2014 C:\CCS\DATA\14110023.CSV

The test results relate to the behaviour of the test specimens of a product under the particular conditions of the test; they are not intended to be the sole criterion for assessing
the potential fire hazard of the product in use.
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Report produced with the Fire Testing Technology ConeCalc software page 2

Cone Calorimeter Test Report

Laboratory name FPST
Operator Roshan
Sponsor
Manufacturer
Sample description PE
Material name/ID PE Report name See individual reports
Heat flux See individual reports Surface area 88.4 cm2
Orientation Horizontal Retainer frame used? Yes
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The test results relate to the behaviour of the test specimens of a product under the particular conditions of the test; they are not intended to be the sole criterion for assessing
the potential fire hazard of the product in use.
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Report produced with the Fire Testing Technology ConeCalc software

page 3

Cone Calorimeter Test Report

Laboratory name
Operator

Sponsor
Manufacturer
Sample description
Material name/ID

FPST
Roshan

PE

PE Report name

See individual reports

Heat flux See individual reports Surface area 88.4 cm?
Orientation Horizontal Retainer frame used? Yes
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The test results relate to the behaviour of the test specimens of a product under the particular conditions of the test; they are not intended to be the sole criterion for assessing
the potential fire hazard of the product in use.
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Report produced with the Fire Testing Technology ConeCale software

page 4

Cone Calorimeter Test Report

Laboratory name FPST
Operator Roshan
Sponsor
Manufacturer
Sample description PE
Material name/ID PE Report name See individual reports
Heat flux See individual reports Surface area 88.4 cm?
Orientation Horizontal Retainer frame used? Yes
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The test results relate to the behaviour of the test specimens of a product under the particular conditions of the test; they are not intended to be the sole criterion for assessing
the potential fire hazard of the product in use.
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Report produced with the Fire Testing Technology ConeCale software

page 5

Cone Calorimeter Test Report

Laboratory name FPST

Operator Roshan

Sponsor

Manufacturer

Sample description PE

Material name/ID PE Report name See individual reports

Heat flux
Orientation

See individual reports
Horizontal

Surface area
Retainer frame used?

88.4 cm?
Yes
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The test results relate to the behaviour of the test specimens of a product under the particular conditions of the test; they are not intended to be the sole criterion for assessing
the potential fire hazard of the product in use.
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Report produced with the Fire Testing Technology ConeCalc software

page 6

Cone Calorimeter Test Report

Laboratory name FPST
Operator Roshan
Sponsor
Manufacturer
Sample description PE
Material name/ID PE Report name See individual reports
Heat flux See individual reports Surface area 88.4 cm2
Orientation Horizontal Retainer frame used? Yes
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The test results relate to the behaviour of the test specimens of a product under the particular conditions of the test; they are not intended to be the sole criterion for assessing

the potential fire hazard of the product in use.
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Appendix F

Cone calorimeter standard operating procedure from Fire Testing Technology Ltd.

e These steps are for the FTT Cone Calorimeter with Xentra gas analyzer (for oxygen, carbon
dioxide and carbon monoxide), laser smoke system and operated in the “non-scrubbed” mode
and the ConeCalc 5 software.

e The steps below are based on the assumption that the cone calorimeter has been shut down in
the prescribed manner the previous day and that no problems were noted in any of the
equipment. If the unexpected does occur, some troubleshooting and corrective action will be
necessary.

e Note: Several calibrations are required each day prior to testing. These are integrated into

section A of this Standard Operating Procedure (SOP).

The setup procedure can be split into the following routines

F.1 Close cold trap tap

Remove the beaker from under the Cold Trap and close the Cold Trap tap. (This assumes that the

cold trap tap has been left open as instructed in the Shutdown procedure — see Section C.)

F.2 Turn system ON

e Turn on the computer and monitor (printer, if required).
o Ensure that the data logger is switch on and then start the software program by running
the ConeCalc 5 icon on the desktop or in Start\Programs\FTT Applications
e Check that the power to all of the following is on (or turn each one on, in case they are
not):
a) Analyzers must be on.
b) Laser (or Smoke) power must be on.
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Note: The laser and analyzers takes several hours to warm up. They should be left on

permanently.

c) Cold Trap refrigerator must be on.

d) Mass Loss Calorimeter Power must be on.

e) Cone power must be on. Check that the set point temperature is 0°C. Use the ¥ button
if necessary.

) Load Cell must be on.

Note: Overall main power should remain on permanently under normal conditions, except for

repairs or long down periods (such as site shutdowns). This supplies power to the following

devices: methane flowmeter, differential pressure transducer and oxygen analyzer.

F.3

Check filters and drying agents

Check that the drying agent (drierite) is in good condition. Change if necessary. Check that the

primary Balston filter and the secondary Hepa Vent are clean. Change if necessary.

F.4

Set duct flow

Check that the duct Fan, sample Pump and room extraction are switched off.

In the software, select Calibrations|DPT & Flow. Ensure that the exhaust control is
switched off (this closes the ports on the differential pressure transducer) and then press
the Zero button. Then press OK to record the zero point of the DPT calibration.

Switch the duct exhaust control on and switch the room extraction on. Enter 24 L-s? as
the required flow rate and press OK. Adjust the speed control to set the Volume Flow
Rate to the required level (24 L-s*). When 15 consecutive readings within 2 L-s? of the
required flow have been measured then the software will tell you that the flow is

correctly set. Then press OK to return to the Calibrations panel.
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F.5

Calibrate smoke system

a) Place the “smoke zero blank™ between the laser and the compensating photodiode

(next to the laser).

b) Select the software routine: Calibrations|Smoke and then press the Zero button. (Check

that the Calibrated Main and Compensating signals [PDM(-) and PDC(-)] are 0.000.)

¢) Remove the smoke zero blank and ensure that the blank slot and filter slot is covered.

d) Press the Balance button to adjust the input values of each of the photodiodes to give a
normalised ratio of 1.000 (this is in the PDC(-) and PDM(-) displays). If not then press

the Balance button again.

e) Then press the OK button.

[Additionally you may perform a secondary smoke system calibration as follows

el) Then press the Filter Calibration button.

e2) Place the ND 0.3 filter in the main slot (at the front of the Cone, above the control
panel) and ensure that this filter is selected using the radio buttons. Also check that the

correct value of the filter is entered in the text box.

e3) Then press Start. Wait 60 s for the data to be collected.

e4) Check that the Optical Density Correction Factor is between 0.95 and 1.05. Then
press OK. If not within these limits, then check that the filter is in position correctly and
that the correct filter is selected in the software and that the same filter value is on the

computer screen and repeat the routine again.

e5) Remove the filter and turn the filter cover to stop any light hitting the photodiode.]
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F.6

Calibrate gas analyzers

Turn on the sample pump and check for leaks or blockages. Ensure that the pressure to
the analyzer is 5 psi on the gauge inside the rack (the flow to the oxygen analyzer should
be 3 - 3.5 L-min? and the flow to the CO/CO2 analyzer should be 3 - 3.5 L-min?). If
leaks are present, locate the source of such leaks and correct the problem.

We then calibrate the Oxygen and CO/CO2 Analyzers. This will involve checking the
zero, using nitrogen, and then setting the value at that for dry ambient air, namely

20.950% for the oxygen analyzer, and the span gas values for the CO and CO2 analyzer.

a) With the lab extraction, fan and pump on, check that the volume flow rate is 24 I/s (use

Status).

b) Make a note of the flow into the oxygen cell and the CO/CO2 cell still with the pump

on by moving the flags on the flowmeters to the position of the float.

c) Turn off the pump.

d) Select the software routine Calibrations - Gas Analyzers.

e) Turn on the nitrogen cylinder.

f) Turn the valve below the oxygen flowmeter to the Nitrogen position and the CO/CO2

valve (below the CO/CO2 flowmeter) to the Nitrogen position.

g) Adjust the nitrogen flow from the regulator on the bottle to obtain the same flow as

mentioned in point b. This is very important.

h) Wait until the oxygen, CO and CO2 readings stabilize at approximately 0.0%.
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i) Zero the CO on the analyzer, using the menu system (Menu|Calibrate|Password
4000Manual Cal| A | A CO|Low Cal|0.0000%]|Yes) When the CO reading has stabilized at

0.000% then press Quit twice.

j) Then press ¥ and A to select the CO2 channel. Select Low Cal and ensure the display

says 0.000% and select Yes to perform the calibration. Then press Quit twice.

k) Then press ¥ and A to select the Oxygen channel. Select Low Cal and ensure the

display says 0.000% and select Yes to perform the calibration. Then press Measure.

1) In the gas analyzers transducer calibration panel press the Zero button in the Oxygen
Cell section. After the routine has finished (the progress bar has reached the top) check

that the Oxygen reads 0.000% on the computer screen.

m) Then press the Zero buttons in the CO2 cell and CO cell sections. Check that the CO2

and CO both read 0.000% on the computer screen. Do NOT press the OK button.

n) Turn off the nitrogen cylinder.

0) Turn the oxygen analyzer valve to air or sample gas.

p) Turn the CO/CO2 analyzer valve to CO/CO2 span gas.

g) Turn on the calibration gas cylinder.

r) Set the CO/CO2 flow rate to the value noted in point b by adjusting the gas cylinder

valve.

s) On the analyzer menu system select Menu|Calibrate|Password 4000|Manual
Cal|COJ|High Cal| then ensure that the value is that stated on the calibration gas bottle
certificate. Then select Yes to perform the calibration of the CO cell. When the reading
has stabilized, press Quit twice.
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F.7

t) Then press ¥ and A to select the CO2 channel. Select High Cal and ensure the display
shows the value is that stated on the calibration gas bottle certificate and select Yes to

perform the calibration of the CO2 cell. Then press Measure.

u) Check that the CO and CO2 span values on the computer screen match those on the
calibration gas bottle certificate (if not then edit the values). Then press the Span buttons
for the CO2 and CO cells. Check that the CO and CO2 values are adjusted to the correct

span concentrations.

v) Turn off the calibration gas supply at the gas cylinder.

w) Turn the CO/CO2 analyzer valve to sample gas.

X) Turn on the sample pump.

y) Let the oxygen concentration stabilize for at least 5 minutes.

z) On the analyzer menu system select Menu|Calibrate|Password 4000|Manual
Cal|Oxygen|High Cal| then ensure that the value is 20.95%. Then select Yes to perform

the calibration. When the reading has stabilized press Measure.

aa) Then press the Span button in the oxygen section on the computer screen. Check that

the oxygen value on the computer screen is 20.950%.

bb) Leave the sample pump on.

cc) Then press the OK button to accept all the gas analyzer calibrations. Then press Main

to return to the Main panel.

Perform The C-Factor Calibration

Perform a heat release system calibration with methane to determine the “C-factor”.
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a) In the software, select Status.

b) Ensure that the sample pump is on and has been running for at least five minutes.

c) Check that the following values are displayed:

i) Oxygen reads 20.950 %

ii) CO2 reads ~0.04 %

iii) CO reads 0.00 %

iv) Volumetric flow at orifice reads 24 L-s™.

d) Press OK.

e) Ensure that the methane bottle is turned off and that the Methane ball valve (on the
Cone Calorimeter) is off. Then select Calibrations|Zero MFMs and press Zero in the
methane mass flow meter section to zero the methane flow meter. (If a soot mass flow
meter is also installed then you must also press Zero in the Soot Mass section). Check

that the Methane (slpm) is 0.00.

f) Then press OK.

g) Select Calibrations|Gas Analyzers.

h) On the analyzer check the oxygen concentration is 20.95%. If is it not 20.95% then
reset the span by using the menu system: select Menu|Calibrate|Password 4000|Manual
Cal|Oxygen|High Cal| then ensure that the value is 20.95%. Then select Yes to perform

the calibration. When the reading has stabilised press Measure.

i) Then press the Span button in the Oxygen Cell section on the computer screen.
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J) Then press OK then Main.

k) If the CO is not within —0.002% to 0.002% then set the zero ONLY ON THE
ANALYZER. [Select Menu|Calibrate|Password 4000|Manual Cal|COJLow Cal| then
ensure that the value is 0.000% Then select Yes to perform the calibration. When the

reading has stabilized press Measure.]

I) Place the burner in position under the cone, ensure the spark igniter is in the idle

position and push the Ignition button on.

m) Turn the methane cylinder on.

n) Select the software option: C-factor, then Routine.

0) Enter the required information, including the atmospheric conditions (temperature,

relative humidity and pressure). Then press OK.

p) Open the shutters under the Cone heater (if not already open).

q) Ensure that the methane valve is OFF and then select Yes to perform the pre-run

calibrations.

r) Ensure that the methane is off and press Start to collect the baseline data.

s) When instructed to turn the methane on, place the igniter over the methane burner.

t) Turn the methane ball valve on half way.

u) When the methane ignites then turn the methane valve fully on. Then remove the

igniter.

v) Adjust the methane flow to obtain approximately 5 kW (bottom left graph and
display).
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F.8

w) Allow the data collection part of the routine to complete and turn the methane off
when instructed. (Do NOT adjust the methane flow valve or the pressure regulator on the

bottle during the data collection phase (last 3 minutes of the routine).

X) The routine lasts for 6 minutes of burning — turn the gas off using the Methane On/Off

valve when instructed and collect the after-test baseline data.

y) Then press the Stop button to finish the routine when instructed.

z) Turn the Pump off.

aa) Press Save to save the C-factor (and select which C-factor you wish to save). Make a
note of the calibration factor and compare with previous values. The acceptable range for
the instrument is 0.040 - 0.046. Measurements on two successive test days shall not differ
by more than 0.002. Such differences indicate malfunctions which require rectification
before testing is continued. (Typically a high C-factor results because of leaks or
blockages, a very high C-factor means that the cold trap is still open, a low C-factor may

be due to a leak in the methane line or a faulty mass flow meter.)

bb) Press the Exit button to return to the Main panel.

cc) Turn the Ignition off.

dd) Remove the methane burner.

Check the height Oo the cone

Ensure that the cone height is 25 mm above the sample surface.
Use a 23 mm spacer with the edge frame on the sample holder to ensure that the height is
correct [or remove the edge frame and place a dummy specimen in place so that the

surface is level with the inside of the edge frame, then use a 25 mm spacer].
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F.9

Set the heat flux

To set the heat flux.

a) Ensure that the cooling water to the heat flux meter is flowing.

b) Open the shutters under the cone heater.

¢) Place a non-combustible ceramic cover on the load cell platform.

d) Remove the red cap from the heat flux meter.

NOTE: NEVER TOUCH THE BLACK SURFACE.

e) Place the heat flux meter under the Cone heater and ensure that it is 25 mm from the
base of the cone heater. Use a 25 mm spacer to check this distance — take care to NOT

touch the black surface. Remember that the cone may be HOT!!

f) Select heat flux.

g) Select the required heat flux from the drop down list and then set the temperature
controller to give approximately the required heat flux. This is done by pressing the ¥

and A buttons on the temperature controller.

h) When the temperature has stabilized then look at the heat flux meter reading

(Irradiance).

i) Wait until the heat flux stabilizes before taking a reading. Adjust the temperature using
the ¥ and A buttons until the irradiance is at the required level (the Irradiance display

will be green).

J) When stable press the Save & Exit button.
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F.10

k) Remove the flux meter and ensure that a backing block is placed on the load cell

platform to protect the load cell from heat damage.

1) Check that the copper end of the heat flux meter is cold.

m) Place the red cap on the flux meter and put it in the clips behind the Fire Model.

Sample preparation and testing

Before testing a set of materials check that the scale of the load cell output is appropriate
for the mass of the specimen that will be tested.

To set up the load cell output, firstly determine the maximum mass, mmax, of the
samples you will be testing. Choose a range slightly higher than this largest mass. For
example, if your samples weigh about 80g, select 100g as a full scale load. This value has
to be entered into the Newport controller and into ConeCalc.

To enter the value into the Newport controller (full details are in the Cone Calorimeter

Users’ Guide).

PUSH DISPLAY COMMENTS

MENUx17 OT.SC.OF

MIN READ 1

MAX/MIN 00000.0 READ 1 must be 00000.0

MENU OUTPT1

MAX/MIN 00.0000 OUTPT1 must be 00.0000

MENU READ 2

MAX/MIN mmax Enter maximum mass here (e.g. 00100.0)
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MENU OUTPT2

MAX/MIN 10.0000 OUTPT2 must be 10.0000

MENU STOREDRESET2

To enter the value into ConeCalc select Configure and then edit the Load cell transducer
calibrations so that the four numbers match those entered into the Newport controller (i.e.
0 - 10V =0 — mmax g). Then press Accept. Then select Status. Tare the mass on the
load cell and check that the Newport and computer screen both show zero. Then place a
mass of the load cell and check that the mass displayed in the dialogue box is the same as
that on the Newport (providing the Newport is indicating a mass below that entered
above).

Note that it is very important that the mass does not exceed the mass span value (mmax)
because the Newport controller will display the correct mass but the signal sent to the
computer will “top out” (the signal will be greater than 10 V) and hence yield an
incorrect mass. In such a case, all parameters involving mass calculations would be
invalid.

Collect the sample, from the controlled temperature/relative humidity cabinet, measure,
and record the sample mass, thickness and the area of the top surface.

Following are the steps to prepare the sample:

a) Wrap the sample in three to four layers of heavy-duty aluminium foil, shiny side
towards the sample, covering the sides and bottom and leaving the testing surface

exposed

Note: The fiber blanket must be dried by heating to 150°C for at least 3 hours and then

placed in a desiccator containing silica gel to remove any water.
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b) Place sample in a clean horizontal specimen holder, which contains a fiber blanket.

c) If needed, use the optional retainer frame and/or wire grid. If a different mounting
procedure is to be used, as specified by the test sponsor, take the appropriate steps. Make

a note of the mounting procedure used.

d) Remove the specimen from the sample holder. Remove the cover on the load cell
platform and place the empty holder (including edge frame if used) on the load cell.
Allow the mass to stabilize and then press the Tare button on the Mass Loss Calorimeter

Control Unit.

e) Remove the sample holder from the load cell and replace the cover on the load cell

platform. DO NOT PRESS THE TARE BUTTON AGAIN.

f) Put the specimen in the holder and secure the edge frame to the specimen pan.

Check the system one more time, as follows:

a) Ensure that there is sufficient drying agent in the column.

b) Check that the soot filters are clean.

¢) Check that the laser system slots are covered.

d) Turn the sample Pump on.

e) Check that the flow rates to the oxygen and CO/CO2 analyzers are the same as they

were following the calibration of the analyzer.

f) Check that the volume flow rate through the duct is 24 L-s™.

g) Check that the heater temperature is the same as the temperature noted at the time of

the heat flux setting.
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h) Check the distance between the cone heater and the sample surface to confirm that it is

set at 25 mm, using an identical empty specimen holder as a guide.

i) Ensure that the pump has been running for 5 minutes. Then reset the span of the
oxygen analyzer by using Calibrations|Gas Analyzers and then press Span in the oxygen
cell section to set the oxygen concentration to 20.950%. Note that you may have to also

adjust the span in the analyzer software.

J) Ensure the spark electrode is in the idle position and then turn the spark Igniter on.

Select Start Test and then enter the specimen information. Remember that your tests are
performed “Non-scrubbed” and you must enter the correct laboratory conditions
(temperature, relative humidity and atmospheric pressure).

Then press OK.

Then perform the pre-run calibrations by pressing the Yes button.

Testing:

a) Ensure that the shutters are open and do NOT put the specimen on the load cell.

b) Press Start Baseline and collect at least 60 s of data.

¢) When instructed to insert the specimen, close the shutters.

d) Place the sample, held in the specimen holder (with the appropriate mounting method)

on the load cell and allow the mass to stabilise.

e) Pull down the protection screens.

f) Move the spark igniter into position and ensure that the Igniter button is on.

g) Open the shutters under the Cone heater carefully and press button S on the handset.
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h) Record the time at which sustained ignition occurs by pressing button | on the handset

and remove the spark igniter.

i) Press button E on the handset to mark an event time. This time will be displayed in the
Comments dialogue box after the end of the test where comments about the event can be

entered.

J) When the specimen stops flaming then press button F on the handset (this records the

flameout time).

k) Collect data for a further 2 minutes.

I) Press the S key on the handset to stop the test or press the Stop button.

m) If the specimen does not ignite within 10 minutes, terminate the test and discard the
sample, unless the specimen is showing signs of heat evolution or unless specific

alternative instructions have been received from test sponsor.

n) Remove the specimen and place the ceramic cover on top of the load cell.

0) To perform the next test go to step 2.

p) Turn off the pump if you are not going to conduct any further tests for the next 10

minutes.

F.11  Shutdown procedure

e Adjust the Cone temperature to 0°C.

e Wait until the Cone heater temperature is below 250°C
e Turn the duct Fan off.

e Turn the room extraction off.

e Turn the following buttons OFF:
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a) Pump

b) Cold Trap

c) Load Cell

d) Ignition

e) Cone

f) Power

Leave the Analyzers and Smoke buttons On all the time.

Shut down the ConeCalc application and turn the computer off. Then turn the data logger

off.
Ensure that the gas bottles are off.
Ensure that the cooling water is off.

Place a beaker under the Cold Trap and open the Cold Trap tap to collect the water.
Leave the tap open until the next time the instrument is used.
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