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Popular Science Summary

Computational fluid dynamics (CFD) based fire models are used for the
prediction of heat and smoke spread in building spaces. Such models use some
form of Navier-Stokes equations representative of different transport processes
(physical and chemical) occurring in the considered spatial domain during the
course of fire. Typically, these equations consist of mass, energy and momentum
conservation along with applicable boundary conditions, which are solved using
appropriate numerical methods for different field variables (typically, pressure,
density, temperature and velocity). With increasing computational power, such
calculations can be applied to numerous fire scenarios and completed in time
bound manner to provide improved fire safe building design solutions to
architects, fire engineers and regulatory bodies. However, CFD based simulations
face several challenges related to prediction accuracy and computational costs.

To improve upon the speed and prediction ability of CFD based fire models, it is
necessary to upgrade not only the computational infrastructure, but also invest
enough resources to explore new and accurate sub models and acquire better
experimental devices to provide material input parameters for simulating a given
fire scenario. Unless the material fire behavior cannot be predicted accurately in
microscale and bench scale studies, it is likely there will be large deviations in
the prediction accuracy of field models also.

A large number of polymers are used in building and construction sector, whose
fire performance is of particular interest from safety point of view. In this
industrial PhD work, the main research objective was to improve prediction of
fire performance of common polymer materials using numerical modelling and
simulation tools. To achieve that aim a novel one-dimensional computational
pyrolysis model was developed and validated for the solid phase. The method
followed a combination of deterministic and stochastic means following a
multiscale approach. The material property input parameters were acquired using
experiments performed in microscale analytical devices while validation was
performed on bench scale device. Another focus of the work was to explore stand
alone chemical reaction sub-models that can describe multiple reactions in
polymeric materials of common and industrial relevance. A sensitivity analysis
framework for standalone chemical kinetic models was also presented.

il



The overall results show the model is capable of predicting key fire technical
properties of interest obtained in a standard cone calorimeter device such as mass
loss rate (MLR), heat release rate (HRR), total heat released (THR). The
developed model could be incorporated it into a bigger CFD code and can be used
for estimation of fire propagation rate on successively incremental scale. The
performance of novel pyrolysis model considers several physicochemical
transformation complexities occurring in the material and renders a satisfactory
performance of the investigated materials on microscale and bench scale level
simulations.

A discussion section is also presented on how to incorporate higher degree of
complexity for gas diffusion and in depth radiation absorption for improving the
prediction ability of the current form of the model. In conclusion, the material
presented in this thesis contributes to better understanding of burning behavior of
selected polymers. These findings can be used as a foundation for expanding the
current level of understanding for flame spread calculations. It is envisaged that
the work shall be useful for practicing engineers and researchers involved in the
field of fire development and CFD based fire risk assessment.
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The boy stood on the burning deck,
Whence all but he had fled;
The flame that lit the battle’s wreck,
Shone round him o’er the dead.

Yet beautiful and bright he stood,
As born to rule the storm,
A creature of heroic blood,

A proud, though childlike form.

The flames rolled on — he would not go,
Without his father’s word;
That father, faint in death below,
His voice no longer heard.

He called aloud — ‘Say, father, say
If yet my task is done?’

He knew not that the chieftain lay
Unconscious of his son.

‘Speak, father!’ once again he cried,
‘If I may yet be gone!’
— And but the booming shots replied,
And fast the flames rolled on....

by F.D Hemans



1 Introduction

1.1 The Fear of Fire

The above lines have been taken from the poem Casabianca composed by the
English poet Felicia Hemans in 1826. As a school-going boy, I learnt different
stanzas of the above poem for participating in poetry recitation competitions in
my high school. The different lines of this poem have been echoing in my head,
ever since | took up research work in the area of fire safety engineering. The very
thought of being caught in a fire like situations can run down shivers to most of
us. The above lines are no exception; F. D Hemans portrays the apathy, tension
and plight of a young boy who waited for his father’s signal to vacate his post on
the ship that was caught on fire. Unfortunately, he was not aware of the fact that
his father, also the captain of the ship, was already dead and the boy kept battling
flames instead of trying to escape.

In general, these lines symbolize true actions and feelings of committed
individuals who value relationships and duties surrounding them, irrespective of
impending danger they may fall prey to. In case of acute trauma and emergency
like situation such as fire, their behaviour can become irrational and emotions
may take precedence over pragmatic actions. The field of fire safety engineering
supports rationality in the face of fire as a counterbalance of the risk for irrational
or emotional response to developing incidents.

1.2 Goals of Fire Safety Engineering

The field of Fire Safety engineering is committed to protect human lives and
structures by channelizing their scientific and engineering capabilities via rational
way of thinking so that emergency rescue situations may be dealt with high
degree of maturity. This includes taking active and pro-active measures to ward
off dangers associated with fire with the aim of protecting lives, and property or
both. However, despite several efforts the history has witnessed many fire
accidents. There is no dearth of the list of number of people who have succumbed
to deaths by burns and smoke inhalation. Recent fire statistics from National Fire
Protection Association (NFPA) in the United States reveal the year 2017, alone
saw 3400 civilian fire fatalities, 14,670 civilian fire injuries and an estimated $23
billion in direct property losses [1]. Out of this, home fires caused maximum
number of civilian fire deaths (2630 lives or 77 % of the total number of deaths).



These staggering statistics reveal the gravity of the situation and high degree of
vulnerability of the people with respect to an omnipresent fire risk hazard they
live in their own built environment. The issue of potential dangers associated with
fire affects people in other situational circumstances also. This risk is not only
limited to building spaces but also present when people travel via road/rail/air, or
during their presence in industrial workspaces and often getting affected of the
acts of arson due to malicious intent of the perpetrators.

The fire engineering community has formed a structured preventive approach by
clearly defining fire safety objectives and acceptable levels of safety [2,3]. In case
of building fires, the primary safety objective is to ensure the life safety of
occupants. This is achieved by promoting building designs that allow sufficient
egress times before untenable conditions in the compartment are reached [4].
Other fire safety objectives are to prevent the spread of fire to other
compartments/buildings and avoid serious injuries to fire fighters.

1.3 Regulatory Framework and Testing Methodology

In the present scenario, in order to meet the above discussed fire safety objectives,
the methodology of fire testing has been instituted via harmonized codes and test
standards published by International Standardization Organization (ISO) [5] or
other notified and standardization bodies. The main purpose of fire testing is to
assess the fire performance of individual building material, components and
products in standard test conditions for classification purpose. This process
involves following standard methods for preparing, conditioning and mounting
of the test specimens in accordance with relevant test methods and product
standards prior to any testing. The ‘Reaction to fire’ product classification is
performed based on the European standard EN 13501-1 [6], which lays down
general requirements, provides a model for reporting and gives background
information of the testing and classification system. This document applies to
three categories, namely construction products, floorings and linear pipes thermal
insulation. Based on the performance in a test, a Euroclass (A1, A2, B, C, D, E
and F) is awarded to a lining product. In Euroclasses, A1 and A2 represent
different degrees of limited combustibility. For linings, Euroclasses B-E
represents products that may go to flashover in a room at certain times. Products
which do not live up to the classification demands and cannot be classified in
one of the classes Al, A2, B, C, D, E are awarded class F. For linear pipe
insulations and flooring materials, subscripts L and fl are added. Thus there are
seven classes for linings and seven classes for floor coverings [4]. All the
materials classified as A2, B, C, D obtain an additional classification regarding
emission of smoke (s=1 (weak) to s= 3 (high)) and production of flaming droplets
(d=0 (absent) to d=2 (high dripping)). The 'Reaction to Fire" testing methodology
mainly focuses on consideration of the fire risks in the initial developmental



stages (pre-flashover) of fire. This is done via assessment of ignition, flame
spread and heat release and smoke generation.

Some examples of standard reaction to fire tests are':

a)

b)

c)

d)

)

EN ISO 1716 [7] - Bomb calorimeter test to determine gross calorific
potential of a material. This test is relevant for classes A1, A2, Alg, A2q
EN ISO 1182 [8] — Non-combustibility test to identify products that will
not or will not significantly contribute to fire regardless of their end use.
This test is relevant for classes A1, A2, Alg, A2q, Alr, A2L

EN 13823 [9] — Single Burning Item (SBI) test to evaluate the potential
contribution of a product to the development of a fire, under a fire
situation simulating a single burning item in a room corner near to that
product. The test is relevant for classes A1, A2, B, C, D. Subscripts L and
fl are added for linear pipe insulation and flooring materials.

ISO 9705 [10] — Room corner test is a large scale test method to measure
burning behaviour of construction products in a room scenario. The
principal output is the occurrence and time to flashover.

EN ISO 11925-2 [11] — Small flame test to evaluate the ignitability of a
product under exposure to a small flame. The test is relevant for classes
B, C, D, E, Bs, Cyq, Ds, Ea. Br, Ci, Dy, Er.

EN ISO 9239-1 [12] is a floor covering test to evaluate critical radiant
flux below which flames no longer spread over a horizontal flooring
surface. The test is relevant for classes A2y, By, Cq, Ds.

EN ISO 5660-1 [13] is a bench scale test to evaluate heat release and
smoke production characteristics of a product specimen by impinging
external heat flux from a cone heater above the sample.

On the other hand, when the objective is to ensure the stability of the structure
and prevention of fire spread, testing methodology focuses on load bearing (R),
insulation (I) and integrity (E) of the structures via ‘Resistance to fire’ tests
conducted in large scale industrial sized furnaces of horizontal or vertical type
(EN 1363-1 [14] and EN 13501-2 [15]). The method provides the ability to
quantify the capacity of an element, or a construction, to withstand high
temperatures when exposed to different type of fire curves (e.g. ISO 834 fire
curve; hydrocarbon curve). The main outcome is a report carrying the information
about the fire performance of the product in a given test conditions, which may
be used to seek a type approval from the relevant certification authorities to get a
fire rating/CE marking of the product specimen.

! Subscript (1) here refers to classification for flooring materials



1.4 Numerical Simulations for Product Development

In this gamut of adhering to prescribed fire testing procedures for the scrutiny of
building material and products, the repercussions of a failure or
underperformance leads the onus of product redevelopment cost on the
manufacturer. Such detrimental issues hamper innovation; lead to poor cost
efficiency and delay in reaching the benefits of the product to the end customer.
In light of this problem, it is interesting to study and explore the fire behaviour of
materials via numerical simulations. This can aid the manufacturer in fine-tuning
their design in the early product development stages to meet the fire safety
requirements. These tasks may be accomplished under the activities of numerical
modelling and simulation, where in the fire performance of products may be
estimated based on close representation of physicochemical phenomenon
occurring in the material during a fire test via application of the principles of heat
and mass transfer. In a more simplified language, modelling and simulation tasks
aim to convert physicochemical nature of the fire problem into actual
mathematical governing equations, that have the capability to resolve various fire
technical properties of interest, predicting their performance in a standard fire
test. Some examples of the variables are time evolution of temperature
distributions, mass loss rate, heat release rates and smoke development. The
proliferation of mathematical models and their eventual solution using numerical
methods using advanced computational resources has rendered a way to solve the
very theoretical nature of the problem into quantifiable entities in form of
different fire technical properties. To cite a few examples out of large number of
computer software packages used in this domain are based on CFD based
programs such as (Fire Dynamics Simulator (FDS) [16], FireFoam [17]), FEM
based programs such as (TASEF [18]; Comsol) and other pyrolysis models based
on finite difference numerical schemes such as Thermakin [19], Pyropolis [20].
In addition, stand-alone mathematical software packages are also available for
performing mathematical computations such as individual Matlab and Python
based scripts.



1.5 Research Objectives

The overarching research objective of this work aims to improve prediction of
fire performance of materials using numerical modelling and simulation tools. To
achieve this goal the work has been sub-divided into the following specific
objectives:

Research Objective 1:

To investigate major experimental techniques used for evaluating the fire
behaviour of polymeric building materials.

This part of the research aims to investigate major experimental techniques used
for evaluation of fire behaviour of polymers on different length scales starting
from microscale to bench scale level. These set of techniques evaluate the thermal
decomposition, heat release and smoke emission characteristics exhibited by the
sample specimen upon exposure to heat. The evaluation is not exhaustive. It
excludes those techniques that characterize other phenomena experienced by the
materials during combustion process such as flame spread, burning droplets and
gas composition analysis. Chapter 3 covers the main points outlined for this part
of the research work.

Research Objective 2:

To investigate which numerical models and simulation techniques are suitable
for predicting the fire behaviour of building materials.

This part of the research investigates which mathematical models and numerical
methods may be used for prediction of fire behaviour of polymeric materials on
two separate length scales namely microscale and bench scale. This evaluation
does not cover all the models existing in literature but encompass some of the
main works done in the recent past that may be considered as reference points in
developing new ideas in the field of fire simulations. It is believed the results
obtained during this task will pave the way for modifications and development of
new models with distinct features. Chapter 4 covers the main aspects for this
portion of research work.

Research Objective 3:

To identify the gaps in the mathematical models found in literature on
microscale and bench scale models and find new sub-grid models for rendering
improvements in their overall prediction ability.

This part of the research aims to identify gaps in the identified mathematical
models and aims to seek modifications that could be made in microscale and



bench scale models in order to improve the overall prediction ability and address
various physicochemical transformations occurring in the material via suitable
governing equations. Further, this work aims to explore new sub-grid models
prevalent in other research areas such as combustion of solid fuels in industrial
power plants. Those sub-grid models could find new applications in fire
simulation work. The scope of investigation is limited to chemical kinetic models
and excludes several other sub-grid models (e.g. radiative char model, porosity
models, volume expansion/shrinking models etc.) which may be evaluated that
are existent in literature. Hence, performance evaluation of stand-alone sub-grid
chemical kinetic models and sensitivity analysis in combustion literature forms
one of the main area explored in this section. The main aspects of this research
objective are presented in chapter 4 and 5.

Research Objective 4:

To identify how material behaviour can be linked from test data acquired from
microscale characterization experiments to predict bench scale fire behaviour,
through numerical modelling.

This part of the research work aims to highlight, how material property data
acquired using microscale material characterization tests be used for providing
input data to newly developed bench scale model for prediction of fire properties.
The work encompasses model development tasks displaying the interlinking of
microscale sub-grid model to the bench scale model.

Later sections of Chapter 4 (Section 4.5) and Chapter 5 provide answers to the
main goals of this research objective.

1.6 Limitations

The discussion on main limitations of the study is divided into experimental and
numerical aspects of the work. For the experimental part, it can be stated, only
few selected materials were used in this thesis as a point of evaluation for the
model development process. In addition, the list of materials used as specimens
is only representative of common building materials. The list is not exhaustive
but rather representative of what can be found as combustibles in common
residential buildings. Secondly, some input data required for simulation work was
not acquired by means of experiments, but sourced from literature values. In
addition, direct acquisition of experimental data was subject to access to
analytical devices.

Moreover, the study focused to simulate most significant bench scale fire
properties of interest that may be obtained via cone calorimeter such as time to
ignition and heat release rate, peak heat release rate and total heat release rates.
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The study does not address and simulate many other bench scale fire properties
of interest such as evolution of various gas species via quantification of
concentrations, flame spread rate, mechanical behaviour (bending, cracking,
swelling, shrinkage), phase change phenomenon such as melting, formation of
bubbles, melt and plastic behaviour and burning droplet formation.

Also, only few microscale and bench devices depending upon the availability of
the analytical equipment were used to acquire input data relevant for simulations.
Henceforth, the study does not address/reflect the material fire performance in
many other standard bench scale devices for fire tests such as non-combustibility
apparatus (EN ISO 1182 [8]), lateral ignition and flame spread (ASTM E 1321)
apparatus (LIFT), smoke density chamber (ISO 5659), small flame test (EN ISO
11925 [11]) to evaluate ignitability.

With reference to simulation work, the study is mainly focused on solid phase
material decomposition only; the model in current form is not capable of
resolving gas phase parameters. Although, the model discusses several
complexities in the solid phase during thermal decomposition such as gas
diffusion and in-depth radiation absorption but these physical phenomena have
not been implemented in its current form of the model. For instituting the sub-
model on bench scale level, an analytical approximation has been used as
mathematical difficulties were unresolved in its current form. The main reason
for it was attributed to presence of Gaussian integral and error function in the
solution of coupled partial differential equations.
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2 Theory

2.1 Multi-scale Approach for Fire Simulations

In view of the multitude of products entering the building materials market, the
need for meeting the fire safety requirements is ubiquitous. Recent trends in
fire simulation studies show the adoption of multi-scale approach. The term
‘multi-scale’ refers to acquiring material property data using small-scale tests
for using as inputs for performing fire simulations on progressively increasing
scales. This involves obtaining knowledge about the individual building
materials by deconstructing them into different components of which they are
composed of and obtaining their individual physical and chemical properties
relevant for providing inputs to fire simulation. Another dimension of this
approach also refers to model validation tasks on each studied scale and
analyse variation in fire behaviour of materials as the scale of fire testing
changes. The term validation refers to the process of determining the
appropriateness of the governing equations as a mathematical model of the
physical phenomena of interest [21]. The work involves the evaluation of the
quality of predictions made by the mathematical models by comparing the
simulated results with the data obtained via experimental measurements. The
main standard covering this area is published by American Society of Testing
and Materials under the document ASTM E 1355 [22].

The items used in buildings are mainly classified into three main broad
categories: Building content, Building Products and Building Barriers. Each of
them may comprise of one or more constituting materials. The three main
categories may be defined as:

- Building content: They are defined as interior objects that can be
moved /and or are mobile, not attached or fastened/part of room
construction — e.g. electronic goods (TV, Microwave oven), furniture
(sofa, bed, drawer chests) etc.

- Building products: These are items used for the construction of
building, consisting of one or more solid materials — e.g. gypsum
plaster board, sandwich panels, electrical cables
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- Building barriers: These are the boundaries of the fire compartment
in which the fire is present and are used to separate one compartment
from another in case of fire. E.g.- wall window, door, roof and floor

Micro-scale } ﬁl
Sy

[

2

Bench Scale @

4

i

—

Product Content Barrier

Fig. 1 Multi-Scale approach for fire modelling of building products, content and barriers

Microscale: The first step towards fire simulation is to acquire material
property input data. In this stage, material analysis is performed on milligram
sized test samples. As the sample sizes are small heat transfer effects may be
neglected allowing investigation of chemical kinetic properties, combustion
properties without added complexity of thermal gradients. Common devices
used for such studies are simultaneous thermal analyser (STA), micro-
combustion calorimeter (MCC) and bomb calorimeter. Such tests give initial
estimates of mass loss profiles, heat released, exothermicity or endothermicity,
heat of combustion of the reactions that occur in the materials and various
points of material transformations in a dynamic heating experiment.

Bench Scale: This is the next stage of material analysis followed by microscale
testing. For applications to building content and building products this size,
falls in the range in which heat transfer effects are taken into account but flame
spread effects are not part of the analysis. Specimen sizes are in the range of
few centimeters. One example of such a specimen is the one used in cone
calorimeter (square specimens of 10 cm by 10 cm) which is a standard size
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used for the assessment of reaction to fire properties. In addition to that, some
material properties such as the heat transfer properties are considered to be
acquired on this level as the size of the sample required for measurements are
bigger than that of microscale level by a few orders in magnitude. Common
devices of acquiring heat transfer properties are slug calorimeter [23], guarded
hot plate (GHP), transient plane source (TPS) and heat flow meter (HFM).

Intermediate Scale: This scale refers to fire testing of products and building
barriers on a progressively larger samples in which the size of the samples are
of order of few meters. On this scale, flame spread effects and heat transfer
effects taken into consideration depending upon the choice of the apparatus.
Common devices used for such studies are top/front loading gas fired furnace
of size (1.46 x 1.46 x 1.5 m?), single burning item test (SBI), lateral ignition
and flame spread (LIFT) apparatus.

Large Scale: The large-scale fire behaviour comprises of combined fire
behaviour of building product, content and barriers. The size of the specimens
are typically several times bigger than the intermediate scale level. Common
testing methodologies involve, placement of the test setup under an industrial
hood, usage of large-scale furnace of size 3 m x 3 m in vertical or horizontal
format or as free burning item. It may represent substantial part of the
construction in its entity or in partial forms. For example, a portion of foam
slab and gypsum plasterboard and stone-wool sandwich in placed in a corner
arrangement tested for heat release rate, temperature development and flame
spread. It can also represent testing of full-scale test specimens in large furnace
or as in a free burning test. The sizes of the test specimen may represent the
actual size of the real doors, windows, glass partitions and facades.

Overall model for fire simulation: The final phase of the multiscale approach
is to integrate knowledge gained from experiments and simulations from each
scale into a single model for fire simulation using a complex simulation code.
This may be done using a complex fire simulation software, which involves
many phenomenon e.g. fluid dynamics, heat transfer and pyrolysis, which may
then be used for engineering product design calculations.

An example of this approach could be an electrical cable (designated as
building product) which would comprise of a current carrying conductor
(typically made up of copper), polymeric sheathing (such as PVC) and plastic
insulation (polyethylene). The fire performance of a cable may be assessed by
obtaining material properties of each constituting elements via small scale
testing followed by simulating their fire performance in bench scale test
configuration (such as a cone calorimeter) using suitable program such as Fire
Dynamics Simulator.
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Depending upon the response, this may further be extended to simulate heat
release, smoke emission and flame propagation characteristics of a bunch of
cables mounted on a vertical ladder (system level) in different mounting and
backing conditions analogous to in a real fire test. An example of such a fire
test can be exemplified via standards EN 50399 [24] in which a bunch of cables
are mounted on a vertical ladder and combusted with a gas burner in corner
configuration.

The test outputs from such simulations will encompass key parameters such as
flame spread (m), peak heat release rate (p-HRR) (kW), total heat release
(THR) (MJ), total smoke production (TSP) (m?®) values. This would enable
significant help to the manufacturers in assessing the fire behaviour of cables
during product development stages and make modifications without actually
testing the semi-finished products.

2.2 Pyrolysis Modelling

The pyrolysis phenomenon can be described as the release of volatile gaseous
components from the material upon exposure to heat. In the last decades, rapid
advances in the field of 1D comprehensive pyrolysis modelling have been
witnessed.

Several computer programs based on computational fluid dynamics (CFD)
framework have been developed such as Fire Dynamics Simulator (FDS)
[16,25], Thermakin [26], Pyropolis [20], Comsol [27] and Matlab [28] based
applications. Some of the notable works in the field of comprehensive
pyrolysis modelling include those of McGrattan [16], Stoliarov et al. [19,29],
Snegirev et al. [30], Marquis et al. [31,32], Ghorbani et al. [33], DiBlasi [34]
and Bustamante [28]. Their models incorporate different physicochemical
processes to describe material response to heat in form of mass and energy
conservation equations. Despite elaborate efforts, the results of such
simulations deviate considerably from experiments in large number of cases
for a variety of materials under different heat exposure conditions and
specimen dimensions [26,33]. The main factors accountable for incongruence
between experimental and simulated results are lack of material property data,
deficiencies in mathematical model describing the underlying physics and
numerical problems in computation of governing equations. To account for
such deficiencies, acquisition of direct material property data and
modifications performed on sub-model is one way forward for resolve such
issues in an effort to improve the predictive capability of model equations. In
this work both, the approaches have been adopted depending upon the
availability of experimental resources and instituting modifications on sub-
model level to seek improvements in bench scale fire simulations. For direct
acquisition of material property data, microscale material characterization
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experiments have been performed while on modelling level, new sub-model
based on probability and statistics have been instituted to account for variations
in key input values. The main concept of probability distribution function
(PDF) based on Gaussian distribution of activation energies has been used in
chemical reaction sub-model, which accounts for the variations observed in
chemical kinetic parameters a key input in fire simulations.
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3 Materials and Methods

3.1 Research Methodology for Model Development

The strategy followed for the model development process is broadly
summarized using a seven-point process. It has been largely derived from the
project work performed under the individual tasks and work packages of the
bigger project Fire Tools [35].

The various steps are as follows:

1. Identification of multi-scale studies prevailing in scientific literature.
Reviewing existing mathematical models for fire simulations on
microscale and bench scale studies.

3. Reviewing experimental methods used for retrieving material property
data for providing inputs to identified models.

4. Determining gaps in existing modelling studies and exploring scope of
improvements for target fire technical properties of interest.

5. Material selection and acquisition of experimental data for comparison
with test data during model development process to assess the model
performance.

6. Shortlisting of models, proposing modifications and their conversion
to relevant computer programs for model fitting and comparison with
experimental results.

7. Documenting model performance via publications in scientific
journals related to fire behaviour of materials.

3.2 Choice of Materials

The main intent of the work was to demonstrate the model performance for a
set of materials that are representative for those found in common buildings.
Material selection decisions were also based on the joint collaborative work
performed under the framework of Fire Tools project with other participant
researchers [23,36,37]. It is to be noted that not all experimental techniques on
investigated scale were used in this research work, however, some of them
have been described in brief which were found to be helpful in sourcing data
from literature. In this section, justification for the choice of materials is
presented.
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The choice involves two widely used thermoplastics in electrical cables. Since
cables are prone to short circuits due to insulation malfunction resulting in
eventual fires. Hence, polyvinyl chloride (PVC) and ethylene vinyl acetate
(EVA) were chosen in a few of the studies. Both the materials were obtained
in neat as well as industrial formulation form and are reported in Paper I and
II respectively. Poly-methyl methacrylate (PMMA) was another material
chosen because it has been widely studied as a reference material in fire safety
engineering domain. In addition, the material is widely used as lightweight
replacement of glass in doors and windows. The third set of materials are also
polymeric in nature and used in building and construction sector in the form of
covering for gypsum plasterboard wall partitions. Therefore, cellulosic paper
sample retrieved from a commercial gypsum plasterboard was also part of the
study. Finally, a fabric composed of a blend of cotton and polyester was
included to represent furniture fire issue as it is used as an upholstery material
for foam-based materials such as cushions, sofas and mattresses.

3.3 Studies encompassing chosen materials

It is to be clarified that not all the materials were part of all the publications.
For the first publication, PVC and PMMA specimens were used on which a
detailed analysis on kinetic modelling has been performed. In the subsequent
paper on sensitivity analysis, the list of test specimens was expanded to paper
(retrieved from a gypsum plasterboard), ethyl vinyl acetate (EVA), fabric used
in furniture which is a blend of cotton and polyester. Later other formulations
of EVA having ATH impregnated in the polymer matrix. In the third paper
another commercial formulation of cable sheathing polymer of PVC was used
which was supplied by Braskem, while EVA-ATH formulation was supplied
by Nabaltec AG.

In other studies stone wool, steel, and gypsum plasterboard based constructions
were used as test specimens (but are not discussed in this framework of thesis).
Table 2 outlines the list of materials and equipment used in various studies and
their corresponding sources of data acquisition.
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Table 2 List of materials and experimental equipment used for data acquisition

Paper # Materials Techniques Data Sources
PVC
1 STA VTT (Finland)
PMMA
SwRI (USA)
PVC
PMMA VTT (Finland)
EVA Lund University (Sweden)
1] STA
Paper (Plaster board SwRI (USA)
covering) University of Lille (France)

Fabric (25% Polyester
rest cotton)

STA
PVC (Industrial Cone
" Formulation) Calorimeter Nabaltec AG (Germany),
EVA-ATH (Industrial Twin screw Braskem SA (Brazil)
Formulation) extruder

Hot pressing

Machine
v PVC STA VTT (Finland)
STA
MGG DBI (Denmark)
Other Stonewool Bomb Lund University (Sweden)
om
publications* . University of Edinburgh (U.K)
Calorimeter
Rockwool International A/S (Denmark)
Slug
Calorimeter
STA
oth Gypsum plasterboard H-TRIS DBI (Denmark)
er
blications* Stonewool Intermediate University of Edinburgh (U.K)
ublications
P Steel Scale Furnace
Large Scale
Furnace

*Results obtained in other publications are not discussed under the current document but have been part of fire
tools activities. For details, reference to individual publications should be made.
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3.4 Microscale Equipment

3.4.1 Simultaneous Thermal Analyser (STA-TGA,
DTA/DSC)

Simultaneous thermal analysers (STA) have dual capabilities of performing
thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) tests [38,39]. In this work, test data was largely acquired using Netzsch
449 F3 STA and hence this section is based on design specification and
working principle of that instrument. Variations in instrument design is
common among manufacturers. In the standalone TGA mode weight changes,
temperature stability, oxidation and reduction behaviour, decomposition can
be evaluated. While in DSC mode melting, crystallization, oxidative stability,
evaluation of specific heat may be studied. When the device is connected to a
Fourier Transform Infrared Spectrometer (FTIR) and/or a Gas Chromatograph-
Mass Spectrometer (GC-MS) various chemical functions of complex gas
blends may be evaluated from the evolved fragments during operation,
enabling detailed gas analysis.

Gas Atmosphere
| Sample Pan
Logic S R Reference Pan
Controller ) ’| A
Furnace
Thermocouples
Cooling Type S (Pt/Rh)
Control A
Data Sensor
Recorder Amplifier/Microbalance

Fig. 2 Schematic of a TGA-DSC/TGA-DTA (A represents the differential signal AT for DTA and AP for DSC)
(Reproduced from [40])

The working principle of TGA is based on monitoring of weight changes while
the sample is exposed to a specified heating program. For DSC, the working
principle is based on monitoring of heat flow rate to the sample against time,
while the samples are exposed to a temperature program. The DSC used in
Netzsch 449 F3 is a heat flux type DSC, in which the temperature difference
between sample and reference is recorded, after a suitable calorimetric
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calibration as a direct measure of the difference in heat flow rate or the
difference in power. The schematic diagram of the device is shown (Fig. 2),
showing the placement of the rod type sensor connected to a sensor signal
amplifier, data recorder and cooling control and logic controller. Also shown
are pans for sample and reference material in contact with thermocouple of the
rod sensor. The sample carrier is placed concentrically within the radiation
shield surrounding it. The radiation shield is used for even distribution of gas
around the sample.

The temperature range of the instrument depends upon the type and properties
of the furnace used. Some examples of different form of furnaces used are Steel
(up to 1000 °C), Platinum (up to 1500 °C), Silicon Carbide (up to 1600 °C),
Graphite (up to 2000 °C) and Tungsten (up to 2400 °C). The device is equipped
with a top loading balance. This type of design allows ease of operation as
samples can be introduced in the machine from the top in the sample holding
crucibles. Some other manufacturers use hanging samples in basket type of
crucibles. The simultaneous analysis is possible via replacement of plug and
play sensors for desired mode of operation each for TGA-DTA, TGA- DSC
and TGA-DSC-Cp sensor. The sample carrier rods have thermocouples
embedded on the bottom part of the platform on which sample pans are kept.
The thermocouples having a wide range of measurement capability (such as
type S allowing temperatures measurement up to 1650 °C). The device can be
programmed for temperature scanning rates from 0.001 to 50 degrees °C/min
(for higher heating rate up to 1000 °C /min are possible but it depends on the
furnace used). Often, the device is provided with two purge gas options (inert,
oxidative, corrosive) and one as a protective gas for the balance. The
microbalance connected to the rod sensor is used to log weight changes.

3.4.2 Microscale Combustion Calorimeter (MCC)

The microscale combustion calorimeter (MCC) was developed by Federal
Aviation Administration (in the United States) in the late nineties so as to study
the flammability of the polymeric materials used in commercial aircrafts [41].
Fig. 3 shows the schematic diagram of MCC. The device consists of two
chambers namely a pyrolyzer and combustor. Each chamber is supplied with a
gas line of nitrogen and oxygen respectively. The working principle is based
on stimulating the actual conditions in a flaming solid, in which two zones exist
in the case of specimen is on fire. The first zone at the sample gas interface is
the pyrolysis zone (oxygen deficient zone) where fuel conversion to volatiles
take place, followed by combustion zone where volatile gas generated interacts
with a reactive gas atmosphere such as bulk oxygen from air to release heat
and smoke. In the MCC, the pyrolyzer chamber is equipped with a nitrogen
gas line and a furnace, which heats up the sample in oxygen deficient
environment. The products of pyrolysis are swept away to the combustion zone
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via nitrogen and combusted in presence of excess of oxygen and high
temperature.

Oxygen
Scrubber |—>|Flowmeter|—)[ Analyzer I——)| Exhaust |

Flame

Combustor

Data
Acquisition

Pyrolysis
Zone Pyrolyzer

Combustible
Solid

Flaming Combustion sample J

Fig. 3 A schematic diagram of Microscale Combustion Calorimeter (MCC) (Reproduced from Ref. [41])

The Heat release rate (HRR) at different sample heating rates and heat release
capacity (HRC) are calculated based on the oxygen consumption, heating rate,
flow rate and the sample weight. The other related flammability parameters
provided by a single MCC experiment include temperature at peak heat release
rate (TPHRR), total heat release (THR) and percent char yield. In this research
work, the experimental work on MCC has been restricted mainly for obtaining
heat of combustion of stone wool [23] and to corroborate with the data reported
in literature on combustibility values for PVC [42]. Nevertheless, the device is
gaining wide acceptance in fire safety engineering community hence this has
been briefly discussed.

3.5 Sample Preparation (Bench Scale Specimens)

3.5.1 Screw Extruder and Hot Pressing

Polymer compounding and extrusion is an important step in the sample
preparation process before any bench scale fire testing may be performed on
them. The compounding and extrusion were done mainly for PVC and EVA-
ATH polymers in two different industrial labs (Nabaltec AG and Braskem)
hence; a generalized schematic is shown in Fig. 4. No detailed description of
the individual equipment is shown in this section. The schematic illustrates the
feed charging of the polymer mixture and extruding the pellets out of it. The
reader may refer to Paper III for further details in preparation of each
formulation used in the study. For initiating the compounding process,
additives for desired polymer formulation were gathered in respective
proportion for mixing along with the pellets of neat polymers. This was
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followed by transferring the mixture to single screw extruder hopper to extrude
small pellets of the formulation. In some cases, the heated mixing chamber,
also called as kneader and that one was used for pre-mixing the various
polymer additives before charging to screw extruder. The last step is the hot
pressing of the pelletized material under pressurized conditions, by applying
hydraulic force equivalent to approximately twenty tons. The result is a plastic
sheet of defined thickness.
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3.6 Bench Scale Fire Testing Equipment

3.6.1 Cone Calorimeter

The Cone calorimeter is widely used as a bench scale test equipment for
measuring reaction to fire characteristics. The working principle of the device
is based on oxygen consumption calorimetry. The device has been adopted by
the International Organization for Standardization (ISO 5660-1) [13] for
measuring heat release and smoke emission characteristics of a specimen. The
main components of the device include a conical radiant heater, specimen
holder, load cell, exhaust hood, oxygen concentration analyser. The specimen
is usually cut into square shapes of size 10 cm x 10 cm for testing. It is placed
on the edge frame backed by the aluminium foil and ceramic wool to avoid
heat losses from the backside. The whole assembly is put on the load cell and
irradiated with the cone heater at a predefined heat flux level. A schematic of
cone calorimeter set up and sample preparation method is shown in Fig. 5 and
Fig. 6 respectively. When the sample is irradiated the material shows emission
of volatile gases and later appearance of a flame when the spark igniter ignites
the volatiles. The gas mixture generated upon irradiating the sample are
extracted by the hood for the measurement of oxygen concentration, smoke
obscuration (via laser extinction) and quantification of heat release (HRR,
THR) and smoke emission (TSP, RSR) characteristics. The device provides
various possibilities of testing specimens of different thicknesses,
configurations (vertical and horizontal) under varying incident heat flux
conditions.
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4 Numerical Modelling

4.1 Overview

In this chapter, a modified computational pyrolysis model developed for solid
phase is presented. This chapter aims to provide the reader an overview of all
the mathematical models used in this PhD work in a systematic and concise
manner. The overall modelling and simulation work is aimed at developing the
capability of simulating the pyrolysis and combustion phenomenon in charring
and non-charring polymers. The approach followed here is a combination of
deterministic and stochastic in nature. The deterministic aspects of modelling
work comprise of forward solution of governing equations when input values
are fed to the model. While the stochastic part of the model come into play
when some of the key input parameters required to resolve the solution of
governing equations are estimated by means of probabilistic approaches and
parameter search algorithms (in this case chemical kinetic parameters).

The nature of a fire model is thermo-chemical in its character because it
combines transient heat transfer equation and other sub-models (including
chemical reaction, gas diffusion and in-depth radiation absorption) to describe
the material transformation during fire. The key features of the developed
model is illustrated by its capability of incorporating multiple chemical
reactions and using temperature dependent physical and chemical properties as
input values. One-dimensional version of the model is implemented via heat
transfer problem analogous to the testing condition in a cone calorimeter.

The overall foundation of this chapter is largely sourced from the individual
theoretical concepts presented in each paper; 1 [43], 11 [44], 1] [42] and IV [45]
listed in the beginning of the document. For a detailed account of individual
models shown in each publication, respective papers may also be referred.

Models covered under individual publications:

» Paper I presents detailed kinetic analysis on two different polymers
(neat PVC and PMMA) using model free and model fitting methods.

> Paper II presents kinetic and sensitivity analysis of kinetic parameters
estimated for multi-reaction chemical kinetic model. The concept is
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extended to several materials (including Paper (used in common
gypsum plasterboard), EVA-ATH, PVC, and Fabric).

> Paper III presents the implementation of a microscale chemical
kinetic model in bench scale model for prediction of fire behaviour of
materials corresponding to tests performed in cone calorimeters.

» Paper IV presents the DAEM model in its model free form and shows
the effects of varying gas atmospheres and heating rates on the rate of
thermal decomposition profiles of PVC samples.

The vital link from microscale studies to bench scale material flammability
experiments performed typically in standard cone calorimeters is shown via
the third paper. This is also in agreement with the aim to demonstrate the
implementation of multi scalability of the problem up-to the bench scale level.

In view of that background, the next three paragraphs discuss the organization
of this chapter. The first part of this chapter, (Section 4.2.1) focuses on Micro
scale model. This part shows the derivation of equations used to retrieve
chemical kinetic constants after processing of TGA data. In addition,
background information about different reaction models existing in literature
is shown in brief.

Section 4.2.2 is related to model fitting approaches (distributed reactivity
models) to deal with the complexities involved in multiple reactions. The
discussion shows procedures to extract chemical kinetic properties when the
polymers display complex thermal decomposition profiles recorded in
microscale devices. In this section, special emphasis is laid out on DAEM
model, its solution methodology and corresponding sensitivity analysis.

Section 4.3 deals with bench scale modelling of pyrolysis phenomenon using
one-dimensional heat transfer processes for computation of fire properties. In
particular, implementation of a sub-grid chemical reaction DAEM model is
shown for calculating key fire properties of interest.

Section 4.4 discusses about the temperature dependency of input data used in
simulations such as thermal conductivity (ks), specific heat (c;).

Section 4.5 shows solution and computational workflow for bench scale model
in form of a flowchart.
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4.2 Microscale Model

4.2.1 Kinetic Analysis (Model Free - Iso-conversional
methods)

Typically, the iso-conversional model free approach is a method to determine
the kinetic parameters of the rate equation describing the thermal
decomposition reaction. Experimentally, the rate is determined via a set of
laboratory tests performed in a simultaneous thermal analyser (STA). For
modelling purpose, the equation governing the rate of thermal decomposition
reaction is solved numerically. Mathematically, the rate equation is expressed
as shown in Eq 1. This equation is termed as Arrhenius equation, which was
initially proposed by Swedish scientist, Svante Arrhenius in the year 1889.

22 = dexp (22) f(@) [1]
where,

a = Normalized conversion (by weight change) [-]
t =Time [s]

A = Pre-exponential factor [1/s]

E = Activation energy [J/mol]

f (@) = Reaction model (conversion dependent)

T = Temperature [K]

R = Real gas constant 8.314 J/[K.mol]

In the above equation, a[-] is designated as a dependent variable, while, time
t is an independent variable.

For a test performed in a STA, the normalized conversion is expressed as:

a(T) = 21 [2]

mo—mf
In STA, the instantaneous conversion at temperature 7 is given by equation 2.
In this equation, the conversion, a(T) is normalized with respect to weight
change. The ratio represents change in sample mass at any instant during the

experiment to the final mass change when the test ends. Masses are denoted by
m, the subscripts denote their values depending upon the when it was
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measured. my is the initial mass, my is the final mass and my is the mass at
temperature T in a dynamic experiment with a linear heating rate. In the STA,
as the temperature increases the sample decomposes and converts itself from
virgin material to residue. Correspondingly, the conversion value varies
between (& = 0) to (e = 1).

In equation 1, the entities parameterizing the Arrhenius equation are called as
kinetic triplets (E,A and f(«)). The activation energy E, is the minimum
energy required that must be met for overcoming the potential energy barrier
to propel the reaction forward and convert the reactants into products. While
the pre-exponential factor A, refers to the frequency, at which the molecules
collide effectively for allowing the conversion of reactants to products to
happen. The reaction model f () is an analytical function of conversion. The
most commonly used reaction model is first order f(a) = (1 — @). A large
number of reaction models sourced from the literature are shown in Table 3.
Many literature sources also consider the order of the reaction (n) as the third
kinetic triplet instead of using a generalized reaction model [f(a)]. In this
work a generalized treatment to the third kinetic triplet is undertaken via the
use of reaction models [f (a)] rather than the order of the reaction.
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From a large number of reaction models available in literature (Table 3), which
may be used to describe the rate equation, most of them may be divided into three
categories: accelerating types, deaccelerating type and sigmoidal types. These
types indicate towards the profile of mass loss curve in a STA device experienced
by the sample. The accelerating type show quick rise of the conversion level in
exponential manner, while the deaccelerating types show sluggish rise, and the
sigmoidal types show initially quick rise but then slow down and exhibit a S type
curve. For details detailed discussion by Vyazovkin [46] may be referred.

The rate is obtained via solution of ordinary differential equation (ODE) Eq 1.
The solution is dependent on the thermal stimulation (i.e. temperature change)
with time and the values parameterising the ODE. This is achieved in a two-step
process. In the first step iso-conversional data analysis is performed to determine
kinetic parameters. While in the second step the rate equation is simulated, using
the parameters obtained in the first step using a suitable numerical method (e.g.
4™ order runge kutta method)

To put things in perspective of above shown model in relation with the STA
which is used to obtain weight loss data while the sample is being heated.
Consider a test sample material of measured weight undergoing thermal
decomposition reaction at a given heating rate. The rate of change of sample
weight as the temperature increases may be correlated to what happens inside the
crucible of STA where the sample is placed. The applied heating rate to the test
sample may be represented by equation 3.

Where T is a linear function of time and is expressed as:

Tt)=Ty+ Bt

[3]
Here,
Ty — Initial temperature [K]
B - Heating rate [K/s]
t — Time [s]
The derivative of Eq. 3 may be expressed as Eq. 4
B="% [4]

For a constant heating rate, § (K/s) the rate equation 1 transforms itself itself into:
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B = Aexp (=) f(@) [5]

After re-arrangement the following relation is obtained, which may be
integrated on both sides to resolve conversion dependency on temperature (& vs
T plot).

f(a) ﬁf

Overall, the rate expression provides heat source term as input value for the
energy conservation model and aids in computation of mass loss rate (MLR)
experienced by the specimen upon exposure to heat. Further details of relevant
governing equations linking the rate equations to the material level simulations
are covered under subsequent section 4.3 (under bench scale model).

The way forward for determining kinetic parameters using iso-conversional
approaches is based on conducting at least three TGA tests at different heating
rates allowing determination of temperatures at fixed levels of conversions at
each heating rate. The main steps and the key equations used for extraction of
kinetic parameters are shown in Fig. 7.

The main assumption of the iso-conversional principle states that the reaction rate
at constant extent of conversion is only a function of temperature. This is
demonstrated by taking the logarithmic derivative of the reaction rate equation.
1, which yields the following relation:

G| [AnAM) | gy
oT-1 or-1 a oT~* a

a

Here the subscript a indicates iso-conversional values i.e. values related to same
extent of conversion. The second term on the right hand side (RHS) disappears
(being zero) since a is constant, hence f(a) is also constant and its derivative
with respect to temperature has a null value. Thus the above expression
transforms itself into the following expression:

da
8ln(E)

E
aT-t | — R

a

Hence it can be said that the temperature dependency of iso-conversional rate can
be used to evaluate iso-conversional values of the activation energy, E, without
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assuming any form of the reaction model. Hence for this reason isoconversional
methods are frequently called as ‘model free methods’. Vyazovkin and co-
workers [46] have suggested that as a part of any kinetic modelling study it is
advisable to perform basic fitting using iso-conversional methods. In this analysis
the three most commonly practiced iso-conversional methods, Friedman and
Kissinger-Akhaira-Sunose (KAS), along with Kissinger method, are applied to
calculate the activation energies for the pyrolysis of polymers. The corresponding
equations for these methods are summarized in Table 4. The detailed discussion
of these methods can be found in the cited references and in the first publication
of the enclosed articles [43,45].

Table 4 Model equations for iso-conversional methods and the Kissinger method

S. No Method Equation References

da _ E,

1 Friedman In | <ﬁ)a,i = In(Af (@) = RT,; [49]
- . Bi ) AR E,
K -Akhaira-Si In({—| = ) - (==

2 Issinger (KAgI)I’a unose n (T;i n <g(a)Ea ) (RTa) [50]

1 Bi -1 AR E
3 Kissinger n T,fmx) - “(_E_af (“max))_ RTmaxs 151]

In all these methods activation energies are calculated by the analysis of multiple
conversion curves measured at different heating rates at same level of conversions
(@) assuming first order reaction model where f(a) = (1 —a) and g(a) =
—In(1 — a). The reason for such an assumption stems from the fact that for most
fire simulations, the reaction model is assumed to follow a single first order
reaction. The main steps to retrieve activation energy and pre-exponential factor
is illustrated by means of Fig. 7.
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a) Step 1 — Plotting of conversion curves (from STA test data) and
extraction of temperatures at same conversion levels
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¢) Step 3 — Plotting conversion dependent activation energy

Activation Energy (E-kJ/mol)

0 0.2 0.4 0.6 0.8 1

Conversion (o)

Fig. 7 Schematic diagram showing step by step extraction of kinetic parameters (E and A) using Iso-conversional-
Kissinger Akhaira Sunnose Method (KAS).

The first part of the figure, Fig. 7 (a) shows plotting conversion curves at three
different heating rates and extracting temperatures corresponding to same
conversion levels. This is followed by plots of left hand side (LHS) of model
equations shown in Table 4 against //T for each conversion level. This allows
obtaining linear fits (via regression analysis) as shown in Fig. 7 b. From the slope
of each straight line, activation energy is determined and its conversion
dependency may also be plotted as shown in Fig. 7(c). In case of KAS plots
activation energy may be determined from the relation:

a

Slope, = — R

This procedure may be repeated to calculate pre-exponential factor values from
the intercept of each straight line and comparing with the first term on the RHS
of the chosen model shown in Table 4. As an example, in KAS model at a certain
conversion level, intercept is equated to first term on the RHS in which the only
un-known is A.

Int t, = In( AR )
nterce = N(—m—
Pra = MY (@)E,

Once the values of activation energy and pre-exponential factor are obtained,
equation 4 may be solved using 4™ order Runge Kutta method to calculate the
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. d .
conversion dependency on temperature and d—‘: curve may be simulated for
desired heating rate.

The dependency of activation energy is important in detecting and treating multi-
step kinetics. A significant variation in the plot of E,vs a denotes that the
process is kinetically complex and one cannot apply single step rate equation to
describe throughout the whole range of experimental conversion and temperature
[46]. This situation leads to involving multi-step reaction kinetics and model
fitting methods to model reaction rate data. The next section is devoted such to
multi-step model fitting methods using distributed activation energy model.

4.2.2 Kinetic Analysis (Model Fitting-Distributed Activation
Energy Model -DAEM)

Unlike, the iso-conversional methods, the Distributed Activation Energy Model
(DAEM) falls under the model fitting methods and is capable of description of
complex kinetics in material undergoing thermal decomposition in multiple
overlapping steps. In this model, each reaction step is assumed to consist of
infinite number of simultaneously occurring parallel reactions having different
activation energies (E) and pre-exponential factors (A4). These different activation
energies are assumed to follow a probability distribution function (PDF) denoted
by the f(E) curve as shown in the following text. In this study, the distribution
function of the activation energy has been modelled by a Gaussian function due
to its symmetrical nature of its curve. However other distribution functions (such
as logistic, gamma, log-normal etc.) can also be applied (see Bhargava et al. [42]).

The symmetrical nature of the bell shaped PDF whose mean is centred at its peak
value ensures adequate complexity is taken into account in the model without
adding further computational barriers due to the presence of double integrals in
the governing equations.

DAEM uses the thermal decomposition data obtained in a dynamic TG
experiment to retrieve the chemical kinetic parameters using an optimization
technique. For non-isothermal TGA runs, where temperature is a linear function
of time, and conversion is obtained by (Eq. 1). The temperature function is
modelled as equation [3].

Equation 6 shows the change in amount of volatiles represented in the terms of
the DAEM model.

a(T) = [{1 — @(E,T)} f(E) dE [6]

In equation 7, @ (E, T) is the term representing the temperature integral.
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o(E,T) = exp (_‘TA fOT e E/rr dT) [7]

In equation 8, f(E) is the probability distribution function of the activation
energies having the conversion at temperature T (K).

fE) = ——exp|-E5] 18]

202
The derivative form of equation 6 can be written as shown in equation (9)

CP = =l S |-y ew(— ) dT =& B g [9]
Since there is no analytical solution for the inner temperature integral dT in
equation 9, a large number of approximations that intend to approximate the
values of temperature integral have been discussed in the literature [52-55].
Nevertheless, numerical integration for its evaluation is preferred. Hence, in our
computations we have used adaptive quadrature method to evaluate the
temperature integral. The algorithm of evaluation of DAEM is shown in the
flowchart below (Fig. 8). The algorithm shows step by step working of parameter
estimation process with the aim of minimizing the objective function equation
10.
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Fig. 8 Algorithm for the DAEM evaluation using a non-linear least square minimization using a set of three
experiments at different heating rates showing rigorous minimization procedure

In this case, the minimization of the objective function (O.F.) (equation 10) is
achieved by taking into consideration all the experimental tests performed at
different heating rates. The corresponding fitness function is given by equation
11.

3 n da da 2
Fm st Y- (= ) 1
0 1_12121 dTexp,l] chal,i]' [0]

7
Fit(%) = 100 * —zom—— [11]

J=1"dT expmax
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The purpose of the O.F. is to minimize the difference between experimental and
calculated values of the DTG curve using a non-linear least square method for
certain chosen values of kinetic parameters. In equation (10 and 11), j is the serial
number of the data point used; n, is the total number of data points logged during
the experiment. In equation (10), i =1 to 3 correspond to experiments at different

heating rates (i = 1 represents 5K/min, i =2 represents 10K/min, and i =3
represents 20K/min). The term d‘;—(TT) __is the experimental DTG value, while
exp,ij

d . . . .
2a(T) is the calculated value using equation 9 for a given set of parameters

aT cal,ij
of A, Ey, o . The fitting quality as shown in equation 11 is based on a previous
study by Zhang et. al. and Cai et. al. [56,57]. A lower value signifies better quality
of fitting.

For complex materials decomposing in more than one reaction steps, the single
Gaussian model has shown poor fitness quality. There is a significant interest in
using multi-Gaussian approach to describe multiple reaction steps and to improve

the comprehensiveness of the reaction model. In multi-Gaussian model, the
da(T)

overall

dZ—(TT)curve. Similarly, the global f(E) curve is a weighted sum of linear

curve is taken as a weighted sum of more than one individual

combination of individual curves. Hence, equation 5 and 6 are replaced by
equations 12 and 13 respectively for the multi-Gaussian fitting. The parameters
representing individual weight are denoted by ¢; and are also estimated for each
reaction in the optimization calculation.

fE) = Xigf(E); [12]
=0 5142 g

In both equations 12 and 13 ¢; physically represents the fraction of volatiles
produced by the jt" peak and 7 is the number of peaks. ¢j values were estimated
between 0-1. For overall optimization calculations using this approach four
parameters (Ey, 0, 4, ¢;) are optimized corresponding to each reaction step. As the

number of assumed reactions, increase the number of parameters increase by four
folds.

Solution Methodology and Parameter estimation using Pattern search

The solution is evaluated using a computer code based on flowchart shown in
Fig. 8. The codes work in conjunction with the optimization toolbox of
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MATLAB?®. It invokes the pattern search algorithm with initial guess parameters
(Ey, 0,4, ¢;) to run the optimization process until a minimum tolerance value in
the order 10 of the objective function is reached and the simulated DTG curve
fits the experimental one.

0.06 T T 1 T T 1 T
O Exp
Fitting in progress
0.05 £ pros .
0.04 + .

da/dT[eC
[—]
[—]
W

0.02

0.01

100 200 300 400 500 600 700 800
Temperature [°C]

Fig. 9 Plot showing combined working of the pattern search and DAEM model fitting in progress.

In the above figure, the experimental DTG curve (in pink open circles) is the
target curve, while each black curve shows a solution of DAEM model equation
using unique set of kinetic parameters chosen by the pattern search algorithm as
input to DAEM model. Pattern search is a derivative free direct search subroutine
for minimizing the objective function (O.F.). It is considered to be better in terms
of number of function evaluations as compared to other search methods such as
Powell method and Simplex method [58]. However, in the last decades more
studies in this domain have surfaced and researchers have evaluated several other
methods for objective function minimization. Some of them are Genetic
Algorithm, Levenberg Marquardt and Simulated annealing algorithm. The work
done by Lautenberger et al. [25], Chaos et al. [59] are particularly significant
point of reference in this domain, however these studies were more focused
towards complete optimization of comprehensive pyrolysis model rather than
stand alone kinetic model.
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In the developed code, the arguments of the O.F. are varied until its minimum is
obtained. A detailed account is available in reference [60]. In our case, the pattern
search routine determines the sequence of values for variables (Ey, 0, 4, ¢; ); while
the DAEM code computes the functional values of O.F. During the parameter
estimation process, successive values of variables are chosen as distinct points in
the multi-dimensional space. For double Gaussian DAEM this value is 8
dimensional while for multi-Gaussian DAEM with four partial reactions, this
value is 16 dimensional. The procedure for going from a given point to the next
is called a move. This move is termed as a success if the value of objective
function decreases; else it is a failure. The first move is exploratory in nature to
gain knowledge about variations in the variables leading to a successful move. In
each exploratory move only a single variable is changed in a particular direction.
The exploratory moves form a vector base to pursue the search for the arguments
in subsequent iterations. The second move is the pattern move, in which the
knowledge gained in the exploratory moves is utilized to accomplish the actual
minimization of the objective function by moving in the direction of the
established pattern. The point from which the pattern move is made is called the
base point, and the direct search procedure can be understood as moving from
base point to base point. This procedure is repeated until the O.F. value meets the
tolerance limit.

Sensitivity Analysis of DAEM Model

A sensitivity analysis allows the study of how changes in input parameters affect
the model predictions. It provides a systematic way of analysing the model’s
performance, when one of the input parameters deviates from its optimum value.
This technique has been used previously by (Cai and Rao) [61-63] to study
parametric changes on their pyrolysis model outputs. In this study, the local
sensitivity analysis of estimated DAEM model parameters has been done by
varying each kinetic parameter, one at a time, in the range of £20% of its optimum
value at a step size of 5 percent (other parameters being held constant). A plot of
the relative objective function against the relative parameter is the final outcome
of sensitivity analysis. In this case the relative objective function (Eq. 14) can be
defined as the ratio of the objective function value at the deviated parameter to
its value calculated at the optimized parameter.

Relative 0.F.= O.F.peviated Parameter [14]

O-F-Optimized Parameter

The relative parameter (Eq. 15) represents the ratio of the deviated parameter to
its value at the optimized one.
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Deviated Parameter

Relative Parameter = [15]

Optimized Parameter
Eq. 16 and Eq. 17 show the relative parameters with respect to mean activation
energy and standard deviation of the jt" reaction peak respectively.

on,deviated
EO,j,relative - [16]

on,optimized
Ojdeviated

Oj relative —
1 Ojoptimized

4.3 Bench Scale Model

In this section, the main governing equations of the combined heat and chemical
reaction model are illustrated for bench scale prediction of fire properties. The
model is developed based on the work of Ghorbani et al.[33], Cai et al. [64] and
solid phase model described in SFPE handbook [65]. It is mainly divided between
equations of mass and energy conservation followed by description of initial and
boundary conditions and finally computation of MLR. More conventionally, the
Arrhenius model is used for describing source terms has been replaced with the
above-discussed DAEM model.

4.3.1 Mass Conservation

If it is assumed that there are n number of reactions occurring in the polymer
matrix during thermal decomposition, then the total rate of thermal
decomposition reaction is the cumulative sum of the rate of individual sub-
reactions multiplied by their assigned weights as shown in equations 18-21.

2 = —u, [18]
o] E

wg = A(p - ncharpo) fo exp (_ E) f(E)dE [19]

FE) = gmexp [~ 2] [20]

where, p, Wg, Ncnar A, E, Eg and o are the density, reaction rate, char fraction, pre-
exponential factor, activation energy, mean activation energy and standard
deviation respectively. The total reaction rate is expressed as a weighted
cumulative sum as shown in equation 21.

ap n 9p n
—_— = i = o —=CiWeo i 21
at Total i=1%i at; i=1 iWs,i [ ]
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Here, ¢; and w;; denotes the weight and reaction rate of it" individual reaction
respectively. The parameters A;, g;, Ey; and c; are determined by optimization
routine by minimization of the objective function using least sum of square (LSS)
approach as shown in the previous section.

4.3.2 Energy Conservation

The second part of the model is the heat transfer model, in which the coupling is
done via temperature. The main equation of the model formulation is given by
equation 22, where p,c, ks and T describe the mass density, heat capacity,
thermal conductivity and temperature of the solid material, x is the spatial
coordinate normal to the exposed surface, wg ro¢q; 1s the total mass reaction rate
as described above (i.e. amount of virgin material converted to pyrolysis gas per
unit time per unit volume) and AH,.; is the heat of pyrolysis of the i"reaction
(i.e. heat required to generate unit mass of volatiles at temperature T). Equation
22 describes the heat conduction inside the solid and accounts for endothermic
pyrolysis processes.

oT 3} oT
pcy Py a( s a) - Z?:l Ciws,; AHy [22]
Additional assumptions which are valid for this model are:

» In-depth generated volatiles are instantaneously transported to the
surface;

» Surface regression is not captured by the model, the fuel thickness
remains intact regardless of the amount of solid fuel consumption

»  Volume expansion is not addressed under the current scope of the model,;

» Specimens are assumed to be opaque and hence in-depth absorption of
radiation is not considered under the current scope of the model;

4.3.3 Initial Conditions

The initial conditions for the model are described by the equation 23 below,
which states that, before any exposure to thermal radiation, the sample
temperature is that of ambient atmosphere and its density is same as that of virgin
sample.

At,t=0,for0< x< L;T=Ty ;p= po [23]
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4.3.4 Boundary Conditions

The boundary conditions define the exposure and insulation on the surface and
back side of the sample respectively. Equation 24 shows the insulated backside
condition. While, equation 25 shows the exposed side conditions on the top
surface of the polymer describing the exposure as a sum of incident heat flux from
the cone, radiative heat losses and convective losses from the surface. The
addition of flame heat flux is approximated until the attainment of threshold
temperature value for the onset of degradation of polymer sample is reached.
More conventionally, the ignition criteria is determined when the mass loss rate
of the pyrolyzing gases attain the lower flammability limit until the critical mass
flux value of 1g/(m”.s) is reached also discussed by Lyon et al. [66]. Also, the
above cases correspond to thermally thick solids whose Biot number (Bi= hl/k)
was found to be higher than 0.1 indicating towards the existence of a temperature
gradient in studied specimens.

Insulated backside:

oT
For,t>0,atx—L,a—0 [24]
Exposed side:

For,t >0,atx=0,
QM./.(t) =6 — SUC(TS4 - T;mb) - h(Ts_ Tamb) +q "fl [25]

In above equations, ¢ is the material emissivity, G the incident heat flux from the
cone heater, o, is the Stefan-Boltzmann constant (5.67x10® W/m*K*) and Ty is
the surface temperature of the polymer surface, L the thickness of the material,
h the convective heat transfer coefficient (W/m?/K) and qr:1s the flame heat flux
(W/m?%/K).

4.3.5 Mass Loss Rate

The mass loss rate of the polymer is given by equation 26, which shows the total
mass loss rate summed over the thickness of the sample at any instant. It is
computed by the line integral of the total reaction rate with respect to the thickness
of the sample.

Here, m(t) is the mass loss rate per unit area of the sample.

me(t) = [ ws(x, t)dx [26]
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4.4 Treatment of Thermal Properties

The model assumes the solid phase thermal conductivity (ks[W/m/K]) and
specific heat (¢, [kJ/kg/K]) to be a temperature dependent quantity. Additionally,
they are assumed to be a composite function of the amount of virgin material
converted into char. As the material is irradiated with the heat from the cone, the
combustion reaction is triggered which leads to conversion of solid phase into
intermediate and eventually char. The values of thermal conductivity, specific
heat and reaction conversion («) are co-related by equations 27-29 respectively,
where k; is the solid phase thermal conductivity given by Eq 27.

ks = kvirgin (Ma + kepar(1— a) [27]
Cp is the specific heat of the sample given by Eq. 28

¢p = Cpuirgin(TA + Cpcnar(1 — @) [28]
and «a is the instantaneous conversion given by Eq. 29

a = Pvirgin— P(t) [29]

Pvirgin— Pchar

4.5 Solution and Computational Workflow

The solution methodology is divided into two parts. In the first part, an analytical
approximation to DAEM model is shown (see Paper I1I), while in the second part,
the overall computational workflow is presented. The flowchart below shows the
workflow of the model computation process. The procedure involves collection
of different input parameters (chemical reaction, thermo-physical and
geometrical parameters) for the material in consideration. Previously, such
models have been solved with time split approach method as discussed in the
introductory part of the Paper III. In this case, Comsol has been used to solve the
differential equations using finite volume method (FVM), however, in this
section only the sequential steps will be described in the form of a flowchart. It
can be seen from Fig. 10 that in the first step reaction parameters, thermo-physical
parameters and geometrical parameters are read. Thereafter the control passes to
the DAEM sub-grid model followed by feeding of the calculated conversion
values and the source terms to the thermo-physical property estimation module.
This is followed by specification of the boundary conditions. With every
increasing time step, the boundary conditions provide necessary increment in the
temperature (due to irradiation from the cone and the flame heat flux) on the top
side or insulation on the bottom surface of the domain. As the temperature
increases in the calculation domain, the chemical reaction model is activated to
provide inputs to heat transfer model and modification of thermo-physical
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properties. As the conversion increases, the char and virgin material properties
change depending upon the converted fraction. The chemical reaction model also
provides necessary input in the form of heat generated/consumed from the source
to the heat transfer model. Finally, at the end of the simulation time, the MLR is
computed by integration of mass loss rates over the space domain i.e. over the
thickness of the sample. The time to ignition, peak mass loss rate and time to
extinction may be obtained from the MLR curve, while heat release rate curve
may be obtained as a product of MLR curve and effective heat of combustion
(EHC). Similarly, temperature profiles on the front and back side of the polymer
sample may be computed once the heat transfer physics is resolved.
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S Results and Analysis

An overview of the results and analysis is presented in the articles is given in
this chapter. Discussions about the results is dealt separately in subsequent
chapter.

Section 5.1 mainly covers the experimental results reported on pure form of
PVC and PMMA samples. The sample sizes used in these set of experiments
are on milligram level. The influence of varying gas atmosphere is discussed
in the later section of 5.1 whose detailed reference account may be found in

Paper 1V [45]

Section 5.2 shows a detailed kinetic analysis on above set of materials. A
comprehensive study on these set of neat polymers is presented in Paper 1
[37].

Section 5.3 is dedicated to modelling of complex multi-step reaction kinetics.
For this task model fitting method involving DAEM is used. To demonstrate
the model applicability to wide number of materials, the sample selection is
expanded. The materials used in this study are pure form of PVC, PMMA (the
same ones used in section 5.1), ethyl vinyl acetate (EVA), paper (used in
common gypsum plasterboard) and a fabric blend of cotton and polyester.

Section 5.3.1 shows sensitivity analysis of kinetic parameters obtained. All
results presented in this section are discussed in detail in Paper I1.

Section 5.4 deals with materials, which are of industrial relevance and are
significantly different than laboratory grade chemicals due to addition of
several additives. The composition of such materials are used to make real
materials such as cable sheathing polymers. Hence, experiments and model
fittings performed on them are based on specimens received from two
industrial partners in the project. All results presented in this section are
discussed in detail in Paper 111 [42].
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5.1 Microscale Experiments (Thermogravimetric

Analysis)

5.1.1 Polyvinyl chloride (PVC)

The experimental results obtained from the TG-DTG tests of PVC are shown
in Fig. 11. Experiments were performed at three different heating rates in
nitrogen atmosphere.
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Fig. 11 Experimental TG (above) and DTG (below) curves for PVC in nitrogen at different heating rates
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The TG curve Fig. 11 (a) shows that weight loss occurs in at least two stages.
In the first stage the sample shows a weight loss of 54% (residual weight =
46%), while in the second stage, a further weight loss of 19% is recorded,
leading to the final sample residual weight of 27%. The TG curve also shows
the appearance of a small plateau between 340 to 420°C indicating a slight
drop in the rate of weight loss during that temperature interval. The DTG curve
Fig. 11 (b), shows that the first stage of decomposition occurs between 200 to
365 °C while the second stage of decomposition occurs in between 365 °C to
545 °C. The curves show slight sensitivity to the applied heating rate. The DTG
curve peaks shift to the right as the heating rate increases. The peaks appear to
fall in a very narrow temperature range of 10-15°C. It can be seen from Fig. 11
(b) that main peak temperatures (7p;) increases from 284°C to 300°C with
increasing heating rate, while the minor peak (75;) is observed between 461-
471°C. These results are consistent with the earlier studies performed by
Miranda et al. [67]. For PVC, it is well known that during the first stage of
pyrolysis, the mass loss is mainly attributed to the release of hydrogen chloride
(HCl) and this phenomenon is termed as de-hydro-chlorination. Several
authors mentioned that the first stage is a combination of two independent
(parallel) reactions associated with head-to-head and head-to-tail linkages [67—
69]. During this stage small amounts of other aromatic hydrocarbons (e.g.
benzene, toluene, xylene and ethyl benzene) and condensed ring aromatics
such as naphthalene, anthracene and indene are also evolved. McNiell et al.
[68] have explained that most double bonds in such aromatic compounds get
accumulated in the polymer to create cross linked network of cyclic
compounds in the aliphatic matrix. In the second reaction step these cyclic
compounds aromatize via chain scission reactions leading to further weight
loss and formation of aliphatic and olefinic, aromatic hydrocarbons and char.

Table 5 Summary of DTG curves for PVC

HeRating Main Peak DTG(main Minor Peak DTG(minor) Resi_dual
ate Temperature peak) Temperature Weight
B(K/min) Tri/ °C (dM/dT)ps Tral°C (dM/dT)e2 Wt.%

5 284 -1.4 461 -0.3 26

10 295 -1.4 463 -0.4 26

20 300 -1.5 471 -0.3 27

In the past a number of experimental kinetic studies on the thermal
decomposition of PVC have been reported by Hugget, McNiel et al. [67-72].
Many of the previous research works have shown that PVC degradation occurs

55



in two distinct reaction steps, however it is apparent only from the works of
Miranda [67], Wu [69] and Maqueda and Criado [73,74], that DTG curves
recorded for PVC have also been shown to exhibit three and four distinct peaks.
As a consequence, the modelling work for those studies was performed using
multiple step reactions through series and parallel kinetic models. The
accuracy of these models is very good, however, a key issue in these models is
to propose a reaction mechanism of the thermal degradation process.

For fire engineering work, this is a cumbersome and challenging task. In
addition, the profile of the DTG curve is influenced by other factors such as
the choice of gas atmosphere in which the TG experiments were performed
e.g. Na, CO,, O,, heating rates used and the chemical composition of the
polymer. The material shows significantly different reaction profiles under
ambient atmosphere due to oxidation reactions as shown by Bhargava et al.
[45] (Paper IV). When the reactant gas atmosphere or chemical composition of
the material is altered, a new reaction mechanism has to be proposed. This task
poses a major challenge in the general implementation of this sub-model to
simulate the overall pyrolysis model for HRR predictions for a cone
calorimeter test. It is to be noted that for all practical applications the properties
of PVC are modified by adding several additives, plasticizers and flame-
retardants. The reaction mechanism originally proposed for a specific
polymeric composition may not be generalized for a modified material. This
problem may be mitigated by using the DAEM approach for the purpose of fire
modelling due to its inherent modelling assumptions. In the DAEM model, it
is assumed that each reaction step represents an infinite number of parallel
occurring reactions so the parameters computed are apparent kinetic
parameters but not the real ones. Also, there is no need to provide an elaborate
reaction mechanism for the degrading polymer, as this may not be of specific
interest for fire simulations purposes.
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5.1.2 Poly-methyl methacrylate (PMMA)

The TG and DTG curves of PMMA are shown in Fig.
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The experiments were performed in nitrogen atmosphere at three different
heating rates. The residual weight of the sample at the end of the reaction is
negligible (0.4-2 percent). The weight loss in the PMMA sample seems to
occur in one single reaction step. However, weight loss profile from one step
decomposition in the above TG does not necessarily imply occurrence of one
single reaction. In reality it is plausible several reactions occur in parallel
which may not be identifiable via inflections in the TG curve. Manring [75]
has written an account on multiplicity of several reactions in PMMA during
thermal decomposition process. As shown in Fig. 12 (b) a main broad DTG
peak is visible while a minor shoulder peak appears to the left of the main peak,
indicating the possibility of more than one reaction occurring during the
decomposition process. The onset of the degradation starts at 210°C and ends
at 430°C. The main DTG peaks for different heating rates for PMMA lie in the
range of 357-365°C. It can be observed from Fig. 12 that the peak temperature
increases as the heating rate increases from 5 K/min to 20 K/min. Similar
results were reported for PMMA by Janssens et al. [76].
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Table 6 Summary of DTG curves for PMMA

Heating Main Peak DTG . Minor Peak DTG Res!dual
Rate  Temperature (main) Temperature (minor) weight
B(K/min) Tri/ °C (dM/dT)p1 Tr2/°C (dM/dT)p2 Wt.%
5 360 -1.9 247 -0.2 2.0
10 364 -2.0 252 -0.1 0.6
20 365 -1.8 262 -0.1 0.4

A great deal of previous research into PMMA has been focused on the
understanding of thermal degradation mechanisms. According to Troitzsch [4],
the thermal decomposition of PMMA follows at least two and sometimes three
stages by means of reactions occurring at the chain ends and random scission
process producing only monomers. It was first shown by Kashiwagi [77] and
later by Manring [75] that a radically polymerized sample degrades in three
stages. The multi-reaction theory was and later adopted by Ferriol [78] for the
modelling work. Ferriol [78] have discussed the detailed account of the
reaction mechanisms proposed by Kashiwagi and Manring [77,79] and
implemented that approach into the estimation of reaction model by using non-
linear fitting algorithm.

5.2 Kinetic Analysis (Model Free -Iso-conversional
method)

The test data obtained in TGA experiments was shown in section 5.1 It is used
to perform kinetic analysis in accordance with the theory presented in section
4.2.1 on iso-conversional methods. As an end result, in Fig. 13 is shown, E vs
a curve. The conversion dependent activation energy is the resultant plot
derived from the individual linear fits of corresponding model shown via model
equations of Friedman and Kissinger Akhaira Sunose. It can be seen from Fig.
13 the spread of activation energy for both polymers (PVC and PMMA) as
calculated by either of the isoconversional methods (Freidman and KAS)
follow a similar trend.
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Fig. 13 Spread of activation energy computed using isoconversional methods for PMMA and PVC

For PVC the values of activation energy E were found to vary in the range of
235 - 284 kJ/mol in the conversion range of (¢ = 0 to 0.6) and later it was
found to increase from 240 to 550 kJ/mol in the range of (¢ = 0.6 to 0.9) .
While, for PMMA activation energy E was found to increase from 50 kJ/mol
to 197 kJ/mol in the conversion range of (¢ = 0 to 0.4) , later it was found to
follow a constant value at 200 kJ/mol (a = 0.6 - 1). Since the values of the
activation energies are spread over the conversion range, it indicates
multiplicity in the reaction mechanism of both the materials. The extent of it
greater in PVC than in PMMA.
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Fig. 14 Spread of pre-exponential factor computed using isoconversional methods for PMMA and PVC

The comparison of the pre-exponential factor A with respect to the activation
energy is shown in Fig. 14. The spread of values for A was found to be nearly
same by the two methods for each polymer. The wide variation in the values
of activation energy and appearance of shoulders in DTG curves indicate that
the reaction rate curve is not dominated by a single step reaction and cannot be
described by a single step model. The best fit among all the methods discussed
was obtained by Kissinger method as shown below in Fig. 15. It can be seen
that only the main peak of the curves can be approximated to a large extent
however, peak shoulders are not reproducible.
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Although, the reaction rate plots simulated with the parameters obtained with
iso-conversional methods match closely with the test data but improvements
in fittings is possible via multi-step model fitting methods. The values obtained
using these methods can be used to initiate optimization calculations using
model fitting methods (as shown in next section).

Table 7 Summary of kinetic parameters obtained by Iso-conversional and Kissinger

method
Kissinger-
Method Friedman Akhaira-Sunose Kissinger
(KAS)
Kinetic Parameters PVC PMMA PVC PMMA PVvC PMMA
Activation Energy, E* [kJ/mol] 333.4 2134 286.2 166.7 209.7 218.7

Pre-exponential factor, A*2 [1/s] 1.0x10% 1.8x10"  7.1x10% 24x10" 2.9x10'7  8.1x10"®

5.3 Kinetic Analysis (Model Fitting-DAEM)

The detailed kinetic analysis shown in previous section was focused on two
polymers (PVC and PMMA). The results show the samples experience multi-
step chemical reactions during exposure to heat. The observed profiles of the
mass loss phenomenon with shoulders in microscale device is a testimony to
it. This necessitates the requirement of a multi-step kinetic analysis. Hence,
model fitting DAEM is invoked to demonstrate its ability to resolve the several
chemical reactions occurring in material samples for a number of polymers.
Also, the model fitting analysis is extended to several other polymers including
paper (retrieved from common gypsum plaster board), EVA and fabric used in
common furniture upholstery. Fig. 16 shows the summary of experimental and
modelled DTG curves for various polymers. It can be seen that two main peaks
were observed for PVC, EVA and the fabric, while for PMMA and paper only
one broad peak is observed. It is apparent that, the broad peak is convoluted in
more than one peak. Several inflections in the main peak were also visible near
the onset and final temperatures.

2 * Averaged over conversion
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For PVC, PMMA, EVA and the fabric, the DTG curve is modelled as a sum
of two peaks, while for paper it is modelled as a sum of three peaks. In the case
of PVC and the fabric, the first peak is sharp as compared to the second one,
while for PMMA, and EVA the second peak is more prominent. In the case of
paper a singular broad peak is clearly visible and slight inflections appear in
the beginning and at the end of the pyrolysis reaction. Hence, the de-
convolution of this peak was effectively possible using at least three
contributing reactions, while for all other cases it was accomplished using two
contributing reactions. It can be seen that, in most cases, the modelled curve
predicts the experimental data to a high degree of accuracy. However, in some
cases, minor inflections in the overall DTG curve could not be reproduced with
two reactions e.g. PMMA. It should also be noted that PMMA and EVA left
negligible amounts of residues after the test while other materials showed
varying amounts of residues. A summary of parameters characterizing the
thermal decomposition of the process during the pyrolysis experiment is shown
in Table 8.
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Table 8 Parameters characterizing the thermal decomposition of different polymers under
inert atmosphere for the test at 5K/min

Sample Peak T, (°C) T,(°C) T: (°C) Residual Mass (wt. %)

PVC 1 200 284 365 46

2 365 461 545 27

PMMA 1 210 247 300 87
2 300 360 420 1

Paper* 1 234 348 380 40

2 380 450 535 32

EVA 1 277 341 378 85
2 378 464 500 0

Fabric 1 250 350 375 60

2 375 417 498 13

*For paper sample 2" and 3™ DTG peaks were convoluted, but subtle inflections were clearly visible in the
beginning and the end of the reactions. To: Peak onset temperature, T, is the peak temperature, Tris the Final
peak temperature.

Table 9 shows the parameters estimated for the DAEM model fittings.
Although, the value of the objective function is very low (107 to 10*) and the
corresponding fit is less than 7 percent, it indicates model predictions show
reasonably good agreement with the experimental data.
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Table 9. Estimated Parameters for different polymers using multi-Gaussian distributed
activation energy model

Material Peak Ey; ag; ¢ Fit (%) O.F.

PVC 1 169.4 6.6 0.5 4.7 3.4x10°%
2 219.1 29.4 0.5

PMMA 1 182.7 11.8 0.6 21 2.1x10*
2 190.8 19.6 0.5

Paper 1 170.0 5.0 0.6 3.4 2.0x10°
2 183.0 16.0 0.3
3 188.0 20.0 0.1

EVA 1 184.2 14.9 0.1 2.6 7.5x10*
2 219.9 44.0 0.9

Fabric 1 185.2 14.0 0.6 6.2 5.2x103
2 206.3 29.5 0.4

5.3.1 Sensitivity Analysis

The results shown in this section are primarily sourced from the sensitivity
analysis presented in Paper II, in which sensitivity level of each estimated
parameter for different materials has been quantified.

The results of a sample sensitivity calculation for PVC is shown in Fig. 17, in
which the DTG peak is computed using DAEM with one of the estimated
parameters changed to 85% (randomly chosen) of its optimized value (other
parameters held constant). The results show the extent of departure of the
computed DTG peaks from the experimental and optimized ones. The degree
of variation differs from one relative parameter to the other. The effects were
observed to be more pronounced for the mean activation energy values
(Ep1,Eg;) as compared to their standard deviations (gyq,09;) . For PVC,
deviation in Ej; resulted in the first peak to shift to the left of the optimum
peak by approximately 70 °C. Further, the change in gy, resulted in the first
peak to diminish to almost half its original value (peak position remains
unchanged).
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Fig. 17 A sensitivity analysis calculation showing DTG peak deviations in PVC upon variation of one of the
estimated parameters to 85% of its optimized value (other parameters being held constant). Maximum peak

deviation is seen upon variation of activation energy values.

Further, the change in the Ej,value resulted in a higher peak. The first peak
increased slightly as compared to the optimum one, but the second peak rose
sharply in addition. Additionally, a peak shift of 107 degrees Celsius to the left
of the optimized peak was observed. Finally, a change in the value of
0y, caused the second peak to diminish, but the first peak remained unaffected.
The overall inference that may be drawn from the sensitivity analysis is that
the model has shown higher sensitivity to activation energy values. A slight
deviation of 15 percent (see Fig. 17) in its value causes significant changes in
the overall DTG peak properties. This phenomenon is less prominent for
standard deviation values, whose variation has less effect on the overall DTG
peak. A detailed computation for all the samples is summarized in Fig. 18.
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Fig. 18 Local parametric sensitivity analysis of common polymers
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For PVC and Paper, the values of relative objective function peaked when
Eyywas deviated to 90 percent of its optimum value, while this was observed
at 85 percent for PMMA and Fabric. For EVA, the relative objective function
peaked at 80 percent of E,, value. A general conclusion that may be drawn
from Fig. 18 is that in most cases, the farther the DAEM is computed from the
optimized parameters the more the variation is observed in the relative
objective function (O.F.). For some values of the relative parameters the
deviation is seen to rise exponentially. In this case, the values of activation
energies show a higher value of relative O.F. in the order of (10*-10*) as
compared to standard deviations whose values lie in the range of (1-10). This
shows the model’s higher sensitivity towards activation energy values as
compared to standard deviation. The relative objective functions in most cases
show a decreasing trend when the relative parameter increases from 0.8 to 1. It
converges to 1 when the relative parameter is 1, followed by an increasing
trend as the relative parameter increases from 1 to 1.2.

The sensitivity levels of estimated parameters have been divided into three
categories (from low to high). The categorization is based on the range of
values computed for the relative objective function for each material (in Fig.
18) at different levels of deviation. The point sensitivities were determined at
nine different levels ranging from 80-120 percent of the optimized parameter
values. It was found that activation energies were found to have the highest
sensitivities for the majority of the points.

For PVC and Fabric, E;; was found to be most sensitive while for EVA, E,
showed high sensitivity and for PMMA and Paper, E,; and E,, both showed
high sensitivity values. The least sensitive parameters were standard deviation
(01,04 a3) for all reactions. The result of the sensitivity levels of different
parameters is shown in Table 10.

Table 10 Sensitivity levels of estimated parameters of different polymers

Parameters
Sensitivity Reﬁ?\?eec;.r. PVC PMMA Paper EVA Fabric
Low Sensitivity 11010 01,0, 01,0, 01,0, 03 01,0, 01,0,
Medium Sensitivity 10 to 100 Ey, - Eo3 Eyq Ey,
High Sensitivity >100 Epy Eo1,Eps  Eo1,Eo Ep, Epq

5.4 Combined heat and mass transfer model

In this section experimental results and model simulations for industrial
formulation of PVC and EVA-ATH polymers are shown. These materials are
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significantly different from those discussed in earlier section, since they
incorporate several additives, fillers, lubricants and thermal stabilizers
applicable for real cables. Table 11 and Table 12 show the composition of these
test specimens. The polymeric formulations were developed in two separate
industrial R&D labs and corresponding experimental support was also
provided by them. Braskem A/S (Brazil) was supplier of PVC formulations
while Nabaltec AG (Germany) supplied EVA-ATH specimens. Hence the
results shown in this section are based on support provided by collaborating
work partners. Paper (III) has provided adequate background information
about the work done in collaboration with the other authors from respective
laboratories.

Table 11 Contents of PVC compound formulation [80]

Amount In
. hr (Parts
S.No Material Trade Name phr (
per hundred
of rubber)
1 PVC resin (K 65) Norvic SP 1000 100
2 Calcium/Zinc thermal stabilizer Naftomix XC -1202 3.5
3 Diisodecyl phthalate (plasticizer) DIDP 45
4 Epoxidized soyabean oil (ESO, plasticizer) Drapex 6.8 5
5 Calcium carbonate (mineral filler) Barralev C 40
6 Steraic acid (lubricant) Naftolub L12 0.2
Table 12 Contents of EVA-ATH compound formulation
S.No Material Trade Name Content
i 0,
1 Ethylene Vinyl Acetate Copolymer (19% Escorene UL00119 34.6 %
EVA)
2 3-Aminopropyltriethoxysilane AMEO 0.4 %
3 Aluminum Trihydroxide (ATH) Apyral 40CD 65 %

The methodology demonstrated in previous sections shows a detailed kinetic
analysis on a number of polymers and its corresponding sensitivity studies,
renders its application in combined heat and mass transfer model. In this
section the theory presented in section 4.2 and the simulations results obtained
in section 5.1-5.3 is further applied for two real world cable sheathing PVC
and EVA-ATH formulation supplied by two manufacturers.

5.4.1 Kinetic Fittings (DAEM)

Fig. 19 (a-f) shows the result of thermogravimetric analysis of PVC and EVA-
ATH formulations. The plots shown are experimental TG curves (a, d) and
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their corresponding normalized differential thermogravimetric curves (DTG)
(b, e). In the DTG curves, a comparison is drawn between the experimental
and simulated plot of da/dT versus temperature. It can be seen that from the
DTG curves that in case of EVA-ATH, two main peaks are visible while for
PVC three-four peaks are visible. In EVA-ATH, the onset of first peak occurs
at a temperature of 220 °C indicative of dehydration of ATH, releasing water
and formation of ceramic residue made up of alumina (Al,O3). The second step
corresponds to the decomposition of EVA around 350 °C in two steps leading
to formation of acetic acid and hydrocarbons at around 450 °C. The
decomposition of EVA-ATH is well described by Hewitt et al. [81].

For PVC, the first peak occurs at 323 °C, while the second peak occurs at 456
°C, and the third peak occurs at 737.6 °C. The test is conducted in air
atmosphere hence, conditions corresponding to combustion reactions are
present in the TGA apparatus. However, the first stage of weight loss is still
likely to be attributed to the release of hydrogen chloride (HCl) and this
phenomenon is termed as dehydro-chlorination. In the second reaction step
many cyclic compounds aromatize via chain scission reactions and undergo
combustion reactions in presence of oxygen leading to further weight loss and
formation of carbon dioxide, water and other aliphatic and olefinic, aromatic
hydrocarbons and char.

DAEM has been used to model the peaks occurring in the DTG curve of both
the polymers. The parameter search domain was set for mean activation energy
to be (50-350 kJ/mol), standard deviation (1-50 kJ/mol), and pre-exponential
factor 10" -10'® (1/sec). The estimations were based on an optimization
algorithm developed as shown earlier. The code is also programmed to search
for random numbers within the above cited range to avoid any negative values.
Additionally, a visual manual check of the real time reproduction of the DTG
curve is incorporated in the code to monitor the fitting quality. The range of
pre-exponential factor was kept in a rather lower range as compared to that
cited in the literature in view of the theories of compensation effect discussed
by Lakshmanan and White [82] to avoid multiple sets of parameters resulting
in fitting of the DTG curve. In both cases, the model is able to capture the peak
inflections to a high degree. EVA-ATH has been modelled with only two
reactions, while PVC has been modelled with two and four reactions. The two-
reaction model reproduces the first two peaks only while the four reaction
model which covers the entire range of peaks exhibited by PVC. The
corresponding parameters used to model these curves are summarized in Table
13. In the figures below only the best fits with four reactions are shown.
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Table 13 DAEM kinetic parameters for EVA-ATH and PVC formulations obtained using
pattern search

EVA-ATH PVC PVC
Reaction Parameters R
o i -Rxn
[2-Rxn Fitting]  [2-Rxn Fitting] Fitting]
Rxn -1 Ey, [kd/mol] 197.4 180.3 1723
oy [kJ/mol] 25.8 42.4 9.0
Ay [118] 7.5x10"® 8.6x10"® 1.7x10"
o 0.1 0.2 0.3
Rxn — 2 Eqy [kJimol] 198.5 190.8 212.0
0, [kd/mol] 18.1 12.7 50.0
A, [1/s] 1.0x10"? 3.x10" 1.7x10"
& [ 0.9 0.8 0.1
Rxn-3 Eqy3 [kd/mol] - - 224.0
a5 [kd/mol] - - 40.0
As [1/s] - - 1.6x10™
e [-] - - 0.1
Rxn-4 Ey4 [kd/mol] - - 270.4
a, [kd/mol] - - 50.0
Ay [118] - - 1.1x102
¢y [ - - 0.5
Objective Function 1.2x10° 2.1x10* 1.5x10*
Fitness [%] 7.0 45 4.2

The normalized probability distribution curve, f(E) versus activation energy
(E) for each polymer is shown in Fig. 19 ¢) and f) as a cumulative sum of
individual reaction rate curves. It can be seen that for the overall reaction, the
mean activation energy was found to lie at 193.8 kJ/mol for EVA-ATH and
173.4 kJ/mol for PVC shown by the peak of the overall reaction rate curve.

75



a) EVA-ATH-TG

100 —o—e—e<g

EVA-ATH
Gas Atm.:Nitrogen
3=20°C/min

90

80

70

Weight [%]

60

50

100 200 300 400 500 600 700 800

Temperature [°C]

b) EVA-ATH- DTG - [2 Rxn model]

0.004
p o Exp
; -+ Rxn-1
o —*--Rxn-2
_ 0.003 Rxn-Total
°
= 0.002
)
3
-1
0.001

0 -
100 200 300 400 500 600 700 800
Temperature [°C]

c) EVA-ATH - f(E)

0.02
-=-=Rxn-1
-+=Rxn-2
Rxn -Total
0.015
=
<
=]
E o0
=
=
=
0.005

100 150 200 250
Activation energy [kJ/mol]

Fig. 19 DAEM model fits for EVA-ATH (a-c) and PVC (d-f) [For PVC fittings shown only for 4 reaction model]

300 350

d)PVC - TG

100 T r -
PVC
Gas Atm.: Air
80 0 2
£=20"C/min
2
= 60
=
20
@
z 40
20
200 400 600 800 1000
Temperature [°C]
e) PVC - DTG - [ 4 Rxn model]
0.014
° Exp
0.012 A Rxn-Total
Rxn-1w ¢ * Rxn-1
_ 0.01 ‘ ——Rxn-2
- —--Rxn-3
& 0.008 ' - == Rxn-4
; $ b
3 0.006
<= i1
0.004 il —
0.002
0
Temperature [°C]
f) PVC - f(E)
0.018 "
1\
I —~~Rwn-1
0.016 I ~~ “Rw-2
P Rxn-3
0.014 Pl Rxn-4
[ — — —Rxn -Total
0.012 [
= [
= o0 { }
g (ol
go.oos ’i b
{ i
0.006 [
{ il -
0.004 { i\ e N
I (A N
0.002 /’,’ i
_,/./‘ T\ S s
100 150 200 250 300 350

Activation Energy [kJ/mol]

76



5.4.2 Cone Calorimeter Tests
EVA-ATH

Fig. 20 a) shows the MLR of EVA-ATH polymer. The curve shows linear rise
to the peak value at 16 g/m?’/s within first 78 seconds, followed by a linear
decay until the end of the experiment. The ignition criterion was defined as the
time to reach critical mass flux value of 1 g/m?%s also used by Stoliarov et
al.[26]. For EVA-ATH MLR crosses the threshold of 1 g/m?/s after 43 seconds,
while in the decay phase the MLR falls below this threshold value after 546
seconds. Fig. 20 b) shows the heat release rate curve showing occurrence of a
characteristic peak shortly after ignition followed by a steady burning phase
with HRR output varying between 120 to 140 kW/m?”. This is followed by
steady linear decay until 800 seconds. The peak heat release rate (p-HRR) and
the time to peak heat release rate (t;urr) Were found to be 171 kW/m? and 84
seconds respectively. Fig. 20 c) shows the total heat released during the
experimental run. The total heat released at the end of the run was found to be
63 MJ/m?. The effective heat of combustion (EHC) was found to show a high
degree of variation during the experiment, but overall the values were found to
lie below 40 MJ/kg. Largely the values were found to vary between 10-35
MlJ/kg.
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Fig. 20 Cone calorimeter results for EVA-ATH formulation a) Mass Loss Rate (MLR) ; b) Heat Release Rate
(HRR); c) Total Heat Released (THR); d) Effective Heat of Combustion (EHC)

PVC

Fig. 21 a) shows the MLR curve of PVC (industrial grade). The curve shows a
sharp rise to a peak value of 23 g/m?/s followed by linear decay phase. During
the rise, the MLR crosses the threshold value of 1 g/m?/s in first 6 seconds of
the test. The time to peak MLLR was found to be 58 seconds. In the decay phase,
the value of MLR falls below the threshold of 1g/m%/s after 410 seconds. The
Fig. 21 b is the HRR curve. The peak HRR and time to peak HRR were found
to be 292 kW/m%/s and 90 seconds respectively. The profile is similar to the
MLR curve, in which after a short delay, the curve rises to the peak value
followed by a gradual linear decay. Fig. 21 ¢) is the THR curve, it shows the
total heat released at the end of the experiment was 66 MJ/kg. The profile
shows zero reading in the beginning of the experiment, indicating towards
short delay until the ignition, followed by a linear rise and then a plateau. Fig.
21 d) shows the effective heat of combustion versus time. The peak value of
EHC was found to be 35 MJ/kg, overall the curve showed significant
fluctuation over the length of the test, with majority of values lying below 35
MJ/kg mark.
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Fig. 21 Cone calorimeter results for PVC formulation a) Mass Loss Rate (MLR) ; b) Heat Release Rate (HRR);
c) Total Heat Released (THR); d) Effective Heat of Combustion (EHC)

The cone calorimeter experimental summary is tabulated in Table 14.

Table 14 Short summary of key parameters obtained from cone calorimeter tests*

S. No Parameters Symbol EVA-ATH PVC
1 Time to Ignition [s] TTI 40 (44) 6 (10)
2 Time to peak HRR [s] tp-HRR 84 (88) 90 (180)
3 Peak Heat Release Rate [kW/m?] p-HRR 171 (170) 292 (277)
4 Peak Mass Loss Rate [g/m?/s] p-MLR 16 (16) 23 (23)
5 Time to peak MLR [s] to-mLr 78 (78) 58 (66)
6 Time to flame out [s] thame-out 546 (550) 410 (400)

*In brackets are shown the results of repeat tests

From the results above it can be seen PVC shows a higher value of p-HRR and
lower time to ignition (TTI) as compared to EVA-ATH specimen. One reason
could be the occurrence of dehydration reaction and formation of ceramic
residue made up of alumina (Al,O3) in the EVA matrix which has significant
degree of cooling effect due to production of acetic acid, water and acetone
during the thermal decomposition reactions.
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5.4.3 Bench Scale Model Predictions
Input Data

For the estimation of mass loss rate, the input data was gathered from two
different literature sources as shown in Table 16. The density and specimen
thickness values were used as obtained during experimental measurements.
The PVC and EVA-ATH specimen was modelled with only two reactions. The
four reaction model was not implemented due to lack of other thermo-chemical
reaction parameters such as heat of pyrolysis of individual chemical reactions
(Rxn-3 and Rxn-4 in case of PVC). For the parameters of chemical reaction
model, the values were taken from Table 13 for first two peaks of the DTG
curve. The input data of the temperature dependent thermal properties of EVA-
ATH are shown in Fig. 22 for virgin and char materials separately, while for
PVC, constant values of thermal properties were found and hence used as
reported in the literature. Heats of pyrolysis were determined by DSC
experiments and literature values were used. Fig. 22a shows the variation of
thermal conductivity and specific heat of virgin and charred polymer measured
directly by hot disc based on Transient plane source (TPS) method and DSC.
The first plot shows linear decline of virgin thermal conductivity until 200 °C
followed by slow rise of the thermal conductivity of char. The thermal
conductivity of intermediate is shown but not used in the simulations. It can be
seen, the majority values of the intermediate and char thermal conductivity are
significantly lower than that of virgin polymer. Also, the curve showing
variation of specific heat values shows linear rise for virgin and char polymer.
But overall, the specific heat of char is significantly lower than that of virgin
polymer.

The thermal conductivity curve has been reproduced by using the linear
relation proposed by Girardin [83,84] and Witkowski [27]. These relations are
shown as a function of temperature in Table 15. Those functions are obtained
by linear fitting to the experimental data obtained in test measurements
conducted using Hot Disc thermal constant analyser (TPS2500S) from
Thermoconcept (Merignac, France) which is based on Transient Plane Source
method. The tests were performed separately on virgin, intermediate, and char
specimens of EVA-ATH. Each of the test was conducted in inert atmosphere
to avoid the oxidation of the Hot disc sensor, which plays a dual role of heater
and a thermocouple. The data on virgin specimens was acquired between 50 to
200 °C at a step size of 50 °C, while intermediate material and char was first
synthesized by heating the virgin polymer upto 350 °C and 500 °C respectively
and thereafter cooling them to 50 and 100 °C for intermediate and char
respectively. The thermal conductivity measurements were made from 100 to
700 °C at a step size of 100 °C on char. Based on the data collected linear
correlation trends were found to exist between thermal conductivity and the
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temperature at which the measurements were taken, eventually resulting in
linear mathematical functions. For modelling tasks in this work, those
correlations have been used to generate the thermal conductivity cuve and it
been extrapolated only for char beyond 700 °C (shown in Paper III) so as to
avoid problems in numerical convergence during simulation work. In Fig.
22a), thermal conductivity values have been plot using the linear functions
from Table 15, while specific heat has been shown in Fig. 22 b) via manual
digitization of the reported data.

Table 15 Thermal conductivity functions for EVA-ATH specimens used in simulations
reproduced from Girardin et al. [84]

Thermal conductivity [W/m/K] Specie
110-17x103 T Virgin Formulation (<200 °C)
0.20+0.28x10* T Intermediate (Not considered in simulations) (<350 °C)
017 +1.1 x10*T Residue
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Fig. 22 Temperature dependent thermal properties of virgin and char of EVA-ATH reproduced from Witkowski
and Girardin [27,84] using linear relations shown in Table 15 and manual digitization of test data a) Thermal
conductivity (linear relations) b) Specific Heat (digitized data).
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Table 16 Parameters used for simulation of HT-DAEM model

S.No Parameters Units  CYA-ATH- PVC- Ghorbani
i Girardin et al. [83] et al. [33]
1 p-Density [Virgin] kg/m3 950 [Measured] 1425 [Measured]
2 p-Density [char] kg/m3 397 398
3 AH, ; — Heat of pyrolysis Jikg 883x10° [DSC] 292x10° [DSC]
4 L — Thickness m 6.5x10"% [Measured] 3 x10°% [Measured]
5 h— Clor.wectlve Heat Transfer WIm2/K 10 10
Coefficient
6 G - Incident Heat Flux W/m? 35x10° 50x10°
7 & —Emissivity [Virgin and R 0.9 0.9
Char]
292 [DSC-
8 AH, , — Heat of pyrolysis kJ/kg 236 [DSC] Assumed same as
in Rxn 1]
9 Ksvirgin-Thermal conductivity e gee Fig. 22 a) 017
[Virgin]
10 f‘ég’:&qherma' Conductivity  \y/mk  See Fig. 22 a) 0.10
11 Cpirgin- Specific Heat [virgin]  kJ/kg/K See Fig. 22 b) 1.11
12 Cp.char- Specific Heat [Char] kJ/kg/K See Fig. 22 b) 3.89
13 Nenar,1 [Char fraction] - 0.25 [Measured] 0.56 [Measured]
14 Nenar2 [Char fraction] - 0.60 [Measured] 0.26 [Measured]
. 5 -~ 10 [Fitting
15 qr,-Flame heat flux kW/m 6 [Fitting Parameter] Parameter]

The flame heat flux (C'I'fl)value was chosen as a representative mean of the data
provided of several polymers in several references[33,65,85]. It is also treated
as model fitting parameter in this study. The values used in simulations for
PVC and EVA-ATH were 10kW/m? and 6kW/m? respectively. Ghorbani et
al.[33] have used a similar value for simulation of their PVC specimens, while
for EVA-ATH slightly higher values are found in literature (10 or 20 kW/m?)
compared to what is used in this study mainly for fitting purpose. Further, a
few other studies were found in which flame heat flux values were obtained by
direct measurements for different polymers. Test measurements from Kacem
et al. [86] show flame heat flux value obtained for PMMA was found to be 20
kW/m?, and the results by Quintiere [87] show values for Nylon to be 20
kW/m?, polyethylene to be 19 kW/m? and polypropylene to be 11 kW/m?
respectively. The values for flame heat flux used in this study are significantly
lower than the experimentally obtained values measured for the above
polymers due addition of additives for suppression of smoke and heat release
in the samples.
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The following section shows the comparison of simulated and experimental
results of MLR, HRR and THR for the two polymers.

Mass Loss Rate (MLR)

The results for mass loss rates simulation are shown in Fig. 23. It can be seen,
that the calculated results match the experimental data to a reasonable extent.

a) EVA-ATH-MLR b) PVC - MLR
20 25
¢ Exp ? -<0--Exp
Simulated Simulated
o 20 1
15
B B
&2 25l
g £
=10 E}
! =10t
= =
3 5
0 J".."" s L 0
0 200 400 600 800 0 100 200 300 400 500 600
Time [sec] Time [sec]

Fig. 23 Comparison of experimental and simulated mass loss rates of a) EVA-ATH and b) PVC formulation

The time to ignition (TTI), p-HRR and tfiame our follow the experimental results
to a high degree especially in case of EVA-ATH, while there is a considerable
deviation in the simulated MLR curve of PVC. From the quality of
simulations, it can be said the rise and the peak MLR value is captured well in
both cases, however there exists significant under prediction in time to flame
out and over prediction in time to reach peak heat release rate in case of PVC.
This deviation may be attributed to thermo-physical material property data
sourced from literature and not acquired by direct measurements. The PVC is
a very specific industrial formulation and it is uncertain that generic literature
values of material properties would closely represent the actual properties of
the complex material. It can also be seen, that in case of PVC, the simulated
MLR curve rises to 15g/m?s in line with the experimental curve but it drops
for a few seconds very sharply followed by a steep rise the top MLR value.
This can be attributed to the formation of char layer preventing further
oxidation of virgin material by insulating it for a very short period of time. As
the exposure time increases the char layer starts oxidizing leading to further
increase in MLR value and consumption of virgin fuel until its exhaustion
leading to eventual decay of the MLR curve. The interesting observation is
that, this effect is not visible in experimental results. The experimental curve
decays at a much slower pace and falls to zero value at nearly 500 seconds.

Perhaps one reason could be presence of zinc and calcium thermal stabilizers
present in the polymer matrix leading to increase in their burn out time. The
impregnated CaCOs is believed to react with acid (HCI) generated in the
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material during thermal decomposition and form CaCl,, CO;, and H,O
providing overall cooling effect and slowing down the mass loss rate. Shimpi
et al.[88] found dispersion of CaCO; in PVC specimen to have an improvement
in thermal stability of the polymer sheet. They found rise in glass transition
temperatures for CaCOs dispersed PVC samples as compared to pure ones.
Also, a previous study from Stoliarov et al. [26] has shown that after the flame
out in a cone calorimeter experiment, PVC specimens showed smouldering
effect leading to heat release at a steady rate for extended period of time.

Also, because of the char formation and intumescence, specimens tend to swell
up and trap pyrolysis gases in their air pockets for short period of time. Perhaps
non-inclusion of a dedicated radiative porous char-sub model also accounts for
under-prediction in this case, since presence of an insulating char layer that
would develop upon heat exposure would delay the delivery of external heat
flux to virgin material and provide some thermal resistance at higher
temperatures when radiative heat transfer plays a dominant role in heat transfer
to the material. The absence of two peaks, in the early phase of the
development of the MLR may also be attributed to the very thin nature of the
sample of PVC in which the decline of MLR due to formation of thin char layer
is not very clear and merged into one broad peak. This effect was also observed
by Ghorbani et al. [33] for their simulations for very thin samples. The
specimens used in this study are closer to real world materials used in cable
sheathing industry and differences in modelling output may be attributed to
complex thermo-chemical phenomenon occurring in material due to cooling
effect provided by water release reactions unlike in pure PVC specimens. In
case of EVA-ATH polymer, the values match the experimental data to a high
degree. The simulated curve shows initial delay before it climbs to the p-MLR
value. Thereafter it shows gradual delay in its decent to zero value at the end
of the experiment. The time to ignition is captured well in both cases.
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Heat Release Rate (HRR) and Total Heat Released Estimation

The heat release rate curve is estimated based on further computations
performed on the simulated MLR curve obtained by solution of model
equations. The HRR is computed based on the product of simulated MLR curve
and the effective heat of combustion (EHC). EHC is determined using cone
calorimeter data in its real time form as discussed in detail by Hshieh et al.
[89]. If EHC data is unavailable in real time format literature values may be
used as well. In the estimations, it is further hypothesized that flame heat flux
contributes to the incident heat flux boundary condition on the top surface of
the polymer. In case of EVA-ATH it is assumed to be 6 kW/m? of flame heat
flux and is rather used as a model fitting parameter. However, in literature
Stoliarov [26] have used values up to15 kW/m?. Comparing the curve features
of EVA-ATH, it can be said that the simulated curve matches the experimental
one until, the time to peak heat release rate. The value of the p-HRR is slightly
over predicted at 209 kW/m* as compared to the experimental one which
remains at 170 kW/m?. This is followed by a steady phase of HRR which varies
between 100-150 kW/m?. The simulated curve shows gradual decline until it
diminishes at nearly 700 seconds. In the decay phase of the HRR the simulated
and the experimental curve do not overlap to a high degree but show a
reasonably similar declining trend. Overall, the fitting is satisfactory as
compared to the HRR experimental data. The evolution of THR matches the
experimental one to a high degree. The total heat released for the experimental
curve was found to be 63 MJ/kg, while the simulated ones were found to be 59
MlJ/kg.
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Fig. 24 Comparison of experimental and simulated HRR and THR of a-b) EVA-ATH and c-d) PVC formulations

A similar comparison when drawn for PVC shows that the modelled curve
deviates from the HRR curve to a large extent. The simulated HRR curve
shows a sharp peak growing as much as 450 kW/m? within 103 seconds. It then
drops sharply to zero value in 155 seconds. The time to burnout is under
predicted by the modelled curve by several hundred seconds. These differences
could be attributed to the differences in the material properties and the very
thin nature of the sample showing quick burnout with a sharp peak. As a
consequence of this, the following THR curve is also under-predicted by a
large margin.
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6 Discussions

This chapter deals with the analysis on the quality of simulation results
obtained with bench scale model and shows ways and means to improve the
model performance via inclusion of contributing effects of other sub-models
not discussed in mass conservation model.

The analysis is mainly focused towards the reasons for observed deviation in
quality of fire simulations and the various factors that may be considered to
improve them. From the simulation results itself as shown in the previous
chapter, it can be said that there could be several reasons because of which
there exists an in-congruence between experimental and simulated results of
industrial formulation of PVC. The main factors governing the quality of
predictions is the model’s ability to predict MLR and temperature distribution.
Improvement in the predictive ability of the mass loss rate variation with time
may be attributed to various assumptions made during the formulation of the
model, which included simplification regarding various phenomenon
occurring during the fire which are not considered.

Another issue is the problem in acquiring material property data
experimentally at higher temperature levels. For polymeric materials subjected
to increasing temperature levels, the material transforms itself into pyrolysis
gases and residue. When the measurements are performed to acquire such
properties in a dynamic experiment, these processes hinder in obtaining the
right signals at the sensor - material interface for some of materials due to
physicochemical changes exhibited by the material (such as swelling and
shrinking, glass transition). Under these circumstances, the measurements on
thermal conductivity and specific heat are challenging and may be performed
in special conditions and devices via following specific heating and cooling
programs for the sample in question. During the data acquisition process while
the sample is subjected to heating, it is difficult to arrest the conversion process
and clearly mark the distinction between virgin, intermediate products and
residue/char while acquiring temperature dependent material properties. Also,
these properties differ for each material corresponding to individual chemical
composition and hence literature values may only be representative of the
material for which the study is undertaken.
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From practical standpoint, access to analytical devices in which these
measurements could be made is also limited and their availability is subject to
their presence in modern fire laboratories; cost being a major barrier in
acquiring them as a part of any portfolio of laboratory devices. Consequently,
this restricts the modeller’s ability to acquire material property data directly
and subjugates its dependency on literature values.

These issues have also been bought forward in selected publications by those
researchers who have attempted to acquire thermal conductivity and specific
heat for charring polymers experimentally. Those attempts included
acquisition of virgin, intermediate and charred materials using individual
devices with precise control over the extent of conversion from virgin to char
during the heating process of the sample [83,84].

Additionally, some of the causes for deviation in simulated results may be
attributed to insufficiency in modelling assumptions. Some of them may be
dealt via inclusion of other physical phenomenon is explained in subsequent
section where other physical phenomenon such as diffusion of pyrolysis gases,
in-depth radiation absorption by specimens is considered. Other factors include
gas phase considerations, which are also responsible for the quality of HRR
and THR predictions. The main reason being that effective heat of combustion
(EHC) and combustion efficiency play an important role in computation of
HRR from the MLR curve. Hence the reactions occurring in the gas phase and
the amount of heat release through them while the material is decomposing is
an important aspect to consider.

Other aspects, which affect the quality of predictions, are connected with the
application of boundary conditions. In modelling assumptions, the unexposed
side is considered to be insulated and it is assumed there are no heat losses
from the edges. However, in reality there are considerable losses of heat via
the ceramic insulation penetrating towards the bottom of the test specimen.
This also holds true for the heat losses occurring from the sides. However,
when the governing equations are solved, the applied boundary conditions
negate such considerations allowing all the heat to remain in the material
matrix showing faster rate of decomposition as compared to what happens in
reality.

From kinetic point of view, especially for material decomposing in multiple
steps, sometimes the step in which the heat is released is different that the step
in which a major part of weight is lost. Snigrev [90] has shown via
complementary experiments performed in MCC and TGA, how each of the
peaks observed in MCC corresponds to the heat release step. If the heat
released in mass loss step is also accurately quantified, this can also aid in
improvement of the solution of governing equations and improve the
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confidence in simulated results. The quality of simulations on microscale level
is also dependent on quality of experimental data collected. Large amount of
noise in the STA signal can be a barrier in performing accurate simulations.
Hence, optimum use of data filtering techniques must be employed and this
has been used in this work but not mentioned in the previous sections. Another
point is the frequency of data collection and which numerical method is used
to resolve the equations describing the thermal decomposition process. A
higher frequency of data collection ensures sufficient number of points are
available for model fitting purpose.

Increasing model complexity: Gas Diffusion and In-Depth Absorption

The model shown in section 4.3 can incorporate further complexities by
incorporating other heat transfer effects in the pyrolyzing material by inclusion
of gas diffusion and in-depth absorption of radiation. This flexibility in
modelling other effects is shown via modified energy conservation equation
30. This considers gas diffusion and in-depth absorption of radiation in the
NxTotal no.of gases) 6([5 Cp.ng)
g L E—
equation implies heating up of the gas from ambient temperature to the
temperature of the media in which it diffuses resulting in instantaneous heat
transfer between decomposed media and diffusing gases.

material. The mass flux term -), used in this

Also, the diffusion of the gases in the heat balance equation indicate that when
the gases evolve from the decomposing materials it can absorb energy and
remove it from the material insides as they diffuse out towards the surface of
the material. The mass flux m, (kg/m?) and the mass flux rate (kg/m*/s) of the
gases can be defined by equation 31 and 32 respectively where D, is the
diffusion coefficient (m*/s).

pcp% = ;_x( SZ_D - Z?=1:iws,i AH,; —

Zgi{oml no.of gases) my. a(fo ;ngT) te 6(?;:1 [30]
mg = —Dy. 28 [31]
mg_ 1o _om 21

3t po’ dtTotal 0x

Further, the last term in equation 30 accounts for the in-depth radiation
absorption of the incident heat flux, which is in accordance with the standard
Lambert Beer Law. Here, the absorbed radiation decreases exponentially with
the distance to the impacted surface, which is given by equation 33. Here the
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absorption coefficient is denoted by x [m'] and G is the incident heat flux
(kW/m?) from the cone heater.

Graa = G - exp(—kx) [33]

The above set of equations [30-33] account for the possibilities to increase the
model complexity and incorporate other physical effects during material
thermal decomposition. However, in this study to maintain the simplicity of
the model, the calculations are limited to equations presented in section 4.3.
The reader is apprised about the more complex modelling framework in view
of other physical effects that may be included in future for description of
combined heat and mass transfer effects in the material.
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7 Conclusions

The topic of the thesis was to improve prediction of fire performance of
polymeric materials using numerical modelling and simulation tools. The fire
behaviour of polymeric materials has been studied using microscale and bench
scale experimental techniques. The work shows how numerical modelling and
simulation techniques are used on microscale and bench scale level to study
material fire behaviour on respective length scales. The appended research
papers along with this document aim to address the research objectives
presented in the introductory part of the document.

» The first research objective was to investigate some of the main techniques
used for evaluation of fire properties of polymeric materials. This area has
been mainly addressed in chapter three of this document, where the
construction and working principle of some of the main devices (STA,
MCC, and Cone calorimeter) have been discussed. Additionally, these
devices have been used in the current research work to obtain experimental
data shown in the appended publications. The findings show the material
properties acquired by these devices play a vital role in fire performance
assessment of materials, provide input data to pyrolysis models and aid in
comparison of results with the simulation runs.

» The second research objective was to seek which numerical models and
simulation techniques were suitable to predict fire behaviour of polymeric
materials. This was mainly accomplished in scanning the scientific
literature related to one dimensional comprehensive pyrolysis model. The
works of Ghorbani et al. [33], Stoliarov et al. [26]. and Girardin et al. [27]
were found to be useful in developing the understanding of current level
of complexity being incorporated in models developed within last few
years. The list of the models reviewed is not limited to only those
mentioned above but other research works were also referred as shown in
the references enclosed and the appended papers. The chemical kinetic
models used as sub-grid models in this study were the main focus of
research, as it was considered one of the most significant area of
improvement, also highlighted in some of the sensitivity studies found in
literature [91]. Literature study shows that a large number of kinetic
models exist in the research domain. Among them, iso-conversional
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methods of analysing thermal decomposition data was found to be widely
accepted way of treating it at first stage for simple materials exhibiting
single step reactions. The review paper by Vyazovkin et al. [46] drafted
under the guidelines of International Confederation for Thermal Analysis
and Calorimetry (ICTAC) was used as a yardstick to develop the analysis
further and explore new models for complex materials. The main issues
identified in the currently existing kinetic models was to specify the
reaction mechanism of investigated material and the difficulties in
incorporating multiple reactions as a part of comprehensive pyrolysis
models. For materials of unknown composition or those with several
additives, the ability of specifying a reaction mechanism is challenging if
not straightforward. Hence, the issue has been mainly addressed in
attempts to understand complex kinetic models using the concepts of
probability and statistics termed under the broad category of distributed
reactivity models (DRM).

Another aim of the third research objective was to identify gaps in existing
models and induct new sub-grid models from closely related combustion
literature devoted to the study of reactivity of fossil fuels. For, achieving
that aim, different forms of distributed reactivity models (DRM) were
identified and their evaluation was performed with the focus on DRM with
Gaussian distribution function. This has largely been demonstrated under
section 4.5 where algorithm for stand-alone distributed reactivity model
has been presented followed by a structured method of performing its
sensitivity analysis (Section 5.3.1) on several materials. The main
simulation techniques that were found useful to conduct such analysis was
fourth order runge kutta solvers for non-stiff and stiff ordinary differential
equations. In addition, numerical integration using global adaptive
quadrature methods (trapezoidal methods) were found to be useful to study
the reactivity of materials towards thermal decomposition profiles.

Overall, the aim for achieving the last research objective was to
demonstrate an interlink between microscale and bench scale tests, hence
a modified one-dimensional pyrolysis model having the ability to
incorporate multiple reactions occurring in the material during the
pyrolysis process has been developed. The model takes input values from
the tests performed in microscale devices such as MCC, TGA and bomb
calorimeter along with thermo-physical parameters (k, p, ¢, ) to predict the
results of cone calorimeter. The model has shown satisfactory performance
in view of the available experimental resources for the two main polymers.
The model has few limitations since it does not address some of the
physical phenomenon occurring in the material during pyrolysis process
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such as diffusion of pyrolysis gases, intumescence, and radiative heat
transfer in porous chars. The developed model is semi-deterministic in
nature as some of the parameters required to resolve the model are obtained
via parameter estimation method. The main simulation techniques that
were found to be useful to conduct such analysis were solvers based on
finite volume method and numerical integration using global adaptive
quadrature methods. The development of bench scale model lays the
foundation for performing reverse engineering study for parameter
estimation for un-characterized materials using suitable optimization
algorithms such as Genetic Algorithm, Shuffled Complex Algorithm etc.
that may be accomplished in future studies. The main simulation
techniques that were relevant for resolving the model were solvers based
on finite volume methods (Tridiagonal matrix) for solution of coupled
partial differential equations. Additionally other techniques such as
interpolation functions based on polynomial fitting, data filtering by means
of moving average/Gaussian filters and numerical integration were found
to be useful.
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8 Future Work

The future work entails inducting the developed model in a CFD code for
prediction of fire growth rate in buildings. The work could also be used as a
contributory sub-grid model for flame spread prediction applications on
intermediate scale level such as the SBI test. It is foreseen the method could be
used for other building materials of interest apart from the two main polymers
discussed in the bench scale modelling work, which are of commercial
importance. In addition, it is envisaged that several refinements are necessary
from numerical point of view as a first step to minimize the use of analytical
approximations and fully resolve the dependent parameters via numerical
simulation in the original form. Further, experimental studies at other heat
fluxes levels and polymer thicknesses can institute further confidence in
prediction ability of the model when it is simulated in those conditions and
compared with test results. Also, new studies related to the variation in the
choice of parameter estimation algorithms (such as Genetic algorithm,
simulated annealing etc.) other than pattern search may be employed to
compare the convergence issues, solution uniqueness in the chemical kinetic
studies. Another, aspect is to institute further complexities in the model in a
step-by-step method via incorporation of other physical processes as discussed
in chapter 6. Future research efforts would significantly strengthen the
application aspects of it and allow its deployment for large-scale fire simulation
studies. Overall, the results summarized in the appended papers will be useful
for practicing fire engineers and researchers involved in the field of fire
development and CFD based fire risk assessment of buildings.
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1. Introduction

In the last couple of decades, there has been an increase in the
production of polymeric plastic materials on a global scale. The
world plastic production is estimated to have reached 299 million
tons in the year 2013 as compared to 204 million tons in 2002 [1].In
Europe, building and construction sector is the second largest
application area, this constitutes 20.3% of the total plastic demand.
Traditional materials such as bricks, concrete, glass, cement and
wood now have plastic alternatives due to their excellent physical
properties. The main advantages of using plastics are durability,
low maintenance costs, corrosion resistance and good insulation
properties. PVC and PMMA are two of the many polymers used in
this sector. PVC is used in piping work, electrical cabling, roof
sealing, floor, wall and ceilings coverings and window profiling.
PMMA is used as a lightweight replacement for glass and finds
applications in doors, windows, canopies, balustrades and illumi-
nation applications. Other polymers used in modern buildings for
insulation purpose include poly(urethanes) (PUR),
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poly(isocyanurate) (PIR), expanded poly(styrene) (EPS), extruded
poly(styrene) (XPS). Fire safety of such polymers is an important
issue. In case of fire, the heat released and toxic smoke produced
poses a potentially fatal hazard to the building occupants. Hence,
many studies deal with the thermal degradation of polymers to
assess their suitability for real life applications.

Computer simulation on the fire behavior of plastic materials
has gained significant attention in the last decade [2]. There has
been an increasing number of studies demonstrating that one-
dimensional numerical pyrolysis models can be used to predict
the outcomes of a standard cone calorimeter test (ISO 5660) [3—5].
One of the main sub-models used in such calculations is the
chemical kinetic model. Its function is to mathematically describe
the mass loss rate (MLR) and heat generated in the material due to
ongoing chemical reactions leading to conversion of solid mass into
volatiles, char and smoke. It enables the modeling of the chemical
heat source term for the overall solution of the heat transfer
equation. The chemical kinetic model and the heat transfer equa-
tion are solved simultaneously to compute the heat release rate
(HRR) from the material subject to appropriate boundary condi-
tions. The current state of the art methodology for retrieving kinetic
input parameters for fire simulation is to perform microscale
thermogravimetric analysis (TGA) on the sample followed by
computations using isoconversional (model free) or non-linear
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least square (model fitting approach) [6,7]. Retrieved kinetic pa-
rameters can be used as input values for the overall solution of the
pyrolysis model. Several studies have shown that, there are a
number of chemical kinetic models available in the literature to
describe different types of chemical reactions occurring in solids
e.g. power laws, nucleation and diffusion models [6]. As a conse-
quence of this, the results vary considerably from one study to
another for the same set of materials depending upon the choice of
the reaction model [8—11]. Stoliarov et al. [4] found that the extent
of this variation leads to discrepancies in the prediction of HRR and
its magnitude was found to be far more in case of charring poly-
mers than the non-charring ones. They further add that the main
cause for such discrepancies is the gap in the understanding of the
thermo-chemistry of different materials. The FIRETOOLS project
investigates the possibilities to predict real scale fire behavior of
building products, content and barriers by means of using material
data on successively increasing scales [12].

Recently, two different studies were conducted by Vyazovkin
et al. [13,14] which aim to provide recommendations for collecting
experimental thermal analysis data and perform kinetic computa-
tions on them. It provides a pragmatic approach to perform kinetic
model fitting calculations. For materials, degrading in single step,
isoconversional methods were recommended, while for materials
degrading in multiple reaction steps non-linear regression methods
and distributed reactivity models were suggested. In this study a
preliminary analysis using isoconversional methods was performed
followed by a detailed analysis using distributed reactivity concept.

The main aim of this study is to compare the quantitative as-
pects of the thermal decomposition process in two different poly-
mer specimens (PVC and PMMA) by employing isoconversional
approaches and multiple step parallel reaction models. Previous
studies have shown that these materials decompose in two or more
steps [9—11,15,16]. Therefore, a distributed activation energy model
(DAEM) was considered for this study. It is one of the more
comprehensive pyrolysis models that has been applied to complex
materials such as coal, biomass and sewage sludge, all of which
exhibit thermal decomposition in multiple reaction steps [17—21].
As newly manufactured plastics become increasingly complex due
to impregnation of several additives and flame-retardants, it is
important to investigate the multiple reactions occurring in them
during the pyrolysis process. In the first part of the study, TG
analysis is undertaken, while in the second part; results of kinetic
simulations are presented. The modelling results are compared
with the test results from the TG and DTG curves.

2. Theory
2.1. DAEM model

The main assumption in the DAEM reaction model is the ther-
mal degradation of material occurs in multiple parallel overlapping
steps. Each reaction step is assumed to consist of an infinite number
of simultaneously occurring parallel reactions having different
activation energies (E,) and frequency factors (ko). In this study, the
distribution function of the activation energy has been modeled by
a Gaussian function. Recently, Cai et al. [22] and Zhang et al.
[20,23,24] have applied this model to explain pyrolysis kinetics of
biomass and municipal solid waste but very few studies are re-
ported regarding its application to fire behavior of building mate-
rials. In a previous study Bhargava et al. [25,26] used this concept in
the form of distribution free approach, however in this study the
distribution fitting approach is used.

DAEM uses the thermal decomposition data obtained in a dy-
namic TG experiment to retrieve the chemical kinetic parameters
using an optimization technique. For non-isothermal TGA runs,

where temperature is a linear function of time, the temperature
function can be modelled as equation (1), where T is the absolute
temperature (K), B is the heating rate (K/s) and t is the time (s).

T(t) = To+ Pxt 1)

The degree of conversion for a sample material is calculated by
equation (2). In this equation, o (T) is the degree of conversion at
temperature T (K), mp (mg) is the initial weight, mr (mg) is the
weight at temperature T (K) and m¢ (mg) is the final weight

a(h = qe T @
(M) = [ 11~ o(Ea. 1)} x F(Ex) x dEs 3)
0
T
¢(Ea, T) = exp (—Tko / e E/RT dT) (4)
0

Equations (3)—(5) show the change in amount of volatiles rep-
resented in the terms of DAEM model. In equation (3), ¢(E,,T) is the
term comprising of temperature integral and f(E,) is the probability
distribution function of the activation energies having the conver-
sion at temperature T (K). In equation (4), ko (1/s) is the pre-
exponential factor corresponding to the activation energy value,
E, (kJ/mol), B (K/s) is the heating rate, R is the real gas constant
having a fixed value of 8.314 x 107> k] mol~! K™, In equation (5),
Eao (kJ/mol) is the mean activation energy and o (kJ/mol) is the
standard deviation. The derivative form of equation (3) can be
written as shown in equation (6)

0 T
do(T) 1 ko Ea ko Ea
ar = c\/ﬁ/fexp —ﬁ—fb/exp(—ﬁ) dT

2
_ (Ea — EaO) :| dE, (6)

Previous studies [21,27—30] have shown that other forms of
DAEM equation exist in the literature in which the distribution of
activation energy is modeled using several forms of probability
distribution functions such as weibull, logistic or delta dirac dis-
tribution. The primary reason for such an assumption is the fact
that activation energies of real materials are rarely symmetric.
Hence, other types of distributions are discussed to account for
asymmetry. Other authors have also considered single nth order
DAEM equation instead of first order assumption [30,31]. However,
for simplicity the analysis in this work is based on the assumption
of first order having Gaussian distribution of activation energies.

Since there is no analytical solution for the inner temperature
integral (dT) in equation (6), a large number of approximations that
intend to approximate the values of temperature integral have been
discussed in the literature [32,33]. But numerical integration for its
evaluation is preferred. Hence, in our computations we have used
adaptive quadrature method to evaluate the temperature integral.
The algorithm of evaluation of DAEM is shown in the flowcharts
below (Figs. 1 and 2).

The two ways of evaluation depend upon the choice of equation
used for the formulation of the objective function (O.F.) by the
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Fig. 1. Algorithm for DAEM evaluation using non-linear least square minimization using a single experiment at one heating rate showing a simplistic minimization procedure.

modeler. In this work we have considered both the formulations
(simple and rigorous) for analysis. The simple formulation and
corresponding fitness is shown in equations (7) and (8) respec-
tively. In this case the minimization is performed for a single TG
experiment conducted at one heating rate.

0r =3 (4 ) - (i) g
()
Fit(%) = wo*m (8)

On the other hand a more rigorous form of the O.F. is shown in
equation (9). The corresponding fitness function is given by equa-
tion (10). In this case the minimization of the objective function is
achieved taking into consideration all the experimental tests

performed at different heating rates.

oF-= i: : <%exp-if) - (%mw)r ©
(%)
Fit(%) = 100*7d (10)

21'3*1 %exp.max

The purpose of the O.F. is to minimize the difference between
experimental and calculated values of the DTG curve using non-
linear least square method for certain chosen values of kinetic pa-
rameters. In equations (7) and (9), j is the serial number of the data
point used; nq is the total number of data points logged during the
experiment. In equation (9),i =1 to 3 correspond to experiments at
different heating rates (i = 1 represents 5 K/min, i = 2 represents
10 K/min, and i = 3 represents 20 K/min). The term (do(T)/dT(exp,ij))
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Fig. 2. Algorithm for DAEM evaluation using non-linear least square minimization using a set of three experiments at different heating rates showing a more rigorous minimization

procedure.

is the experimental DTG value, while (do(T))/dTcalj)) is the calcu-
lated value using equation (6) for a given set of parameters of ko,
Eao, 0. The fitting quality as shown in equations (8) and (10) is based
on a previous study by Zhang et al. and Cai et al. [22,24]. A lower
value signifies better quality of fitting.

For complex materials decomposing in more than one reaction
steps, the single Gaussian model has shown poor fitness quality.
There is a significant interest in using multi-Gaussian approach to
describe multiple reaction steps and to improve the comprehen-
siveness of the reaction model. In multi-Gaussian model the overall
da/dT curve is taken as a weighted sum of more than one individual
do/dT curve. Similarly the global f(E,) curve is a weighted sum of
linear combination of individual curves. Hence, equations (5) and
(6) are replaced by equations (11) and (12) respectively for the
multi-Gaussian fitting. The parameters representing individual
weight are denoted by ¢; and are also estimated for each reaction in
the optimization calculation.

f(Ea) = Y Gf(Ea); (11)
1

do(T) _ - doy
i 721:95 (12)

In both equations (11) and (12) ¢; physically represents the
fraction of volatiles produced by the jth peak and n is the number of
peaks. ¢j values were estimated between 0 and 1. For overall opti-
mization calculations using this approach four parameters (E,o, o,
ko, ¢j) are optimized corresponding to each reaction step. As the
number of assumed reactions increase the number of parameters
increase by four folds.

2.2. Solution methodology and parameter estimation

The solution is evaluated using a computer code based on the
algorithms presented earlier. The codes work in conjunction with
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the optimization toolbox of MATLAB®. It invokes the pattern search
algorithm with initial guess parameters (Eao, 0, Ko, ¢j) to run the
optimization process until a minimum tolerance value in the order
104 of the objective function is reached. Pattern search is a de-
rivative free direct search subroutine for minimizing the objective
function (O.F.). It is considered to be better in terms of robustness
and number of function evaluations as compared to other search
methods such as Powell method and Simplex method [34]. The
arguments of the O.F. are varied until its minimum is obtained. Here
this method will be discussed briefly. A detailed account is available
in Ref. [35]. In our case, the pattern search routine determines the
sequence of values for variables (E,o, 6, ko, ¢j); while the DAEM code
computes the functional values of O.F. During the parameter esti-
mation process, successive values of variables are chosen as distinct
points in the k dimensional space. For double Gaussian DAEM this
value is 8 dimensional while for multi-Gaussian DAEM with four
partial reactions, this value is 16 dimensional. The procedure for
going from a given point to the next is called a move. This move is
termed as a success if the value of objective function decreases; else
it is a failure. The first move is exploratory in nature to gain
knowledge about variations in the variables leading to a successful
move. In each exploratory move only a single variable is changed in
a particular direction. The exploratory moves forms a vector base to
pursue the search for the arguments in subsequent iterations. The
second move is the pattern move, in which the knowledge gained
in the exploratory moves is utilized to accomplish the actual
minimization of the objective function by moving in the direction
of the established pattern. The point from which the pattern move
is made is called the base point, and the direct search procedure can
be understood as moving from base point to base point. This pro-
cedure is repeated until the O.F. value meets the tolerance limit.

2.3. Compensation effect

It is evident from several literature studies [6,27,36,37] that a
strong compensation effect exists between pre-exponential factor
(ko) and mean activation energy (Eao). In other words, different
pairs of kinetic parameters provide equally good fit to the experi-
mental data. One option was to fix the value of pre-exponential
factor (ko) and estimate the other model parameters (Eyo, 0, Cj).
But, according to Lakshmanan and White [27] for complex re-
actions such as pyrolysis and combustion it is often difficult to
provide a valid justification for fixing pre-exponential factor at an
arbitrary value because these are assumed based on different mo-
lecular theories. Hence, a fixed value of k, was not chosen in this
study but it was estimated during the optimization process. The
range in which these values were estimated was kept in a rather
narrow span of 1 x 10" to 1 x 102 (1/s) based on experience of
[9,10]. For other variables the range of values chosen for the esti-
mation was based on the recommendations of Vyazovkin et al. [ 14]
and Varhgeyi et al. [36]. Candidate values for activation energy (E,)
were chosen between 100 and 350 kj/mol while for the standard
deviation (), these values were chosen in the range of 1-50 kJ/mol.

3. Materials and methods

Milligram samples of PVC and PMMA were obtained as refer-
ence materials from manufacturers. All experiments were per-
formed in a STA (NETZSCH 449F3) and results have been reported
earlier in a study by Matala et al. [38] for PVC and Jannsens et al.
[39] for PMMA. The STA enabled simultaneous recording of TG and
DTG signals. For each experimental run of PMMA and PVC 10 and
20 mg of sample specimens were used respectively. The samples
were placed in the alumina (Al,03) crucible and subjected to
different linear heating rates (5, 10, 20 K/min). The experiments

were performed by setting the upper limit of the temperature up-to
700 °C. In the STA, nitrogen (N;) was used as a carrier gas with a
flow rate of 40 mL/min. Before measuring each sample, a baseline
was recorded using two empty crucibles.

4. Results and discussion
4.1. Thermogravimetric analysis

4.1.1. Poly-vinyl chloride (PVC)

The experimental results obtained from the TG-DTG tests of PVC
are shown in Fig. 3. The TG curve (Fig. 3a) shows that weight loss
occurs in at least two stages. In the first stage the sample shows a
weight loss of 54% (residual weight = 46%), while in the second
stage, a further weight loss of 19% is recorded, leading to the final
sample residual weight of 27%. The TG curve also shows the
appearance of a small plateau between 340 and 420 °C indicating a
slight drop in the rate of weight loss during that temperature in-
terval. The DTG curve (Fig. 3b), shows, the first stage of decompo-
sition occurs between 200 and 365 °C while the second stage of
decomposition occurs in between 365 °C and 545 °C. The curves
show slight sensitivity to the applied heating rate. The DTG curve
peaks shift to the right as the heating rate increases. The peaks
appear to fall in a very narrow temperature range of 10—15 °C
(Fig. 3b). It can be seen from Fig. 3 that main peak temperatures
(Tp1) increases from 284 °C to 300 °C with increasing heating rate,
while the minor peak (Tpy) is observed between 461 and 471 °C.
These results are consistent with the earlier studies performed by
Miranda et al. [10]. For PVC, it is well known that during the first
stage of pyrolysis, that mass loss is mainly attributed to the release
of hydrogen chloride (HCl) and this phenomenon is termed as de-
hydro-chlorination. Several authors mentioned that the first stage
is a combination of two independent (parallel) reactions associated
with head-to-head and head-to-tail linkages [10,11,40]. During this
stage small amounts of other aromatic hydrocarbons (e.g. benzene,
toluene, xylene and ethyl benzene etc.) and condensed ring aro-
matics such as naphthalene, anthracene and indene etc. are also
evolved. McNiell et al. [40] have explained that most double bonds
in such aromatic compounds get accumulated in the polymer to
create cross linked network of cyclic compounds in the aliphatic
matrix. In the second reaction step these cyclic compounds
aromatize via chain scission reactions leading to further weight loss
and formation of aliphatic and olefenic, aromatic hydrocarbons and
char (see Table 1).

In the past a number of experimental kinetic studies on the
thermal decomposition of PVC have been reported
[10,11,16,40—42]. Many of the previous research works have shown
that PVC degradation occurs in two distinct reaction steps, however
it is apparent only from the works of Miranda [10], Wu [11] and
Maqueda and Criado [43,44], that DTG curves recorded for PVC
have also shown to exhibit three and four distinct peaks. As a
consequence, the modeling work for those studies was performed
using multiple step reactions through series and parallel kinetic
models. The accuracy of these models is very good however, a key
issue in these models is to propose a reaction mechanism of the
thermal degradation process. For fire engineering work, this is a
cumbersome and challenging task. In addition, the profile of the
DTG curve is influenced by other factors such as the choice of gas
atmosphere in which the TG experiments were performed e.g. Np,
CO;y, Oy, heating rates used and the chemical composition of the
polymer. The material shows significantly different reaction pro-
files under ambient atmosphere due to oxidation reactions as
shown by Bhargava et al. [25]. When the reactant gas atmosphere
or chemical composition of the material is altered a new reaction
mechanism has to be proposed. This task poses a major challenge in
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Table 1
Summary of DTG curves for PVC.

Experimental TG (above) and DTG (below) curves for PVC in nitrogen at different heating rates.

Heating rate Main peak temperature DTG(main peak) Minor peak temperature DTG(minor) Residual weight
B (K/min) T /°C (dM/dT)py Tpa/°C (dM/dT)p W%

5 284 -14 461 -03 26

10 295 -14 463 -04 26

20 300 -15 471 -03 27

the general implementation of this sub-model to simulate the
overall pyrolysis model for HRR predictions for a cone calorimeter
test. It is to be noted that for all practical applications the properties
of PVC are modified by adding several additives, plasticizers and
flame-retardants. The reaction mechanism originally proposed for
a specific polymeric composition may not be generalized for a
modified material. This problem may be mitigated by using the
DAEM approach for the purpose of fire modeling due to its inherent
modeling assumptions. In the DAEM model, it is assumed the each
reaction step represents infinite number of parallel occurring re-
actions so the parameters computed are apparent Kkinetic

parameters but not the real ones. Also, there is no need to provide
an elaborate reaction mechanism for the degrading polymer, as this
may not be of specific interest for fire simulations purposes.

4.1.2. Poly-methyl methacrylate (PMMA)

The TG and DTG curves of PMMA are shown in Fig. 4. The re-
sidual weight of the sample at the end of the reaction is negligible
(0.4—2%) (Fig. 4a). The weight loss in the PMMA sample seems to
occur in one single reaction step. However, in reality it is plausible
that this reaction occurs in multiple stages. As shown in Fig. 4b a
main broad DTG peak is visible while a minor shoulder peak
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Fig. 4. Experimental TG (above) and DTG (below) curves for PMMA in nitrogen at
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appears the left of the main peak, indicating the possibility of more
than one reaction occurring during the decomposition process. The
onset of the degradation starts at 210 °C and ends at 430 °C. The
main DTG peaks for different heating rates for PMMA lie in the
range of 357—365 °C. It can be observed from Fig. 4b that the peak
temperature increases as the heating rate increases from 5 K/min to
20 K/min. Similar results were reported for PMMA by Ref. [39] (see
Table 2).

A great deal of previous research into PMMA has focused on the
understanding of thermal degradation mechanism. According to
Troitzsch [45], the thermal decomposition of PMMA follows at least
two and sometimes three stages by means of reactions occurring at
the chain ends and random scission process producing only

Table 2
Summary of DTG curves for PMMA.
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monomers. It was first shown by Kashiwagi et al. [46] and later by
Manring [8] that a radically polymerized sample degrades in three
stages. The multi-reaction theory was and later adopted by Ref. [9]
for the modeling work. Ferriol et al. [9] have discussed the detailed
account of the reaction mechanisms proposed by Refs. [15,46] and
implemented that approach into the estimation of reaction model
by using non-linear fitting algorithm.

4.2. Kinetic analysis

4.2.1. Isoconversional methods

Vyazovkin and co-workers [47] have suggested that as a apart of
any kinetic modeling study it is advisable to perform basic fitting
using isoconversional methods. In this analysis, apart from DAEM
model, we have used two most commonly practiced isoconver-
sional methods (Friedman and Kissinger-Akhaira-Sunose), along
with Kissinger method to calculate the activation energies for the
pyrolysis of polymers. The corresponding equations for these
methods are shown in Table 3. The detailed discussion of these
methods can be found in the cited references.

In all these methods activation energies are calculated by the
analysis of multiple curves measured at different heating rates at
same level of conversions () assuming first order reaction model
where f(a) = (1-a) and g(a) = —In(1-a). The reason for such an
assumption stems from the fact that for most fire simulations, the
reaction model is assumed to follow a single first order reaction. It
can be seen from Fig. 5 that the spread of activation energy for both
polymers as calculated by either of the isoconversional methods
(Freidman and KAS) follow a similar trend.

For PVC the values of activation energy (E,) were found to vary
in the range of 235-284 kJ/mol in the conversion range of
(o = 0—0.6) and later it was found to increase from 240 to 550 k]/
mol in the range of (¢ = 0.6—1). While, for PMMA activation energy
(Ea) was found to increase from 50 kJ/mol to 197 kj/mol in the
conversion range of (o = 0—0.4), later it was found to follow a
constant value at 200 kJ/mol (o = 0.6—1). The comparison of the
pre-exponential factor (ko) with respect to the activation energy is
shown in Fig. 6. The spread of values for ko was found to be same
nearly same by the two methods for each polymer. The wide
variation in the values of activation energy and appearance of
shoulders in DTG curves indicate that the reaction rate curve is not
dominated by a single step reaction and cannot be described by a
single step model. The best fit among all the methods discussed
was obtained by Kissinger method as shown below in Fig. 7. It can
be seen that only the main peak of the curves can be approximated
to a large extent however, peak shoulders are not reproducible.

Though isoconversional methods do not give us a good match
with experimental data, but the kinetic parameters obtained using
those values provide us with valuable insights about their range.
These values can be used as possible candidates for initiating
optimization calculations using model fitting methods (see
Table 4).

4.2.2. DAEM model fitting
To improve the accuracy of simulations, we then applied the

Heating rate Main peak temperature DTG(main) Minor peak temperature DTG(minor) Residual weight
B (K/min) T /°C (dM/dT)py Tra/C (dM/dT)p W%

5 360 -19 247 -0.2 20

10 364 2.0 252 0.1 0.6

20 365 -18 262 -0.1 0.4
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Table 3
Model equations for isoconversional methods and the Kissinger method.
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Table 4
Summary of kinetic parameters obtained by isoconversional and Kissinger method.
Method Friedman Kissinger-Akhaira-Sunose Kissinger
(KAS)
Kinetic Parameters PVC PMMA PVC PMMA PVC PMMA
Activation energy, Ea [k]/mol] 3334 2134 286.2 166.7 209.7 218.7
Pre-exponential factor, kO [1/s] 1.0E+36 1.8E+19 7.1E+34 2.4E+15 29E+17 8.1E+15

distributed reactivity models that were expected to show a better
fit with the experimental data. In this section simulation results of
DAEM model fitting will be focused for the test run performed at
5 K/min. For results of other test runs and global optimization only,
the calculated parameters are shown in Tables 5 and 6.

4.2.2.1. Double Gaussian fit. In the double Gaussian modelling of
DTG curves, the overall reaction was modelled as a sum of two
individual reaction peaks (Rxn-1 and Rxn-2). Eight parameters
(Eao1, 01, Ko1, €1, Eao2, 02, ko2, C2) were optimized in the calculations.
The results obtained from the model fittings are presented in
Table 5. Regarding the test at 5 K/min, the mean value of activation
energy (Eo) for PVC for reaction 1 and 2 were found to be 179.7 kJ/
mol and 231.5 kJ/mol respectively. These values were comparable
with previously reported data in the literature by Zhang et al. [20]
who found E, values in the range of 159—212 kJ/mol and standard
deviation (o) values in the range of 1.5—8.2 kJ/mol. For PMMA, the
mean activation energy (E,o) values were found to be 264.4 k]/mol
and 199.0 kJ/mol for step 1 and 2 respectively. However, scarce data
is available in the literature related to the distributed reactivity
models for comparison purposes. Overall the average fittings were
found to be reasonably better for PVC (Fit = 4.1%) than PMMA
(Fit = 4.7%).

In Fig. 8 the DTG peaks of PVC and PMMA are shown as a
comparison between experimental results and simulations. In case
of PVC, both the peaks of the test data can be reproduced with fairly
good accuracy; however there exists some deviation from the test
data in the fittings. In Fig. 8b the minor shoulder peak of PMMA is
not well captured by the model, while for PVC this deviation is
visible at the end of first peak.

Fig. 9 shows the normalized probability distribution plots of PVC
and PMMA. The f(Ea) curve is shown as a sum of two individual
f(Ea) peaks. Both curves have been calculated using the parameters
presented in Table 5. The peak value of the f(Ea) curve appears at
178.7 kJ/mol and 201.9 kJ/mol for PVC and PMMA respectively.

Table 5

Overall the activation energy (E,) values are significantly distrib-
uted over the range of 100—350 kj/mol.

Fig. 10 shows the comparison between experimental and
simulated values of normalized conversion using o(T) plots. These
plots are obtained by numerically integrating equation (6) and
using the optimized parameters obtained in Table 5. Fittings show
some deviation from the experimental data, as the model under
predicts the instantaneous conversion. Fig. 10 indicates that in the
case of PVC, the prediction is accurate only until the alpha = 0.6,
later the model shows significant under-prediction from the test
result. It is plausible that the two reaction peaks are not sufficient to
capture the DTG peaks accurately and additional reaction peaks are
required to model the entire reaction. For PMMA, the model pre-
dictions are closer to the test results, but these values are slightly
deviated from the experimental data in the initial (& = 0 to 0.3) and
final stages (o = 0.8 to 1.0) of the reaction.

4.2.2.2. Multi — Gaussian fit. In the multi Gaussian modelling of
DTG curves, four reactions are used to model the DTG curves of PVC
and PMMA. Sixteen parameters (Ejo1, 61, Ko1, €1, Eao2, 62, Ko2, €2, Eao3,
03, Ko3, €3, Eaoa, 04, Koa, C4) were optimized for model fitting (four
parameters corresponding to each reaction). In Fig. 11, results of
four-step multi-Gaussian DAEM simulation are compared with the
experimental test result obtained for the run at 5 K/min.

The DTG peaks of PVC and PMMA were reproduced with better
accuracy than with the double Gaussian fittings. The results for
optimized kinetic and statistical parameters are shown in Table 6
for the test runs at other heating rates.

For PVC, E, values lied in the range of 164—230 k]/mol for the
test run at 5 K/min. For comparison purposes, not enough literature
data related to the multi-Gaussian DAEM model could be found on
PVC. These values are compared with the activation energy values
reported for the series and parallel kinetic model by Miranda et al.
[10] using non-linear least square method, which lied in the range
of 138—245 kJ/mol showing a reasonable agreement. The difference

Fitted kinetic and statistical parameters for pyrolysis of PVC and PMMA using double Gaussian DAEM at different heating rates.

Heating rate Rxn-1

Rxn-2

B (K/min) Eao-1 (KJ/mol) o1 (kJ/mol) Logio(ko-1) (1/s) Ci  Eao-2 (kJ/mol) o> (KJ/mol) Logio(ko-2) (1/s) Cz Fitness (%) O.F.
5 179.7 113 144 0.6 2315 403 14.0 04 49  4E-04
10 1774 10.1 143 06 2298 392 14.0 04 45  3E-04
20 181.0 121 147 06 227.6 37.6 14.0 04 49  4E-04
Global parameters (i = 1:3; § = 5/10/20) K/min 181.0 121 147 0.6 2296 39.6 14.0 04 20  2E-03
Average 179.8 114 145 06 2296 392 14.0 04 41 7E-04
PMMA

Heating rate Rxn-1 Rxn-2

B (K/min) Eao-1 (k]/mol) oy (kj/mol) Logio(ko-1) (1/s) Ci Eao—2 (kJ/mol) o3 (kJ/mol) Logio(ko_2) (1/s) C; Fitness (%) O.F.
5 264.4 50.0 20.7 0.5 199.0 263 14.0 05 63  2E-04
10 2756 50.0 215 0.5 1985 28.1 14.0 05 52  2E-04
20 268.2 50.0 209 0.5 197.5 26.5 14.0 05 52  1E-04
Global parameters (i = 1:3; § = 5/10/20) K/min 268.1 50.0 209 0.5 198.5 26.7 14.0 05 20  5E-04
Average 269.1 50.0 21.0 0.5 198.4 26.9 14.0 05 47  3E-04
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Table 6
Fitted kinetic and statistical parameters for pyrolysis of PVC and PMMA using multi Gaussian DAEM model.
PVC
Heating rate B (K/min) 5 10 20 Global parameters (B = 5/10/20) K/min Average
Rxn-1 Es0.1 (K)/mol) 217.0 2240 227.0 217.0 2213
o1 (kJ/mol) 32.6 36.6 36.6 32.6 34.6
Logio(ko-1) (1/s) 13.0 18.0 18.0 13.0 155
G 03 03 0.3 03 03
Rxn-2 Eao-2 (kJ/mol) 230.6 230.6 230.6 233.6 2313
o (kJ/mol) 30.5 46.5 46.5 30.5 38.5
Logio(ko_2) (1/s) 13.0 140 140 210 155
2 0.2 0.2 0.2 0.2 0.2
Rxn-3 Eao.3 (kJ/mol) 164.3 1723 1723 164.3 1683
o3 (kJ/mol) 49.3 49.3 493 49.3 49.3
Logio(ko_3) (1/s) 13.0 140 140 13.0 135
G 0.2 02 0.2 02 0.2
Rxn-4 Ea0-4 (kJ/mol) 218.1 266.1 266.1 2181 2421
64 (k]/mol) 28.8 448 48.8 328 38.8
Logio(ko_4) (1/s) 17.0 17.0 17.0 17.0 17.0
G 03 03 03 03 03
Fit (%) 18 41 19 41 3.0
O.F. 5.80E-05 2.92E-04 6.15E-05 8.00E-03 2.10E-03
PMMA
Heating rate B (K/min) 5 10 20 Global parameters (i = 1:3; p = 5/10/20) K/min Average
Rxn-1 Eao-1 (kJ/mol) 194.8 198.9 198.9 199.9 198.1
& (KJ/mol) 154 276 276 276 246
Logio(ko-1) (1/s) 13.0 140 14.0 140 13.8
G 03 03 03 03 03
Rxn-2 Eao-2 (k]/mol) 184.2 206.9 205.9 2059 200.7
a5 (kj/mol) 204 288 2438 26.8 252
Logio(ko_2) (1/s) 13.0 140 14.0 14.0 138
G 0.2 02 0.2 02 0.2
Rxn-3 Eao-3 (k]/mol) 166.5 170.5 1745 170.5 170.5
a3 (kj/mol) 43 43 43 43 43
Logio(ko-3) (1/s) 136 14.0 14.0 14.0 139
G 0.2 02 02 02 0.2
Rxn-4 Eao.4 (KJ/mol) 188.9 194.4 190.4 190.4 191.0
a4 (kJ/mol) 16.0 20.2 202 20.4 192
Logio(ko—4) (1/s) 13.0 14.0 14.0 14.0 138
Ca 03 03 03 03 03
Fit (%) 43 3.1 34 17 3.1
OF. 8.50E-05 5.52E-05 5.97E-05 4.00E-04 1.50E-04
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Fig. 8. Experimental and calculated DTG curves for PVC (left) and PMMA (right) at 5 K/min using double Gaussian DAEM (Contributing reactions Rxn1—Rxn2 are hindered due to
peak overlaps).

in kinetic parameters can be attributed to experimental conditions, experimental data to a high degree of accuracy.

sample characteristics and model choice and the carrier gas used to In Fig. 12 the normalized probability distribution curves of the
study the reaction. For PMMA, E,g values are distributed in rather activation energy for PVC and PMMA are shown. The f(Ea) curve is
narrow range of 166—195 kJ/mol. These values are comparable with taken as a sum of four individual Gaussian peaks (Rxn1—Rxn4). The

the activation energy values reported by Refs. [9,15,51]. Overall, the f(Ea) curve peaks at Ep = 220.4 k]/mol and Ep = 168.2 k]/mol for PVC
simulated DTG curve (Fig. 8) can be approximated to the and PMMA respectively. These results suggest that the activation
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Fig. 11. Experimental and calculated DTG curve for PVC (left) and PMMA (right) at 5 K/min using multi-Gaussian DAEM (Contribution reactions Rxn1—Rxn4 are hindered due to

peak overlaps).

while for PMMA it is slightly under-predicted. The overall fitting of
multi-Gaussian DAEM model was found to be better than double
Gaussian fitting. The average fitness was found to be approximately
3% each for PVC and PMMA, which is slightly lower than double
Gaussian fittings. Thus multi-Gaussian modelling with minimum of
4 reaction steps is recommended over the double Gaussian

energies of numerous individual reactions are during thermal
degradation of the material, centered near these peak values, hence
they may be possible candidates for use as input parameters in fire
simulations.

Fig. 13 shows the comparison between experimental and
simulated values of normalized conversion using «(T) curves. Fit-
tings improve significantly and match experimental data to a high
degree of accuracy. For PVC the model shows good prediction,

approach.
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Fig. 12. f(Ea) curve estimated for PVC (left) and PMMA (right) at B = 5 K/min using multi-Gaussian DAEM.
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Fig. 13. o(T) curve estimated for PVC (left) and PMMA (right) at p = 5 K/min using multi-Gaussian DAEM.

5. Conclusions

The main conclusions from this study are that, in condensed
phase pyrolysis several reactions occur simultaneously and overlap
in time and temperature during the thermal degradation process.
However, from a fire engineering perspective it is not critical to
describe all of them. A robust modelling approach has been adop-
ted using a combination of pattern search optimization and
distributed reactivity model to simulate MLR occurring in two
different thermoplastics (PVC and PMMA) that are representative
of polymers showing charring and non-charring behavior respec-
tively. The overall fitting of MLR has shown to improve considerably
with the use of a multi-Gaussian DAEM model as compared with
the double-Gaussian DAEM model and isoconversional methods.
The DTG curves in the former case were reproduced with higher
accuracy, but at computational expense. The main advantage in
using this type of methodology is the possibility to extend the
scope of its applicability to polymers showing degradation in
multiple reaction steps and having complex compositions
including several additives and/or flame-retardants. For future
work, MLRs computed using DAEM model may be integrated as a
sub-model in a commercial CFD package. This can lead to
improvement in the results of thermo-kinetic calculations leading
to more accurate predictions of HRR. However, it would be useful in
such a case to acquire experimental data in a wide range of heating
rates (5—80 K/min), so that the estimated parameters can be cali-
brated for fire simulations. Another advantage of combining DAEM

code with the optimization engine is that the parameter estimation
can be performed systematically rather than random trial and error
basis. Despite this, computational time involved can take from
several minutes to a few hours. Nevertheless, these calculations are
performed only once for each material. It may also be concluded
that the number of reactions that may be used to describe a reac-
tion model should be first based on the visual inspection of the DTG
curve and should depend upon the number of peaks clearly visible.
If the DTG curve cannot be modeled accurately by the number of
clearly visible peaks, additional reactions peaks may be used.
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1 ABSTRACT

Based on a statistical approach, a robust chemical kinetic model is presented to explain thermal
decomposition in complex, real-world polymer materials during pyrolysis in the condensed phase.
The model envisages the material to take part in multiple solid-state chemical reactions during a
microscale thermogravimetric (TG) experiment. The model considers the total mass loss rate to
include contributions from an infinite number of independent, parallel, first order reactions
characterized by unique activation energies. Preliminary calculations have shown good agreement
between experimental and simulation data. The sub-model approach could be useful for integration in
commercial and open access CFD code for computing HRR (heat release rate) in a cone calorimeter
test, particularly in cases where the user has marginal knowledge about the reaction mechanism and
exact chemical composition of the sample. The model could also be applicable in cases where the
mass loss curve exhibits irregular shapes and multiple peaks are observed in the differential
thermogravimetric (DTG) plot. The model parameters were estimated in this work using a pattern
search algorithm using a non-linear, least-squares approach. The work has been expanded to include a
local sensitivity analysis of the estimated parameters to determine the accuracy and robustness of the
model.
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3 INTRODUCTION

Polymeric materials find applications in wide-ranging areas such as building construction,
electrical works, upholstery, paints and sealants. The versatile applicability of such materials can be
attributed to their customizable physio-chemical properties suitable for a large number of products .
However, a key issue with such materials is their combustible nature which present a potential fire
hazard. One major step to mitigate this problem is the use of flame retardants. As a consequence of
this practice, polymeric materials have shown to exhibit increasing complexities in the condensed
phase during fire tests. A number of flame retardants (e.g. Dechlorane, ATH, silica gel, phosphates
etc.) whose mode of action is based on dehydration, crosslinking, intumescence and char formation
are currently being used in many polymeric materials 2.

In the EU and many other countries, fire testing and classification is based on certain parameters such
as non-combustibility, fire resistance, ignition temperature, flame spread and smoke development.
These are determined by different types of fire tests and are often based on prescriptive rules laid
down by EU directives and national regulations. These standard test methods are used to assess the
fire behavior of plastics for the estimation of ignition temperatures, smoke density and thermal
decomposition. Many of them have been documented by Troitzsch®. For the US, most fire test
methods have been issued by ASTM and can be found in the document ASTM D 3814-99 .



Recently, there has been a growing interest in performance based design approach to fire engineering
applications using modelling and simulation techniques. This has resulted in the increasing use of
computer calculations in this area. Fire Tools is a research project in this domain, funded by the
European Commission under the Marie Curie Actions which aims to predict fire performance of
materials used as products, contents and barriers in a building by means of using material properties in
a multi-scale approach **. This paper will focus on modelling of thermal decomposition in polymers
using small scale material test (TGA) and evaluating the sensitivities of its input parameters used in
the distributed reactivity model. The work shall be linked to product scale calculations (using cone
calorimetry) in future publications.

Several studies in the past have shown that the outcomes of cone-calorimeter tests of many polymers
can be predicted using one dimensional-numerical pyrolysis model using CFD software packages
such as FDS and Thermakin ®®. However, some of them have pointed out significant discrepancies
between modelling results and experimental data ®°. These models apply energy and mass
conservation equations to quantify spatial temperature profiles, heat release rates (HRR) and other fire
performance parameters. One major reason for such a discrepancy is attributed to the lack of
understanding of processes occurring in the condensed phase.

In separate studies, Bhargava and co-workers'®*? presented an alternate approach to model thermal
decomposition in two different polymers using the distributed reactivity concept. In this work, the
concept introduced in reference [12] is extended further by performing more validation work on a
number of polymers and cellulosic materials. In order to address the issues of multiplicity in the
chemical reactions, a model fitting approach is discussed. Further, the influence of estimated
parameters on model output has also been studied using local parametric sensitivity analysis.

4  MATERIAL AND METHODS

4.1 Materials

Five polymeric samples of materials commonly used in building constructions or are part of the
building components were collected for thermal decomposition tests. These were poly (vinyl chloride)
(PVC), poly (methyl methacrylate) (PMMA), paper used in a common plaster board’s outer covering,
ethylene vinyl acetate (EVA) and a fabric blend of cellulosic cotton and polyester.

4.2  TG-DSC Experiments

Milligram samples (5-8 mg) of each of the above polymers were prepared from the bulk materials. All
the experiments were performed in a simultaneous thermal analyser (STA - NETZSCH 449F3 Jupiter)
under a controlled environment. It enabled simultaneous recording of TG and DSC signals (DSC
curves are not shown in this work). The STA was calibrated for temperature and heat sensitivity at
different heating rates using standard reference materials (pure metals). The specimens were placed in
aluminium or alumina crucibles and subjected to three different linear heating rates in the range (5 to
30 K/min). At each heating rate, a baseline was recorded using two empty crucibles. For PVC,
PMMA and EVA samples, experimental work was shared with other laboratories. Results for these
materials have been reported earlier in separate studies by Matala'® for PVC, by Janssens' for
PMMA, and by Girardin'>'® for EVA. For paper samples and the fabric blends, new tests were
conducted in co-operation with material testing laboratory at Lund University. The experimental
conditions varied from one lab to the other in terms of selection of heating rates and carrier gas
availability. Those variations can be attributed to individual choices made by the experimentalists.
Table 1 shows the summary of experimental conditions. All tests were done under inert conditions
and with 5 and 10 K/min as heating rates in lower range. While the heating rate of 30 K/min was
chosen to reflect temperature rise in the material in slightly higher range.



Table 1 Summary of samples and experimental conditions

Sample Heating Rate (K/min) Gas Atmosphere
PVC 5,10,20 Nitrogen
PMMA 5,10,20 Nitrogen
EVA 5,10, 20 Nitrogen
Paper — (Plaster board covering) 5,15,30 Argon
Fabric (Blend — 25% Polyester,
( 75% Cotton) Y 51530 Argon

4.3  Kinetic Model

The model is based on the distributed reactivity concept. This concept had been used previously for
materials such as coal and biomass, which show thermal decomposition in a complex manner and
have shown to exhibit irregular mass loss profiles. In this model the overall reaction rate is assumed to
be the sum of many parallel and overlapping reactions. Each reaction step is characterized by a pre-
exponential factor, a mean value of activation energy and a standard deviation of the activation energy
distribution. The derivative form of the DAEM model is:

daj
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In the Eq. [1] and [2] above, a is the degree of sample conversion, T (K) is the temperature,  (K/s) is
the heating rate, E (J/mol) is the activation energy, R (8.314 J/K/mol) is the universal gas constant,
ko(1/s) is the frequency factor, Eq (J/mol) is the mean activation energy and o (J/mol) is the standard
deviation of the activation energy distribution (Gaussian in this case), w; is the fraction of volatiles
produced by each component. For a detailed explanation of this model see °. For modelling the
multiplicity of reactions and appearance of more than one DTG peak, Eq. [2] is used

For the parameter estimation of the unknown variables, a non-linear regression method using pattern
search algorithm was implemented using a computer program in Matlab. The objective function was
minimized using systematically chosen values of kinetic parameters (E,, o, w;). Holstein and co-
workers?® have stated that different pairs of kinetic parameters provide equally good fit to
experimental data. Hence, in the present work, a constant value of k, = 1.67x 10™ s™ was chosen to
maintain consistency with the transition state theory. This value has been chosen based on previous
modelling attempts reported in literature by Zhang® and Miranda®. Also, this practice reduced the
number of parameters to be estimated by one factor reducing the computational effort. In the present
case three parameters are estimated per reaction. Our objective was to choose least number of
reactions to describe the DTG curve as accurately as possible. For some most cases this was achieved
using only two reactions while for one of them it was accomplished with three step mechanism.

The objective function is shown in Eg. 3. In this equation the subscript ‘j” refers to the data point
used, ny is the number of data points, (da/dT)e.,j represents the experimental values of the i
experiment, while (do/dT)c,j represents those calculated by the DAEM model (Eq. [2]) for a chosen
set of parameters. The measure of agreement between experimental and simulation results is given by
Eq. [4]. A lower value signifies a better fit'"*,

0= 53 [(5,) ()| g
S dTexp,ij dTcal ij




5 RESULTS AND DISCUSSIONS

Fit(%) = 100 * 3(77) [4]

j=1"dr exp,max

da(T)

5.1 Comparison of Experimental and Simulated DTG curves

Fig. 1 shows the summary of experimental and modeled DTG curves for various polymers. It can be
seen that two main peaks were observed for PVC, EVA and the fabric, while for PMMA and paper
only one broad peak is observed. It is apparent that, the broad peak is convoluted in more than one
peak. Also several inflections in the main peak were visible near the onset and final temperatures.

Fig. 1 Experimental and simulated DTG curves for different polymers at 5K/min using multi-
Gaussian DAEM-(*Continued on the next page)
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Fig. 1 (*Continued)
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For PVC, PMMA, EVA and the fabric, the DTG curve is modelled as a sum of two peaks, while for
paper it is modeled as a sum of three peaks. In the case of PVVC and the fabric, the first peak is sharp
as compared to the second one, while for PMMA, and EVA the second peak is more prominent. In the
case of paper a singular broad peak is clearly visible and slight inflections appear in the beginning and
at the end of the pyrolysis reaction. Hence, the de-convolution of this peak was effectively possible
using at least three contributing reactions, while for all other cases it was accomplished using two
contributing reactions. It can be seen that, in most cases, the modeled curve predicts the experimental
data to a high degree of accuracy. However, in some cases, minor inflections in the overall DTG
curve could not be reproduced with two reactions e.g. PMMA. It should also be noted that PMMA
and EVA left negligible amounts of residues after the test while other materials showed varying
amounts of residues. A summary of parameters characterizing the thermal decomposition of the
process during the pyrolysis experiment is shown in Table 2.

Table 2 Parameters characterizing the thermal decomposition of different polymers under inert
atmosphere for the test at 5K/min

Residual Mass (wt.

Sample Peak T, (°C) T, CO T: CO) %)
PVC 1 200 284 365 46
2 365 461 545 27

PMMA 1 210 247 300 87
2 300 360 420 1

Paper* 1 234 348 380 40
2 380 450 535 32

EVA 1 277 341 378 85
2 378 464 500 0

Fabric 1 250 350 375 60
2 375 417 498 13

*For paper sample 2™ and 3" DTG peaks were convoluted, but subtle inflections were clearly visible in the beginning and the end of the
reactions. T,: Peak onset temperature, T, is the peak temperature, T is the Final peak temperature.




Table 3 shows the parameters estimated for the DAEM model fittings. Although, the value of the
objective function is very low (10 to 10™), and the corresponding fit is less than 7 percent, it
indicates model predictions show reasonably good agreement with the experimental data.

Table 3. Estimated Parameters for different polymers using multi-Gaussian distributed activation
energy model

Material Peak Eo; Sig; Wi Fit (%) O.F.
PVC 1 169.4 6.6 0.5 47 3.4E-03
2 219.1 29.4 0.5
PMMA 1 182.7 11.8 0.6 21 2.1E-04
2 190.8 19.6 0.5
Paper 1 170.0 5.0 0.6 3.4 2.00E-03
2 183.0 16.0 0.3
3 188.0 20.0 0.1
EVA 1 184.2 14.9 0.1 2.6 7.5E-04
2 219.9 44.0 0.9
Fabric 1 185.2 14.0 0.6 6.2 5.2E-03
2 206.3 295 0.4

5.2  Sensitivity Analysis of Estimated Model Parameters

A sensitivity analysis allows the study of how changes in input parameters affect the model
predictions. It provides a systematic way of analyzing the model’s performance and robustness, when
one of the input parameters deviates from its optimum value. This technique has been used previously
by (Cai and Rao) %2 to study parametric changes on their pyrolysis model outputs. In this study, the
local sensitivity analysis of estimated DAEM model parameters has been done by varying each
kinetic parameter, one at a time, in the range of £20% of its optimum value at a step size of 5 percent
(other parameters being held constant).

Fig. 3 shows a plot of the relative objective function against the relative parameter. In this case the
relative objective function (Eq. 5) can be defined as the ratio of the objective function value at the
deviated parameter to its value calculated at the optimized parameter.

. O0.F.pevi P
Relatlve 0.F.= eviated Parameter [5]
O-F'Optimized Parameter

The relative parameter (Eq. 6) represents the ratio of the deviated parameter to its value at the
optimized one.

Deviated Parameter

Relative Parameter = [6]

Optimized Parameter

Eq. 7 and Eq. 8 show the relative parameters with respect to mean activation energy and standard
deviation of the " reaction peak respectively.
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A sample calculation for PVC is shown in Fig. 2, in which the DTG peak is computed using DAEM
with one of the estimated parameter changed to 85% (randomly chosen) of its optimized value (other
parameters held constant).

Fig. 2 A sensitivity analysis calculation showing DTG peak deviations in PVC upon variation of one
of the estimated parameters to 85% of its optimized value (other parameters being held constant).
Maximum peak deviation is seen upon variation of activation energy values.
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The results show the extent of departure of the computed DTG peaks from the experimental and
optimized ones. The degree of variation differs from one relative parameter to the other. The effects
were observed to be more pronounced for the mean activation energy values (Eq, Eq,) as compared to
their standard deviations (o3 6,). For PVC, deviation in Ey resulted in the first peak to shift to the left
of the optimum peak by approximately 70 degrees Celsius. Further, the change in oo, resulted in the
first peak to diminish to almost half its original value (peak position remain unchanged).

Further, change in Eq, value resulted in a higher peak. The first peak increased slightly as compared to
the optimum one, but the second peak rose sharply in addition. Additionally, a peak shift of 107
degrees Celsius to the left of the optimized peak was observed. Finally, a change in the value of o,
caused the second peak to diminish, but the first peak remained unaffected. The overall inference that
may be drawn from the sensitivity analysis is that the model has shown higher sensitivity to activation
energy values. A slight deviation of 15 percent (see Fig. 2) in its value causes significant changes in
the overall DTG peak properties. This phenomenon is less prominent for standard deviation values,
whose variation has less effect on the overall DTG peak.

A detailed computation for all the samples is summarized in Fig. 3. For PVC and Paper, the values of
relative objective function peaked when Eq; was deviated to 90 percent of its optimum value, while
this was observed at 85 percent for PMMA and Fabric. For EVA, the relative objective function
peaked at 80 percent of Eq, value. A general conclusion that may be drawn from Fig. 3 is that in most
cases, the farther the DAEM is computed from the optimized parameters the more the variation is
observed in the relative objective function. For some values of the relative parameters the deviation is
seen to rise exponentially. In this case, the values of activation energies show a higher value of
relative O.F in the order of (10%-10* as compared to standard deviations whose values lie in the range
of (1-10). This shows the model’s higher sensitivity towards activation energy values as compared to
standard deviation. The relative objective functions in most cases show a decreasing trend when the
relative parameter increases from 0.8 to 1. It converges to 1 when the relative parameter is 1, followed
by an increasing trend as the relative parameter increases from 1 to 1.2.



Fig. 3 Local parametric sensitivity analysis of common polymers
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The sensitivity levels of estimated parameters have been divided into three categories (from low to
high). The categorization is based on the range of values computed for the relative objective function
for each material (in Fig. 3) at different levels of deviation. The point sensitivities were determined at
nine different levels ranging from 80-120 percent of the optimized parameter values. It was found that
activation energies were found to have the highest sensitivities for the majority of the points.

For PVC and Fabric, Eq; was found to be most sensitive while for EVA, Eg, showed high sensitivity
and for PMMA and Paper, Eqy and Eq, both showed high sensitivity values. The least sensitive
parameters were standard deviation (o1, o, and o) for all reactions. The result of the sensitivity levels
of different parameters is shown in Table 4.

Table 4 Sensitivity levels of estimated parameters of different polymers

Parameters
Sensitivity Range — Relative O.F. PVC PMMA Paper EVA Fabric
Low SenSItIVIIy 1tol10 G102 G102 G1,02,03 G102 G1,02
Medium
Sensitivity 1010100 Eoz - Eos Eou Eoz
High Sensitivity > 100 Eo1 Eo Eor Eor Eo Eqp Eos

CONCLUSIONS

The multi-Gaussian DAEM model can be used to simulate thermal decomposition phenomena in
modern polymers. The complex profile of mass loss and mass loss rate curves observed in the TG
experiment can be attributed to many factors. Some of them include multiplicity in the number of
reaction steps in the condensed phase, physio-chemical changes occurring in the sample during
exposure to heat leading to char formation and intumescence. The appearance of multiple DTG peaks
and their minor inflections can now be accounted in the modelled multi-Gaussian DAEM curve by
means of optimization technique and non-linear least square approach. The model has the potential to
be coupled with the heat transfer equation to estimate HRR and perform flame spread calculations
using open source CFD codes. The local sensitivity analysis of the estimated parameters shows model
robustness with respect to variation in input parameters. In the present case, higher sensitivities were
observed for the model with respect to mean activation energy values as compared to their standard
deviations. For future works, when the model is integrated in the overall comprehensive pyrolysis
model, this study will augment the current understanding of parametric influences on the overall
outputs (such as estimation of HRRs and surface temperatures).
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Introduction

The past decades have seen increasingly rapid advances in the field of one-dimensional (1D)
comprehensive pyrolysis modeling. Several computer programs based on computational
fluid dynamics (CFD) framework have been developed such as Fire Dynamics Simulator
(FDS),"?* ThermaKin,® Pyropolis,* COMSOL,”> and MATLAB® based applications. These
software tools are increasingly being used for initial screening purposes to predict the fire
behavior of building materials in standard reaction to fire tests. The availability of such soft-
ware tools has also provided a possible means to accelerate product development lifecycle
and reduce time to market.” Some of the notable works in the field of comprehensive pyroly-
sis modeling include those of McGrattan et al.,' Stoliarov and colleagues,®® Snegirev et al.,'°
Marquis et al.,'"!? Ghorbani et al.,'*> Di Blasi,'* and Valencia.® Their models incorporate
different physio-chemical processes to describe material response to thermal abuse in the
form of mass and energy conservation equations. More often than not, cone calorimeter is
the preferred experimental choice in validating the simulations performed by such 1D pyro-
lysis models.

Despite elaborate efforts, the results of such simulations deviate considerably from experi-
ments in large number of cases for a variety of materials under different heat exposure condi-
tions and specimen dimensions.>'* The main factors accountable for the average quality of
predictions made by such deterministic pyrolysis models are poor understanding of heat and
mass transfer phenomenon, material property data used in them as input values, sub-model
choices, and implementation of boundary conditions.

One way to seek improvements in such models is to make modifications on sub-model
level and evaluate the impact on final outcomes on the overall model output. In this study,
the performance of distributed reactivity modeling (DRM) sub-model is evaluated to seek
improvements in prediction of fire properties of two charring polymers. The main intention
of this work is to demonstrate the numerical compatibility of the model equations in a com-
prehensive pyrolysis model for the solid phase and evaluate the quality of predictions made
by it. In addition, it is also the goal of this study to highlight the numerical complexities in
modeling the thermal decomposition kinetics of common polymers obtained via data
acquired in a small scale device such as a thermogravimetric analyzer (TGA) followed by
kinetic computations using conventional approaches. It is discussed how chemical reaction
mechanisms suffer from deriving complex reaction pathways followed by hurdles in obtain-
ing their reaction parameters. In contrast, it is shown how DAE approach could act as a
possible alternative to model reactions involving several overlapping steps. The scope of
modeling work is restricted to heat transfer and chemical reactions to maintain the simpli-
city of the model during this performance evaluation study and does not cover other physi-
cal processes during thermal decomposition such as swelling, shrinkage, intumescence,
melting, and diffusion through porous media and in-depth absorption as shown by some of
the previously cited detailed research studies.

The implementation of DRM concept is partly based on stochastic approach in which
chemical reaction sub-model parameters have been estimated using an optimization scheme
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based on pattern search to simulate chemical reactivity tests performed in a small scale device
such as a TGA, while the other physio-chemical parameters have been sourced from litera-
ture. The DRM modeling approach draws analogy from prior studies performed on pyroly-
sis of coal and biomass materials in CFD simulations done on entrained flow gasifiers.'”
Some examples of this approach have been discussed in brief along with computational pro-
cedures used to implement them in later part of this section. A major reason to seek for an
alternative chemical reaction sub-model was that real materials with unknown chemical com-
position seldom show thermal degradation in a single step. In a large number of cases, they
do not show a single well-characterized peak in a small scale differential thermogravimetric
(DTG) experiment. In such a case, a typical mass loss TG curve shows several inflections
which exhibit multiple peaks in a corresponding DTG curve. This typically creates obstacles
in proposing a suitable reaction scheme to estimate kinetic parameters and evaluate the rate
of individual reactions and subsequently express the overall rate as a sum of contributing
individual ones.

For complex materials, formulation of a very accurate chemical kinetic model requires
determination of the reaction mechanisms based on evolved gas analysis using a Mass spec-
trometer or a Fourier transform infrared (FTIR) spectrometer as a validation tool. Past stud-
ies by Valencia and colleagues.®'® have shown how FTIR was used as an aid to decipher the
five reaction kinetic scheme for poly-urethane. This procedure may be cumbersome to apply
for general purpose polymer material showing multiplicity in thermal decomposition process
with the release of many species. It will not only pose numerically challenging on sub-model
level but is also difficult to implement in existing CFD software. Also, a few studies including
that of Snegriev et al.!” have shown that kinetic computations of several polymers yield acti-
vation energy values, which are often reported in conversion averaged format obtained by
model free iso-conversional methods such as that of Friedman.'® However, in many cases, at
high conversions apparent activation energy deviates strongly from the conversion average
values which can lead to deviations in the predictions of the reaction rate curve. This obser-
vation is also indicative of the change in the reaction mechanism. In contrast, distributed
activation energy model (DAEM) assumes decomposition of complex polymers occurs
through a number of parallel overlapping reactions having different activation energies and
frequency factors. Detailed information of exact reaction mechanism of decomposition is
not necessary to be known to estimate the reaction rate curve. The activation energy in
DRM is not a constant value but a variable that obeys a continuous distribution with prob-
ability density function (PDF). Pyrolytic kinetics of different biomass have been extensively
investigated by using several PDFs, such as Gaussian, Weibull, Logistic, Gamma, and Log-
normal distributions.'®2? The spread of activation energy may be explained by one or more
PDFs as shown in Table 1.

This section will elucidate the brief review of prior research studies which shows success-
ful application of heat transfer and DRM models through simultaneous resolution of chemi-
cal kinetics and heat transfer physics.

In a study by Wang et al.,”® it has been shown how a heat and mass transfer model with
DAEM kinetics may be applied to predict mass fraction and temperature profiles inside a
coal particle. They were of the opinion that for materials as complex as coal, it was proved
that the simple kinetic reaction models were too simple so they have poor adaptability and
cannot be applied widely. The research highlighted that DAEM model could be a practical
solution and easily couple with CFD simulation as against other kinetic models.
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Table I. A list of probability distribution functions with their respective parameters taken from Xu et al.?2

PDF Equation Parameters EO
Gamma f(E)= L (E— Eo)"'"exp(E;E") Eo, A o, n, al Eo + ao
@ > 1

Logistic ,, (E— (E— -2 Eo, A o, n E

g F(E)= ;zexp| - 2 {1 v exp [~ EE)] | o °
Log-normal _ I [*('n(E*Eo)fal)z] Eo, A o, n, al Eo +

f(E)= EE)ovzn P 20 exp(a + 0%/2)
. 2

Gaussian f(E)= - |27T exp(f(i;f") ) Eo, A, o, n Eo
Rayleigh f(E)=EBexp [7 (E;{fzo)z Eo, A, 0, n E0O+0.\/3F
Weibull f(E):%(%)al—lexp{i(%)al] (E(;),IA,>(TI,)H,G| E0+(T.F(| +$)a

PDF, probability density function.
*T'(x) denotes the Gamma function in real number range, that is, I'(x) = jgc ! exp (— )dt.

Another study by Xiong et al.>* shows results from CFD simulations of an experimental
lab scale biomass pyrolysis reactor that included DAEM for kinetic computations. They uti-
lized multi-phase CFD to account for turbulent hydrodynamics and combined it with the
DAEM kinetics. Through their results and experience from their simulations, they reported
that it was possible to numerically integrate the CFD-DAEM system without significantly
increasing the computational overheads. The main reason for inducting DAEM sub-model
for biomass pyrolysis was because of the occurrence of highly complex chemical reactions,
involving thousands of intermediate products. Regarding numerical implementation, they
used the time split approach for joint integration of reaction kinetics and transport processes.
The calculated reaction rates were associated with exothermic or endothermic reactions and
were used as source terms in the conservation equations for updating field variables at each
location.

Another example of this modeling approach involving usage of DAEM kinetics as a sub-
model is evident from the work of Rostami et al.>’ In their work, they developed a computer
program to solve for the yield and rate of evolution of individual pyrolysis products with
given kinetic parameters and heating conditions. They expressed the model integrals in math-
ematical closed forms so that DAEM can be incorporated more efficiently in a CFD code.
They concluded that the complex reactions of biomass pyrolysis and the evolution of differ-
ent volatile species could be well represented by DAEM.

In another study, Sadhukhan et al.?® showed the applicability of kinetic scheme with
DAEM for coal devolatalization followed by combustion in a batch fluidized bed reactor.
They used finite volume method (FVM) to solve fully transient partial differential equations
coupled with reaction kinetics. Besides this, some support for usage of DAEM was found in
the works of Di Blasi*”*® who also mentioned the usage of DAEM model for calculating
kinetics in view of the complex reactions encountered in biomass pyrolysis.

From the above discussion, it is evident that, so far several studies showing the applicabil-
ity of this approach have been mainly applicable to the cases involving biomass and coal-
based materials. In this work, this approach is extended further to polymeric formulations
of poly-vinyl chloride (PVC) and ethyl vinyl acetate (EVA) having a tendency to show multi-
plicity in the reactions indicating a complex thermal degradation process.
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Computational limitations of existing models

There are several computational issues arising in the solution of combined mass and energy
conservation equations. The choice of the reaction scheme elucidating the thermal decompo-
sition pathway is one of them. Literature survey shows that there are several reaction
schemes available for the mass conservation model characterizing the thermal decomposi-
tion pathway of similar polymers. A large number of times reaction schemes are different
from one another for a material of same chemical composition and a gas analysis is a per-
quisite to determine the reaction mechanism. Some examples of proposed reaction schemes
for common polymers are shown in Table 2.

From Table 2, it can be said different types of mathematical models exist in literature
showing the thermal degradation of similar polymers. Each reaction scheme comprises sev-
eral ordinary differential equations (ODEs) which indicate a mass loss rate (MLR) curve that
should be obtained via integration of the ODEs once they are fed with respective kinetic
parameters as input values. More often, these systems of ODEs pose numerical problems to
converge when fractional orders of reactions are involved. Also, estimation of parameters is
one of the challenging tasks since this involves simultaneous optimization of ODEs accompa-
nied with parameter search algorithms based on least square minimization approach. During
minimization process, the appearance of fractional order makes the differential equations
stiff to solve and often lead to numerical instabilities and convergence problems. Although,
with the advent of inbuilt Runge—Kutta solver in commercial software such as MATLAB,
these equations can be readily solvable with commands such as odel5s, ode23tb, ode45, and
so on. However, such solvers also fail to converge if the systems of ODEs are extremely stiff
despite adjusting tolerance values.

In addition, there are some fundamental problems with the standard methods (ASTM
E1641%* and E698*) for kinetic parameter estimation such as for the determination of acti-
vation energies. The main limitation of these methods is that degradation kinetics can only
be made with first-order kinetic model and assuming constant activation energy. This can
lead to erroneous predictions when the process obeys a different reaction model and/or when
the process demonstrates significant variation of activation energy with conversion. That is,
before using such methods, one should make sure that it does not vary significantly with the
conversion and the reaction model is consistent with first-order kinetics.'®

This highlights the issues and limitations in obtaining the solution of existing kinetic sub-
models. Also, when it is required to implement the kinetic sub-model in a CFD code numeri-
cally, it will prove to be even more challenging, since the convergence problems persist at the
sub-model level, and their extended field of application in a CFD code will create further
numerical issues. For fire simulations, it is imperative to determine fire growth rate and fuel
load in a building for correct assessment of heat release rate (HRR) curve. Hence, in this
regard, the requirement of a good sub-grid model that can be easily integrated in a CFD
simulation of solid phase would be of high value. Marquis et al.** have demonstrated in their
research that the prediction accuracy of complex thermal decomposition is no longer ham-
pered by the resolution of the technique used but rather by precision or complexity level of
the description regarding chemical pathway. The choice of mechanism is dependent on the
degree of knowledge about the studied material. Usually in the fire field, the chemical char-
acteristics of materials are unknown and the mechanisms given in literature rely on para-
metric approaches.
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In contrast to conventional practice of using purely Arrhenius-based kinetics, the DAEM
model comparatively offers a simple parametric approach where ODEs are of parallel and
additive in nature. This provides relative ease of its implementation in a CFD code as com-
pared to the multi-reaction mechanism involving interlinked ODEs. It is expected the parallel
reaction model will reduce the effort of proposing multi-reaction scheme for material decom-
posing in several steps when implemented in comprehensive pyrolysis models as evidenced in
the literature related to wood, poly-urethane, and several other plastic products discussed
earlier. This modeling approach could be used to scale up MLR predictions from a TGA
device to bench scale cone calorimeter level computations by defining heat and chemical
reaction processes in relevant detail.

Modeling
Governing equations

In this section, the main governing equations of the model are shown. The model is devel-
oped based on the work of Ghorbani et al.,'? Cai et al.,' and solid phase model described in
Society of Fire Protection Engineers (SFPE) handbook. It is mainly divided between equa-
tions of mass and energy conservation followed by description of initial and boundary condi-
tions and finally computation of MLR.

Mass conservation. The mass conservation equations are based on DAEM. It differs from
conventional Arrhenius-type kinetics in a way because it assumes that activation energies of
chemical reactions are distributed over a finite range. Literature sources reveal the values of
mean activation energy lie in the range of 50-350 X 10° J/mol, while those of pre-
exponential factors lie in the range of 10'°-10°° (1/s).*” The probability of finding mean acti-
vation energy is given by normalized PDF, f(E) as shown previously in Table 1. In this
work, the discussion is limited to Gaussian PDF whose peaks are characterized by the mean
value of activation energy and standard deviation values. These values govern the peak posi-
tion and width of the DTG curve, respectively. If it is assumed that there are “n” number of
reactions occurring in the polymer matrix during thermal decomposition, then the total rate
of thermal decomposition reaction is the cumulative sum of the rate of individual sub-
reactions multiplied by their assigned weights as shown in equations (1)—(4)

p

5 = — Wy (1)

o=lp ~ s [ ex0 5 )r(E1a @
0

(E - Eo)z] 3)

/(&)= 0'\}277 P [ 202

where p, wy, Nepar» A, E, Ey, and o are the density, reaction rate, char fraction, pre-
exponential factor, activation energy, mean activation energy, and standard deviation,



26 Journal of Fire Sciences 37(1)

respectively. The total reaction rate is expressed as a weighted cumulative sum as shown in
equation (4)

n

op "\ 9p
@ _ F _ —Ciwes 4
0t Total ;c, oti Z Ci®si “)

i=1

Here, ¢; and w,; denote the weight and reaction rate of ith individual reaction, respectively.
The parameters 4,, o;, Ey;, and ¢; are determined by optimization routine by minimization
of the objective function using least sum of square (LSS) approach as shown in a previous
study by Bhargava et al.*®

Energy conservation. The second part of the model is the heat transfer model, in which the cou-
pling is done via temperature. The main equation of the model formulation is given by equa-
tion (5), where p, ¢,, k,, and T describe the mass density, heat capacity, thermal conductivity,
and temperature of the solid material, x is the spatial coordinate normal to the exposed sur-
face, wy, 7,14 18 the total mass reaction rate as described above (i.e. amount of virgin material
converted to pyrolysis gas per unit time per unit volume), and AH, ; is the heat of pyrolysis of
the ith reaction (i.e. heat required to generate unit mass of volatiles at temperature 7).
Equation (5) describes the heat conduction inside the solid and accounts for endothermic
pyrolysis processes

o 9 oT “
P s~ — i siAHri
P or = o (k ax) ;”‘" : )

Additional assumptions which are valid for this model are as follows:

In-depth generated volatiles are instantaneously transported to the surface;

Surface regression is not captured by the model, the fuel thickness remains intact
regardless of the amount of solid fuel consumption;

Volume expansion is not addressed under the current scope of the model;

Specimens are assumed to be opaque and hence in-depth absorption of radiation is
not considered under the current scope of the model.

Increasing complexity: gas diffusion and in-depth absorption. The model shown above can incorpo-
rate further complexities by incorporating other heat transfer effects in the pyrolyzing mate-
rial by inclusion of gas diffusion and in-depth absorption of radiation. This is shown via
modified energy conservation equation (6). It considers gas diffusion and in-depth absorp-
tion of radiation in the material. The diffusive mass flux term

T
N XTotal no. of gases) 0 (f Cllvng>
0

€ ox
g
in this equation implies heating up of the gas from ambient temperature to the temperature
of the media in which it diffuses resulting in instantaneous heat transfer between decomposed
media and diffusing gases. Also, the diffusion of the gases in the heat balance equation
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indicates that when the gases evolve from the decomposing materials, it can absorb energy
and remove it from the material as they diffuse out from the surface of the material, the gas
mass flux m, (kg/m?) and the mass flux rate (kg/m?/s) of the gases can be defined by equa-
tions (7) and (8), respectively, where D, is the diffusion coefficient (m?/s)

T
N(Total no. of gases) 0 (j cPv&'dT)
0

aT a aT o 8Qrad
= k) — isiAHri_ 6
Py, 8x(‘8x) ;c“” : ; M i (©
om
mg:_Dngg (7)
gmg _ 19p_ omg

®)

a  po Ot ol Ox

Furthermore, the last term in equation (6) accounts for the in-depth radiation absorption
of the incident heat flux which is in accordance with the standard Lambert Beer Law. Here,
the absorbed radiation decreases exponentially with the distance to the impacted surface
which is given by equation (9). Here, the absorption coefficient is denoted by « (1/m)

Grad = Gexp(—kx) 9)

The above set of equations (6)—(9) account for the possibilities to increase the model com-
plexity and incorporate other physical effects during material thermal decomposition.
However, in this study, to maintain the simplicity of the model, the calculations are limited
to equations presented in the “Energy conservation” section. The reader is apprised about
the more complex modeling framework in view of other physical effects that may be included
in future for description of combined heat and mass transfer effects in the material.

Initial conditions. The initial conditions for the model is described by equation (10), which
states that, before any exposure to thermal radiation, the sample temperature is that of ambi-
ent atmosphere and its density is same as that of virgin sample

Density Initial temperature
PVC po = 1425 kg/m® To = 298°K
EVA-ATH po = 950 kg/m® To = 298°K

PVC, poly-vinyl chloride; EVA-ATH, ethyl vinyl acetate—aluminum tri-hydroxide.

Att=0, forOs<x< L, T =Ty, p=py (10)

Boundary conditions. The boundary conditions define the exposure and insulation on the sur-
face and back side of the sample, respectively. Equation (11) shows the insulated backside
condition while equation (12) shows the exposed side conditions on the top surface of the
polymer describing the exposure as a sum of incident heat flux from the cone, radiative heat
losses, and convective losses from the surface. The addition of flame heat flux is
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approximated until the attainment of threshold temperature value for the onset of degrada-
tion of polymer sample is reached. More conventionally, the ignition criteria and addition of
flame heat flux is determined when the MLR of the pyrolyzing gases attain the lower flamm-
ability limit until the critical mass flux value of 1 g/m%/s is reached also discussed by Lyon
and Quintiere.> Also, the above cases correspond to thermally thick solids whose Biot num-
ber (Bi = hl/k) was found to be higher than 0.1 indicating existence of temperature gradient
in studied specimens.

Insulated backside

oT
For, t>0,at x=L, — =0 11
or, at x Ew (11)
Exposed side
For t>0,at x=0, () =¢G — 0 (T} — Tapp) — W(Ts — Tamp) + Gtame (12)

In the above equations, ¢ is the material emissivity, G is the incident heat flux from the
cone heater, o is the Stefan—Boltzmann constant (5.67 X 10° W/m?/K*), T, is the surface
temperature of the polymer surface, L is the thickness of the material, /2 is the convective heat
transfer coefficient (W/m*/K), and qf1ame 18 the flame heat flux (W/m?/K).

MLR. The MLR of the polymer is given by equation (13), which shows the total MLR
summed over the thickness of the sample at any instant. It is computed by the line integral
of the total reaction rate with respect to the thickness of the sample

L

my (1) = st(x, ) (13)
0
Treatment of thermal properties

The model assumes the solid phase thermal conductivity (k; [W/m/K]) and specific heat (c,
[J/kg/K]) to be temperature-dependent quantities. In addition, thermal conductivity and spe-
cific heat are assumed to be a composite function of the amount of virgin material converted
into char. As the material is irradiated with the heat from the cone, the combustion reaction
is triggered which leads to conversion of solid phase into char. The values of thermal conduc-
tivity, specific heat, and reaction progress variable («) also called as conversion are co-related
by equations (14)-16, respectively

kg = kvirgin(T)a +(1 _a)kchar(T) (14)
Cp=Cp, virgin(T)a + (lfa)cpchar(T) (15)

a= pvirgin - p(t) (16)
pvirgin = Pchar

Solution and computational workflow

The solution methodology is divided into two parts. In the first part, an analytical approxi-
mation to DAEM model is shown (see Appendix 2), while in the second part, the overall
computational workflow is presented. The flowchart below shows the workflow of the
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model computation process. The procedure involves collection of different input parameters
(chemical reaction, thermo-physical, and geometrical parameters) of the material in consid-
eration. Previously, such models have been solved with time split approach method as dis-
cussed in the introductory part of the article. In this case, COMSOL has been used to solve
the differential equations using FVM; however, in this section, only the sequential steps will
be described in the form of a flowchart. It can be seen from Figure 1 that in the first step,
reaction parameters, thermo-physical parameters, and geometrical parameters are read.
Thereafter, the control passes to the DAEM sub-grid model followed by feeding of the cal-
culated conversion values and the source terms to the thermo-physical property estimation
module. This is followed by specification of the boundary conditions. With every increasing
time step, the boundary conditions provide necessary increment in the temperature (due to
irradiation from the cone and the flame heat flux) on the top side or insulation on the bot-
tom surface of the domain. As the temperature increases in the calculation domain, the
source terms are updated to provide inputs to heat transfer model and modification of
thermo-physical properties. As the conversion increases, the char and virgin material proper-
ties change depending upon the converted fraction. The chemical reaction model also pro-
vides necessary input in the form of heat generated/consumed from the source to the heat
transfer model. Finally at the end of the simulation time, the MLR is computed by integra-
tion of MLRs over the space domain, that is, over the thickness of the sample. The time to
ignition, peak MLR, and time to extinction may be obtained from the MLR curve, while
HRR curve may be obtained as a product of MLR curve and effective heat of combustion
(EHC). Similarly, temperature profiles on the front and back side of the polymer sample
may be computed once the heat transfer physics is resolved.

Experiments

The experimental part included preparation of the sample specimens for PVC and EVA-
ATH (ethyl vinyl acetate—aluminum tri-hydroxide) and carrying out thermogravimetric anal-
ysis and cone calorimeter tests on individual specimens.

Polymer extrusion

PVC formulation. The PVC test specimen was manufactured by Braskem polymers S/A using
the Cﬁ)mpounds listed in Table 3 (also reported in another study by Rodolfo and Innocentini-
Mei.™).

The polymer sheets were prepared by mixing PVC resin, thermal stabilizer, plasticizer,
and other additives in a single screw extruder. The constituent materials were added in a
mixer (Mecanoplast ML-9) to form a homogeneous mix. The resin, thermal stabilizer, cal-
cium carbonate, and lubricant were added and heated to 80°C and submitted to shear forces
in the mixer. This was followed by addition of plasticizer DIDP and ESO. The final compo-
sition was discharged at 110°C, and cooled to 35°C—40°C. The formulation was then pro-
cessed in a heated single screw extruder by subjecting it to gradual increase in temperature
from 140°C to 150°C at 80 revolutions per minute (r/min). The test specimen was obtained
in the form of pellets in a roll mill. The temperature, processing time, and the rotation to
prepare 3 mm-thick plates were 160°C, 3 min, and 20 r.p.m., respectively. Finally, the mate-
rial pressing was performed in a stainless steel press at 175°C.
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Table 3. Contents of PVC compound formulation.*°

S.no  Material Trade name Amount in phr
(parts per hundred of rubber)

l. PVC resin (K 65) Norvic SP 1000 100
2. Calcium/Zinc thermal stabilizer Naftomix XC-1202 3.5
3. Diisodecyl phthalate (plasticizer) DIDP 45
4. Epoxidized soyabean oil (ESO, plasticizer)  Drapex 6.8 5
5. Calcium carbonate (mineral filler) Barralev C 40
6. Steraic acid (lubricant) Naftolub L12 0.2

PVC, poly-vinyl chloride.

Table 4. Contents of EVA-ATH compound formulation.

S.no Material Trade name Content
| Ethylene Vinyl Acetate Copolymer (19% EVA) Escorene ULOOI |9 34.6%

2 3-Aminopropyltriethoxysilane AMEO 0.4%

3 Aluminum Trihydroxide (ATH) APYRAL 40CD 65%

EVA-ATH, ethyl vinyl acetate—aluminum tri-hydroxide.

EVA-ATH formulation. The EVA-ATH formulation was prepared in a two-step process using
the compounds listed in Table 4. In the first step, the mixture constituents were added to a
double shaft kneader (LDUK 1.0 from Werner and Pfleiderer). The mixing chamber was
equipped with a thermostat (LTH 303S from Lauda) to control the temperature. The knead-
ing procedure involved the following steps:

(a) 1 h preheating of the kneader at 135°C,

(b) Addition of weighed plastic granules of EVA copolymer resin (Escorene UL00119) to
the kneading chamber and kneading for 2 min at 150°C,

(c) Addition of approximately 70% weight of APYRAL 40CD,

(d) Addition of AMEO followed by kneading at 130°C for 5 min, and

(e) Addition of remaining amount of APYRAL 40CD; kneading at 155°C for 6 min, then
8 min at 165°C.

In step 2, the kneaded mixture was pressed in a hydraulic press (Polystat 300S from
Servitec) using compression molding at 130°C for 5 min pre-pressing, followed by pressing
at 200 bar for 6 min.

Thermogravimetric analysis

For thermogravimetric analysis of PVC, a simultaneous thermal analyzer (STA-409) and
mass spectrometer (QMS-403) was used to study the reaction rate of thermal decomposition.
The sample size was cut into a thin piece that weighed between 5 and 8 mg and subjected to
linear temperature ramp from 20°C to 1000°C at a heating rate of 20°C/min. Sample mass
and MLR were recorded as functions of time and temperature. The experiment was
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performed in air atmosphere at a gas flow rate of 50 mL/min. For PVC, the material decom-
position is approximated to fire-like conditions since the gaseous atmosphere used was not
purely inert due to testing limitations. The results are used for model development work
only. Alumina crucibles were used as sample holders during the experiment. For EVA-ATH
formulation, the TG data of Girardin et al.>! were used, who tested similar chemical formu-
lation of EVA-ATH in nitrogen atmosphere at a heating rate of 20°C/min. The TG data
were converted into digital format and later used for kinetic parameter estimation.

Cone calorimetry

The heat released by burning polymers was measured by cone calorimeter built by Fire
Testing Technology (East Grindstead, UK) as per the procedures outlined in ISO 5660-1.%!
The size of the PVC specimen was (length, breadth, thickness) 0.1 m X 0.1 m X 0.003 m
and experiments were performed in duplicate at an incident heat flux of 50 X 10° W/m>.
For EVA-ATH, the specimen size used was 0.1 m X 0.1 m X 0.0065 m and the test was
performed at an incident heat flux value of 35 X 10* W/m?. The duct flow rate was kept at
24 L/s. The tests were performed by Braskem and Nabaltec AG as part of two individual
research studies in separate laboratories.

Results and discussions
Kinetic fittings

Figure 2(a)—(f) shows the result of thermogravimetric analysis. The plots shown are experi-
mental TG curves (a, d) and their corresponding normalized DTG curves (b, ¢). In the DTG
curves, a comparison is drawn between the experimental and simulated plot of da/dT versus
temperature. It can be seen that from the DTG curves, in case of EVA-ATH, two main
peaks are visible while for PVC three to four peaks are visible. In EVA-ATH, the onset of
first peak occurs at a temperature of 220°C indicative of dehydration of ATH, releasing
water and formation of ceramic residue made up of alumina (Al,O3). The second step corre-
sponds to the decomposition of EVA around 350°C in two steps leading to formation of
acetic acid and hydrocarbons at around 450°C. The decomposition of EVA-ATH is well
described by Hewitt et al.*?

For PVC, the first peak occurs at 323°C, while the second peak occurs at 456°C, and the
third peak occurs at 737.6°C. The test is conducted in air atmosphere; hence, conditions cor-
responding to combustion reactions are present in the TGA apparatus. However, the first
stage of weight loss is still likely to be attributed to the release of hydrogen chloride (HCI)
and this phenomenon is termed as dehydro-chlorination. In the second reaction step, many
cyclic compounds aromatize via chain scission reactions and undergo combustion reactions
in the presence of oxygen leading to further weight loss and formation of carbon dioxide,
water and other aliphatic and olefenic, aromatic hydrocarbons and char.

DAEM has been used to model the peaks occurring in the DTG curve of both the poly-
mers. The parameter search domain was set for mean activation energy to be (50-350 kJ/
mol), standard deviation (1-50 kJ/mol), and pre-exponential factor 10'°-10'® (1/s). The esti-
mations were based on an optimization algorithm developed using a MATLAB code which
uses the pattern search method to search for optimum kinetic parameters to obtain a good
fit for the reaction rate curve. The code is also programmed to search for random numbers
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Figure 2. DAEM model fits for EVA-ATH (a-c) and PVC (d-f) (for PVC fittings shown only for four
reaction model).

within the above-cited range to avoid any negative values. In addition, a visual manual check
of the real time reproduction of the DTG curve is incorporated in the code to monitor the
fitting quality. Also, the range of pre-exponential factor was kept in a rather lower range as
compared to that cited in the literature in view of the theories of compensation effect
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Table 5. DAEM kinetic parameters for EVA-ATH and PVC formulations obtained using pattern search.

Reaction Parameters EVA-ATH PvVC PVC
(2-Rxn fitting) (2-Rxn fitting) (4-Rxn fitting)
Rxn-1 Eo) (K)/mol) 197.4 180.3 172.3
a, (k/mol) 25.8 924 9.0
A (I/s) 7.5 X 10'5 8.6 X 103 1.7 x 10"
e 0.1 0.2 0.3
Rxn-2 Eoz (K)/mol) 198.5 190.8 212.0
a3 (k/mol) 18.1 12.7 50.0
A, (Is) 1.0 X 10'2 3x 10" 1.7 x 10"
GE 0.9 0.8 0.1
Rxn-3 Eos (K}/mol) - - 224.0
a3 (k/mol) - - 40.0
A; (I1s) - - 1.6 X 10"
G ) - - 0.1
Rxn-4 Eo4 (k)/mol) - - 2704
a4 (k/mol) - - 50.0
As (I/s) - - 1.1 X 10"
Ci () - - 0.5
Objective function 12 X 107 2.1 x 107 15 % 107*
Fitness (%) 7.0 4.5 42

EVA-ATH, ethyl vinyl acetate—aluminum tri-hydroxide; PVC, poly-vinyl chloride; Rxn, reaction.

discussed by Lakshmanan and White* to avoid multiple sets of parameters resulting in fit-
ting of the DTG curve. In both cases, the model is able to capture the peak inflections to a
high degree. EVA-ATH has been modeled with only two reactions, while PVC has been
modeled with two and four reactions. The two reaction model reproduces the first two peaks
only while the four reaction model which covers the entire range of peaks exhibited by PVC.
The corresponding parameters used to model these curves are summarized in Table 5. In the
figures below only the best fits with four reactions are shown.

The above parameters were obtained by minimization of the objective function using an
optimization scheme as shown by Bhargava et al.** and Cai and Ji* in a previous research.
The normalized probability distribution curve, f{Ea) versus activation energy for each poly-
mer is shown as a cumulative sum of individual reaction rate curves. It can be seen that for
the overall reaction, the mean activation energy was found to lie at 193.8 kJ/mol for EVA-
ATH and 173.4 kJ/mol for PVC shown by the peak of the overall reaction rate curve.

Cone calorimeter tests

EVA-ATH. Figure 3 shows the MLR of EVA-ATH polymer. The curve shows linear rise to
the peak value at 16 g/m?/s within first 78 s followed by a linear decay until the end of the
experiment. The ignition criterion was defined as the time to reach critical mass flux value of
1 g/m?/s also used by Stoliarov et al.> For EVA-ATH, MLR crosses the threshold of 1 g/m?/
s after 43 s, while in the decay phase, the MLR falls below this threshold value after 546 s.
The second curve is the HRR curve showing occurrence of a characteristic peak shortly after
ignition followed by a steady burning phase with HRR output varying between 120 and
140 kW/m?. This is followed by steady linear decay until 800 s. The peak heat release rate
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Figure 3. Cone calorimeter results for EVA-ATH formulation: (a) mass loss rate (MLR), (b) heat release
rate (HRR), (c) total heat released (THR), and (d) effective heat of combustion (EHC).

(p-HRR) and the time to peak heat release rate (t,yrr) Were found to be 171 kW/m? and
84 s, respectively. The third curve shows the total heat released (THR) during the experimen-
tal run. The THR at the end of the run was found to be 63 MJ/m?. The EHC was found to
show a high degree of variation during the experiment, but overall, the values were found to
lie below 40 MJ/kg. Largely the values were found to vary between 10 and 35 MJ/kg.

PVC. Figure 4 shows the MLR curve of PVC. The curve shows a sharp rise to a peak value
of 23 g/m?/s followed by linear decay phase. During the rise, the MLR crosses the threshold
value of 1 g/m%/s in first 6 s of the test. The time to peak MLR was found to be 58 s. In the
decay phase, the value of MLR falls below the threshold of 1 g/m?/s after 410 s. The second
curve is the HRR curve. The peak HRR and time to peak HRR were found to be 292 kW/
m?/s and 90 s, respectively. The profile is similar to the MLR curve, in which after a short
delay, the curve rises to the peak value followed by a gradual linear decay. The third curve is
the THR curve, it shows the THR at the end of the experiment was 66 MJ/kg. The profile
shows zero reading in the beginning of the experiment, indicating toward short delay until
the ignition, followed by a linear rise and then a plateau. In the end, EHC versus time is
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Figure 4. Cone calorimeter results for PVC formulation: (a) mass loss rate (MLR), (b) heat release rate
(HRR), (c) total heat released (THR), and (d) effective heat of combustion (EHC).

shown. The peak value of EHC was found to be 35 MJ/kg, overall the curve showed signifi-
cant fluctuation over the length of the test, with majority of values lying below 35 MJ/kg
mark.

The cone calorimeter experimental summary is tabulated in Table 6.

From the results above, it can be seen PVC shows a higher value of p-HRR and lower
time to ignition (TTI) as compared to EVA-ATH specimen. One reason could be occurrence
of dehydration reaction and formation of ceramic residue made up of alumina (Al,O3) in
the EVA matrix, which has significant degree of cooling effect due to production of acetic
acid, water, and acetone during the thermal decomposition reactions.

Simulation results

Input data. For the estimation of MLR, the input data were gathered from two different liter-
ature sources as shown in Table 7. The density and specimen thickness values were used as
obtained during experimental measurements. The PVC and EVA-ATH, specimen was mod-
eled with only two reactions. The four reaction model was not implemented due to lack of
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Table 6. Short summary of key parameters obtained from cone calorimeter tests.

S.no Parameters Symbol EVA-ATH PVC

| Time to ignition (s) TTI 40 (44) 6 (10)

2 Time to peak HRR (s) tp-HRR 84 (88) 90 (180)
3 Peak heat release rate (kW/m?) p-HRR 171 (170) 292 (277)
4 Peak mass loss rate (g/m*/s) p-MLR 16 (16) 23 (23)

5 Time to peak MLR (s) tp-MLR 78 (78) 58 (66)

6 Time to flame out (s) thame out 546 (550) 410 (400)

The results of repeat tests are shown in parentheses. EVA-ATH, ethyl vinyl acetate—aluminum tri-hydroxide; PVC, poly-
vinyl chloride; HRR, heat release rate; MLR, mass loss rate.

other thermo-chemical reaction parameters such as heat of pyrolysis of individual chemical
reactions (Rxn-3 and Rxn-4 in case of PVC). For the parameters of chemical reaction model,
the values were taken from Table 5 for first two peaks of the DTG curve. The input data of
the temperature dependent thermal properties of EVA-ATH are shown in Figure 5 for virgin
and char materials separately, while for PVC constant values of thermal properties were
found and hence used as reported in the literature. Heats of pyrolysis were determined by
differential scanning calorimetry (DSC) experiments and literature values were used. Figure
5 shows the variation of thermal conductivity and specific heat of virgin and charred poly-
mer measured directly by Transient plane source (TPS) method and DSC. The first plot
shows linear decline of virgin thermal conductivity until 400°C followed by slow rise of the
thermal conductivity of char. The majority values of the char thermal conductivity are signif-
icantly lower than that of virgin polymer. Also, the curve showing variation of specific heat
values shows linear rise for virgin and char polymer. But overall, the specific heat of char is
significantly lower than that of virgin polymer. The flame heat flux value was chosen as a
representative mean of the data provided of several polymers in literature.'>*%¢ It is also
treated as model fitting parameter in this study. The values used in simulations for PVC and
EVA-ATH were 10 kW/m? and 6 kW/m?, respectively. Ghorbani et al.'* have used a similar
value for simulation of their PVC specimens, while for EVA-ATH, slightly higher values are
found in literature (10 or 20 kW/m?) compared to what is used in this study mainly for fit-
ting purpose. Also, a few other studies were found in which flame heat flux values were
obtained by direct measurements for different polymers. Test measurements from Kacem et
al.*” show flame heat flux value obtained for PMMA was found to be 20 kW/m?, and the
results by Hopkins and Quintiere et al.*® show values for Nylon to be 20 kW/mz, poly-
ethylene to be 19 kW/m? and poly-propylene to be 11 kW/m?, respectively. The values for
flame heat flux used in this study are significantly lower than the experimentally obtained
values measured for the above polymers due to addition of additives for suppression of
smoke and heat release in the samples.

The following section shows the comparison of simulated and experimental results of
MLR, HRR, and THR for the two polymers.

MLR. The results for MLRs simulation are shown in Figure 6. It can be seen that the calcu-
lated results match the experimental data to a reasonable extent.
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Table 7. Parameters used for simulation of HT-DAEM model.

S.no  Parameters Units EVA-ATH PVC
Girardin et al.®' Ghorbani et al.'?
| p—Density (Virgin) kg/m® 950 (Measured) 1425 (Measured)
2 p—Density (char) kg/m? 397 398
3 AH, —Heat of pyrolysis Jikg 883 x 10° (DSC) 292 X 10° (DSC)
4 L-Thickness M 6.5 X 107 (Measured) 3 X 107 (Measured)
5 h-Convective Heat W/m*K 10 10
Transfer Coefficient
6 G-Incident Heat Flux Wim* 35 x 10° 50 x 10°
7 e—Emissivity (Virgin and Char) - 0.9 0.9
8 AH, ,—Heat of pyrolysis Jikg 236 X 10° (DSC) 292 X 10°
(DSC-Assumed same
as in Rxn-1I)
9 ksyirgin—Thermal conductivity (Virgin)  W/m/K  See Figure 5 0.17
10 kehar—Thermal Conductivity (Char) W/m/K  See Figure 5 0.10
I Cpvirgin—Specific Heat (virgin) JIkg/K See Figure 5 111
12 Cpehar—Specific Heat (Char) Jlkg/K See Figure 5 3894
13 Nehar1 (Char fraction) - 0.25 (Measured) 0.56 (Measured)
14 Nechar2 (Char fraction) - 0.60 (Measured) 0.26 (Measured)
15 fiame—Flame heat flux kW/m2 6 (Fitting Parameter) 10 (Fitting Parameter)

HT-DAEM, heat transfer— distributed activation energy model; EVA-ATH, ethyl vinyl acetate—aluminum tri-hydroxide;
PVC, poly-vinyl chloride.
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Figure 5. Temperature dependent thermal properties of EVA-ATH obtained by digitizing experimental
data from Witkowski et al.® for simulating HT-DAEM model: (a) thermal conductivity (measured by
transient plane source [Extrapolations beyond T= 700°C]) and (b) specific heat (measured by STA-DSC).

The time to ignition (TTI), p-HRR, and tgame oue follow the experimental results to a high
degree especially in case of EVA-ATH, while there is a considerable deviation in the simu-
lated MLR curve of PVC. From the quality of simulations, it can be said the rise and the
peak MLR value is captured well in both cases; however, there exists significant under-
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Figure 6. Comparison of experimental and simulated mass loss rates of (a) EVA-ATH-MLR and (b) PYC—
MLR formulation.

prediction in time to flame out and over prediction in time to reach peak HRR in case of
PVC. This deviation may be attributed to thermo-physical material property data sourced
from literature and not acquired by direct measurements. It can also be seen that in case of
PVC, the simulated MLR curve rises to 15 g/m?/s in line with the experimental curve but it
drops for a few seconds very sharply followed by a steep rise to p-HRR value. This can be
attributed to the formation of char layer preventing further oxidation of virgin material by
insulating it for a very short period of time. As the exposure time increases, the char layer
starts oxidizing leading to further increase in MLR value and consumption of virgin fuel
until its exhaustion leading to eventual decay of the MLR curve. The interesting observation
is that this effect is not visible in experimental results. The experimental curve decays at a
much slower pace and falls to zero value at nearly 500 s. Perhaps one reason could be pres-
ence of zinc and calcium thermal stabilizers present in the polymer matrix leading to increase
in their burn out time. The impregnated CaCOs is considered to react with acid (HCI) gener-
ated in the material during thermal decomposition and form CaCl,, CO,, and H,O provid-
ing overall cooling effect and slowing down the MLR. Shimpi et al.*’ found dispersion of
CaCO; in PVC specimen to have an improvement in thermal stability of the polymer sheet.
They found rise in glass transition temperatures for CaCOj; dispersed PVC samples as com-
pared to pure ones. Also, previous study from Stoliarov et al.® has shown that after the flame
out in a cone calorimeter experiment, PVC specimens showed smoldering effect leading to
heat release at a steady rate for extended period of time. Also, because of char formation
and intumescence specimens tend to swell up and trap pyrolysis gases in their air pockets for
short period of time. Perhaps non-inclusion of a dedicated radiative porous char-sub model
also accounts for under-prediction in this case, since presence of an insulating char layer that
would develop upon heat exposure would delay the delivery of external heat flux to virgin
material and provide some thermal resistance at higher temperatures when radiative heat
transfer plays a dominant role in heat transfer to the material. Also absence of two peaks, in
the early phase of the development of the MLR may be attributed to the very thin nature of
the sample of PVC in which the decline of MLR due to formation of thin char layer is not
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Figure 7. Comparison of experimental and simulated HRR and THR of EVA-ATH and PVC formulations:
(a) EVA-ATH-HRR, (b) PVC-HRR, (c) EVA-ATH-THR, and (d) PYC-THR.

very clear and merged into one broad peak. This effect was also observed by Ghorbani et
al.'? for his simulations for very thin samples. The specimens used in this study are closer to
real-world materials used in cable sheathing industry and differences in modeling output
may be attributed to complex thermo-chemical phenomenon occurring in material due to
cooling effect provided by water release reactions unlike in pure PVC specimens. In case of
EVA-ATH polymer, the values match the experimental data to a high degree. The simulated
curve shows initial delay before it climbs to the p-MLR value. Thereafter it shows gradual
delay in its decent to zero value at the end of the experiment. The time to ignition is captured

well in both cases.

HRR and THR estimation. The HRR curve is estimated based on further computations per-
formed on the simulated MLR curve obtained by solution of model equations. The HRR is
computed based on the product of simulated MLR curve and the EHC. EHC is determined
using cone calorimeter data in its real time form as discussed in detail by Hshieh and
Beeson.”® If EHC data are unavailable in real-time format, literature values may be used as
well. In the estimations, it is further hypothesized that flame heat flux contributes to the
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incident heat flux boundary condition on the top surface of the polymer. In case of EVA-
ATH, it is assumed to be 6 kW/m? of flame heat flux and is rather used as a model fitting
parameter. However, in literature, values up to 15 kW/m? can be found as well.> Comparing
the curve features of EVA-ATH, it can be said that the simulated curve matches the experi-
mental one until, the time to peak HRR. The values of p-HRR is slightly over predicted at
209 kW/m? as compared to the experimental one which remains at 170 kW/m?. This is fol-
lowed by a steady phase of HRR which varies between 100 and 150 kW/m?. The simulated
curve shows gradual decline until it diminishes at nearly 700 s. In the decay phase of the
HRR, the simulated and the experimental curve do not overlap to a high degree but show a
reasonably similar declining trend. Overall, the fitting is satisfactory as compared to the
HRR experimental data. The evolution of THR matches the experimental one to a high
degree. The THR for the experimental curve was found to be 63 MJ/kg, while the simulated
ones were found to be 59 MJ/kg (Figure 7).

A similar comparison when drawn for PVC shows that the modeled curve deviates the
HRR curve to a large extent. The simulated HRR curve shows a sharp peak growing as
much as 450 kW/m? within 103 s. It drops sharply to zero value in 155 s. The time to burn-
out is under-predicted by the modeled curve by several hundred seconds. These differences
could be attributed to the differences in the material properties and the very thin nature of
the sample showing quick burnout with a sharp peak. As a consequence of this, the follow-
ing THR curve is also under-predicted by a large margin.

Conclusion

Based on the discussions above, it can be concluded that the concept of distributed reactivity
may be applied to predict fire technical properties of materials using heat and mass conser-
vation equations. The combined HT-DAEM model shows promising results for charring
polymers but there are several gaps in model physics such as advection, intumescence, and
radiative heat transfer in porous chars which have not been addressed fully in the current
scope of work. The results show reasonably good predictions for EVA-ATH polymer but
relatively under-prediction for PVC. The deviation from the test results may be attributed to
sourcing material property data from literature and using analytical approximation of the
sub-model instead of original form containing the double integral. In addition to this, pres-
ence of error function in the analytical approximation of the sub-model could render numer-
ical convergence issues at higher values of standard deviation values of activation energy.
Future work would include refinements in solution of equations by using them in original
form instead of reducing them to analytical form. Direct measurement of material property
data is still an important aspect of the simulation process by providing right inputs to mod-
els. The main uncertainties include choice of the flame heat flux values, heats of reactions of
the individual reaction steps, and the values of effective heat of combustion (EHC).
Inclusion of four step reaction scheme in 1D pyrolysis model is subject to availability of tests
data for heat of reactions and heat of combustion. Also future work could include further
details analogous to other pyrolysis model elucidating porous char formation or swelling
and shrinkage physics in the material. The model could be further developed to scale up
cone calorimeter predictions to single burning item (SBI) test, by implementing the new
reaction modeling approach.
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Appendix |
Notation

al parameter used probability distribution function
A pre-exponential factor (1/s)

¢y specific Heat (J/kg/K)

C weight of the individual reaction rate ()

D, diffusion coefficient (m?/s)

E activation energy (kJ/mol)

Ey mean activation energy (kJ/mol)
G incident heat flux from the cone (W/m?)
h convective heat transfer coefficient (W/m?/K')

HRR heat release rate (kW/m?)
k thermal conductivity (W/m/K)
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L thickness (m)

my mass loss rate (g/m?/s)

MLR mass loss rate (g/m?/s)

N total number of gases

Gftame flame heat flux (W/m?)

Qv net incident heat flux on the polymer surface (W/m?)
R real gas constant (8.314 J/K/mol)
T temperature (K)

TTI time to ignition (s)

X Cartesian coordinate (m)

o reaction progress variable (—)

€ emissivity (—)

K absorption coefficient (1/m)

p density (kg/m3)

o standard deviation of activation energy (kJ/mol)
g, Stephan—Boltzmann constant (5.67 X 10 W/m?/K*)
1) reaction rate (kg/m>/s)

AH, heat of pyrolysis (J/kg)

Subscripts

amb ambient

char char

g gas

i reaction index

p peak

n number of reactions

r reaction

S solid phase

Total total

virgin virgin material

0 initial

Appendix 2

Approximation to distributed activation energy model

The reaction model contains two integrals: the inner one dE and the outer one d¢. This cre-
ates numerical difficulties in simultaneous solution of energy conservation model and mass
conservation model. To resolve such numerical issues, an approximation to the DAEM
model is proposed targeted to eliminate the inner dE integral. This is shown via equations
(17)-(22), with mathematical manipulations

 _ _ApTexp(—R—ET>f(E)dE (17)

or
0

where
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1 (E — Ey)*
E = _
S(E) 0'\/27Texp< 202
Substituting f{E) in equation (13), we get
b dp J E (E—E)
—=- ——— |dE 18
ot o2 P\ " rr )P 202 (18)
0

By combining the two exponential terms of equation (14), the above equation may be
written as

ap Ap T E  (E*+E,* —2EE,)
- -—— 7 |dE 19
i oom JeXp< RT 207 (19)
0
Equation (15) can be further rearranged to appear as

op A [ 1 , (20% —2RTE,) . Ey?

oo S ) O ey ;S ) 2

ot o2 [ eXp[ (202 T TT20%RT 252 (20)

0

Equation (16) is a Gaussian integral which may be compared to the form shown by

SpiegelSl in equation (17)
[ loapnny 1 P4
Je—(m +bx+c)dx: 5 gexp( - ac)erfc<2f) (21)
0
where
1
T 2072
be 20% — 2E,RT
T 2RTo?
_
T 207

This leads to final equation (18)

()

The above analytical approximation renders the flexibility for simpler implementation in
computational environment due to elimination of the inner dF integral.
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PYROLYSIS MODELING OF PVC USING DISTRIBUTED ACTIVATION
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Abstract

Polyvinyl chloride (PVC) is a common thermoplastic which finds widespread applications in the
construction industry for usage in ceiling linings, flooring materials, electrical cables and roofing
materials. Several fire requirements are put on these types of applications. For fire safety
engineering and product development, thermo-chemical decomposition modeling of PVC is
required. The FIRETOOLS project investigates the possibilities to predict real scale fire behavior of
building products, content and barriers by means of using material data on successively increasing
scale. This paper focuses on the material modeling and studies the thermo-chemical decomposition
of PVC using Distributed Activation Energy Model (DAEM).

KEYWORDS: Pyrolysis modeling, Fire behavior, Matlab, DAEM

1 INTRODUCTION

PVC is one of the major plastics manufactured in the world. Some of the end use applications
include usage in window frames, drain pipes, wall coverings, flooring materials and insulation
materials for wires and cables. Due to its combustible nature, the reaction to fire property of PVC is
of great interest, especially at the material level. Pyrolysis modeling enables prediction of mass loss
rates at different heating rates using a combination of experimental and simulation technique. The
results of these simulations can be used in a CFD code such as fire dynamic simulator (FDS) to
perform fire predictions on real scale (Kim & Dembsey 2012; Stoliarov et al. 2010; McGrattan et
al. 2013; Marquis et al. 2012).

2 THEORETICAL BACKGROUND

DAEM stands for Distributed Activation Energy Model. It has been used previously to interpret the
pyrolysis kinetics of complex multi-component materials such as coal, biomass and sewage sludge
(Miura 1995; Miura & Maki 1998; Soria-Verdugo et al. 2013). These materials are heterogeneous
in nature, and when they are exposed to heat, no single reaction determines their thermal
decomposition into volatile content; rather the conversion of solid phase into different volatile
products is characterized by many parallel occurring reactions. So, the accurate reaction mechanism
for such materials may be difficult to ascertain. A similar approach is applied for PVC, which
exhibits two-step decomposition mechanism due to the release of hydrogen chloride (HCI) followed
by pyrolysis of the remaining residue. For real life applications, PVC is not used as pure material,
but several additives are added into it. For e.g. addition of plasticizers such as aliphatic and
aromatic esters improves the flexibility of PVC, a property desirable for usage in electrical cables
(Troitzsch 2004). In the scenario, when information related to the on-going chemical reactions due
to material interactions upon exposure to heating profile unavailable for the solid phase, it may be
difficult to predict reaction rates, mass loss rates and heat release rate curve. In this work the
pyrolysis phenomenon has been modelled using DAEM approach. The main assumptions of the
DAEM model are that the reaction mechanism is assumed to consist of infinite set of parallel
occurring irreversible single step reactions that have different activation energies and frequency
factors. The distribution curve is modelled by a Gaussian distribution function (Miura 1995).

As per the model equation, the change in total volatiles at time t is given by:



14 o3} —Ea
1-= J; exp(—k, [yem dt) « f(E,) * dE, @

where, V* is the effective volatile content, V is the volatile content at temperature T (K), f(E,) is the
distribution curve of the activation energy- Ea(kJ/mol) representing differences in the energies of all
the reactions and ko(s™) is the frequency factor corresponding to the E, value, R is the real gas
constant (8.314 J/K/mol). The PVC sample temperature at any time t is given by

T(t) = To+ B+t @

Where, T, is the starting temperature at which no reaction occurs, B (K/sec) is the heating rate and t
is the time (s). Equation (1) can be re-written as:

1-= [ @(ELT)  f(E,) * dE, 3
Where, p(E,,T) = exp (22 ] e "/kr dr) @

Equation (3) can be reduced to the equation (5) by a procedure detailed by (Miura & Maki
1998; Bhavanam & Sastry 2015).

B\ _ ko*R Eq 1

ln(ﬁ) =lIn (E_a) + 0. 6075—?*; (5)

A plot of In (B/T?) versus 1/T at selected V/V* values at three different heating rates is presented in
Fig 2. The procedure can be summarized as follows:

» VIV* values are measured at three different heating rates using a thermal analyzer.

> At selected values of V/V*, using the above data a plot of In(8/T?) versus 1/T is made.

» E, and k, values are determined from the slope and intercept of these curves for each
conversion level using equation 14.

> Finally the f(E,) curve is obtained by differentiating the VV/V* vs E, curve and using inbuilt
fitting functions in MATLAB.

The f(E,) curve in such models is assumed to follow Gaussian distribution due to its symmetric
nature, however in reality, the kinetic parameters follow significantly different distribution having
considerable asymmetry. The f(E,) curve, in such cases may be described by other statistical
distribution functions such as Weibull and Logistic functions (Lakshmanan & White 1994; Cai et
al. 2014). Table 1 shows the distribution function and different characteristic parameters defining
the f(E,) curve. The main issue however, is the range of applicability of such model equations.
Often several materials decompose in a two-step mechanism, exhibiting a shoulder peak and this
was evident in the results obtained for PVC, see figure 1.

Table 1 Statistical distribution function to describe chemical kinetic parameters for usage in DAEM

model
S.No [f(Ea) Distribution functions Parameters
1. Gaussian 1 Mean Activation Energy - Ey
o Standard Deviation- ¢

3 COMPUTATIONAL CHALLENGES AND SOLUTION TECHNIQUES

The main computational hurdle in the DAEM model is that there is no closed form solution to this
model. Equation 1 is a double integral equation and has inner dT integral and an outer dE, integral.



(Cai et al. 2014) have divided the solution approaches to this model in two main categories namely,
distribution free methods and distribution fitting methods. In this paper, the Miura Maki integral
method (a form of distribution free method)(Miura & Maki 1998; Soria-Verdugo et al. 2013) has
been employed to find the solution to Equation 1.

4 EXPERIMENTAL

The experimental data was provided by VTT and published in (Matala & Hostikka 2011). For the
experiments, a simultaneous thermal analyzer NETZSCH STA 449 was used in both air and
nitrogen atmosphere for the measurement of mass changes. The samples (=20mg) were placed in
alumina (Al,O3) crucibles and subjected to linear heating profiles (2/5/10/20 Kelvin/min) at four
different heating rates in the TGA apparatus.

5 RESULTS AND DISCUSSIONS
5.1 Thermal decomposition in inert and air atmosphere — TGA and DTG curves
Figure 1 shows the TGA and DTG curves of the PVC samples as recorded experimentally in

ambient and inert conditions. The onset of thermal decomposition of PVC starts at about 500K in
air and nitrogen.

Air Nitrogen
150 150 o
= 100 £ 100
£ 2Kimin ;S! z 2Kimin
K] SKimin K] S5Kimin
g % 10Kimin g ® 10Kimin
20Kmin == 20K /min
0 0
200 300 400 500 600 700 800 900 1000 1100 200 300 400 500 600 700 800 900 1000 1100
Temperature (Deg. K) Temperature (Deg. K)
Air Nitrogen
1 1 o
0 0
5 5
E A 2Kimin E 1 2K/min
3 SKimin 3 SKmin
2 10K/min 2 10Kimin
20Kimin 20K /min
3 3
200 300 400 500 600 700 800 %00 1000 1100 200 300 400 500 600 700 800 %00 1000 1100

Temperature (Deg. K) Temperature (Deg. K)

Figure 1 TGA and DTG curves for pure PVC in air and nitrogen at different heating rates

The decomposition occurs in a two-step reaction as evident from the TGA shoulder and two
different peaks recorded in the DTG curve. The sample lost about 54% weight in the first reaction
in both air and nitrogen. The first reaction pertains to the release of hydrogen chloride (HCI) and is
termed as de-hydro-chlorination (Huggett & Levin 1987; Matala & Hostikka 2011). The
decomposition mechanism is sensitive to the applied heating rate and shifts towards the right with
the increasing heating rate i.e. from 5 K/min to 20 K/min. Also, in ambient atmosphere oxidation
reactions occur and further complicate the shape of the mass loss curve. The residual weight in
ambient and nitrogen environment is 7-11.5% and 25.5-27% respectively. Due to space constraints,
the DAEM model has been applied to the experiments performed under nitrogen atmosphere only,
and the two reaction steps have been characterized separately using DAEM parameters.

5.2 Arrhenius fittings for two different reaction steps

Figure 2 shows linear fit of Arrhenius plots for PVVC samples. For reaction 1, the plots are straight
lines, while for the second reaction due to the onset of gasification; the fittings are not good in the
beginning and at the end conversion levels. When the reaction is steady the conversion levels for
VIV* are between 0.55-0.71. The fittings follow straight lines.
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Figure 2 Arrhenius plot of In(B/T~2) versus 1/T at selected VV/VV* values for PVC for reaction 1and 2

5.3  Kinetic parameters and their distribution curves

Figure 3 shows the frequency distribution cu

rve of the activation energy (E,) for both the reactions.

The values are distributed over the range 228-351 kJ/mol for the first one, while for the second
reaction the values are distributed over the range 218-405 kJ/mol.

Reaction - 1

Reaction -2

Frequency

©

[
160 180 200 220 240 260 280 300 320 340 360

Activation Energy, Ea(kJ/mol)

Freque

00 250 300 350 400 450 500
Activation Energy, Ea(kJ/mol)

Figure 3 Frequency distribution curve of activation energy for reaction 1 and reaction 2 for PVC in

nitrogen

Table 2 shows a summary of the chemical kinetic parameters obtained by the solution of DAEM

model.

Table 2 Summary of Arrhenius parameters computed for PVVC with DAEM model

5.4  Experimental Results Vs Numerical
The model simulations have been performed

Reaction 1| Mean |Standard Deviation Range
Ea (kd/mol)| 248.7 10.0 228.8-351.8
ko(s) [3.6%10%° 2.5%10% 2.2%10%-1.8%10%
Reaction 2
Ea (kJ/mol)| 348.9 48.1 218.5-404.8
ko(s™) [7.7*10" 1.5*10%° 2.3*10°- 5.2*10%°
Simulations

for all the heating rates (5/10/20 K/min) and for each

conversion level by the solution of the non-linear equation using numerical method (bisection

method).
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Figure 4 Model validation curve — experimental data and numerical simulations

For reaction 1 the simulations match experimental data very closely. The average percentage error
is less than 0.25 percent, however for the reaction 2, the simulations show a slight over-prediction
error. However, the percentage error is less than 2.3 percent.

5.5  Prediction of mass loss rates (MLRs) at high linear heating rates

Reaction 1 Reaction 2

0.5 0.7
0.45 0.68
0.4 0.66
0.35 0.64
H
>
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— 0
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Figure 5 Predicted MLRs for reaction 1 and 2 for PVC in nitrogen at high heating rates (f in K/min)

Figure 5 shows predicted mass loss rate (MLRs) for PVC at increasing heating rates (up to
800K/min) in nitrogen atmosphere. This is obtained by numerical solution of equation 14 for
desired heating rate and computed chemical kinetic parameters retrieved using the slopes and
intercepts of the Arrhenius plots (Figure 2). Experiments using thermal analyzers at high heating
rates are difficult to perform due lack of equipment availability. Although, many simultaneous
thermal analyzers (STAs) can obtain a heating rate of 100 degrees K/min but there are several
challenges associated with the experimentation at high temperatures. Simulations are a cost
effective way of predicting material behavior under experimentally difficult conditions.

6 CONCLUSIONS

For fire simulations, very detailed chemical reactions mechanisms may not be of much significance
due to the challenges they pose in the implementation of CFD codes such as fire dynamic simulator
(FDS). In this paper, the DAEM method uses the Miura Maki integral approach to retrieve chemical
kinetic parameters and predict mass loss rates curves for P\VC under inert atmosphere at high linear
heating rates. The computed kinetic parameters are distributed over a significant range (modelled by
a Gaussian bell curve) for both reactions. The results of these predictions can be used as input
parameter in fire simulations of building products but further validation and experience with the
method is needed. The model calculations may later be applicable to a variety of building products



such as flooring materials, window frames and drainage pipes in combination with advanced flame
spread calculations. With the development of in house computer code, the calculation process is fast
and experimental effort reduced.
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