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Milligram-scale Flame Calorimetry (MFC) is a controlled-atmosphere flammability
technique used to screen fire retardant materials which do not intumesce. The MFC is
a desirable technique due to its calorimetry capabilities, small sample size requirement
and allowance for the non-intrusive study of an axisymmetric laminar diffusion flame.
In in this work, a new MFC pyrolyzer system was developed to emulate the burning
behavior of cone calorimetry samples, improving upon the limited use of the MFC. The
new pyrolyzer system enables the testing of 30 — 55 mg samples as well as intumescent
charring materials. The material surface temperature is directly measured during a test,
which was previously not possible. A comparative study of five representative
materials, covering a wide range of sooting and charring conditions, is conducted
considering the new MFC, along with Microscale Combustion Calorimetry and cone
calorimetry. It is concluded that the new MFC can be used to rank flammability of a
wide range of polymeric materials and this ranking is the same at that obtained through

cone calorimetry testing.
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1 Chapter 1: Introduction

1.1 Motivation

The use of polymeric materials in the built environment has become increasingly
more popular, replacing traditional materials as a viable alternative [1]. The availability
of raw materials for manufacturing, ease of processing and controllable physical
properties of these polymeric materials are some of the key features attributed to their
widespread use [2]. One of the most notable drawbacks related to the use of these
materials is that the majority of polymers are organic and therefore inherently
flammable [3]. The ever-increasing use of polymeric materials requires that the
flammability properties of these materials are understood and accurately quantified,
enabling end users to make well-informed decisions when selecting adequate materials

for a particular application.

There are bench- and milligram-scale flammability tests that can be used to
calculate different flammability parameters for polymers. The parameters that have
been identified to form the basis in estimating the hazard of a material when exposed
to fire are ignitability, flame spread, heat release and smoke yield. Flammability tests
that are of particular importance when considering flammability testing of polymeric
materials include the UL 94 Vertical Burning Test, the Limited Oxygen Index Test,
Cone Calorimetry, the Fire Propagation Apparatus, Microscale Combustion

Calorimetry, and Milligram Scale Flame Calorimetry [4]. Knowledge about each of



these test methods is required to ensure that the correct test method is selected to
adequately quantify or rate the flammability of a material, all while considering the

limitations of these tests.

1.2 Flammability Testing Technigues

1.2.1 UL-94 Vertical Burning Test

The UL-94 flammability test is a test that is used to access the flame resistance
of synthetic polymer materials with the test being standardized as ASTM D3801 [5].
The test method comprises a bench-scale procedure that is used to determine the
tendency of a material to spread flame or extinguish when exposed to a premixed pilot
flame with a length of 20 mm (50 W) that is applied to the base of the sample as per
Figure 1.1 [5]. Each material that is tested is tested as a set of 5 samples (13 mm x 125
mm) with the thickness of the sample no greater than 13 mm. Once the flame of the
hand-held Bunsen burner is applied to sample, the extent and duration of burning is
used to rate a material. The material ratings for the vertical configuration of the UL-94
test is V-0, V-1, V-2 (listed from least to most flammable) and ‘Fail’ as outlined in

ASTM D3801.
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Figure 1.1: Experimental setup for the UL-94 Vertical Burning Test [5]

The advantages of using this test is that it provides a qualitative measure to rate
the flammability of materials with only relatively small samples (25 — 30 g) required
to run the test. The disadvantages of this test, however, are as follows: it is visually
evaluated, it only measures the dripping and burning rate of a material, the rating is
dependent on the thickness of the sample, UL-94 is not a well-ventilated test, and UL-
94 measures the burning behavior of a material when exposed to an external heat source
for a 10 second period [6]. The UL-94 test also has the disadvantage of being laborious

and time-consuming.

1.2.2 Limited Oxygen Index

The Limited Oxygen Index (LOI) fire-test-response standard is related to the
minimum oxygen concentration required to sustain flaming combustion of a material
in an oxygen/nitrogen atmosphere. The test was first introduced by Fenimore and
Martin in 1966 and has been standardized as ASTM D2863 in the United States and

3



ISO 4589 internationally [7]. The test comprises a vertically-mounted sample (10 — 20
g) that is ignited at its top edge as per Figure 1.2. The oxygen flowrate is adjusted until

a critical concentration is obtained under which flaming combustion is not supported

[8].
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Figure 1.2: Experimental setup for Limited Oxygen Index measurements [9]

The value of the LOI is defined as the minimum oxygen concentration where
flaming combustion is maintained, in a mixture of oxygen and nitrogen, for a minimum
of 3 minutes or the minimum concentration of oxygen where 5 cm of the sample is
consumed. The material is classified as “combustible” if the LOI is calculated to be
less than 21% and “self-sustaining” if the LOI is greater than 21%, indicative of
combustion that cannot be sustained at ambient conditions without the use of an

external heat source.[9].

The advantages of using the LOI test is that it provides end-users with the means

to determine a reproducible quantitative measure of a materials’ flammability. The
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equipment used in the test is also inexpensive and only relatively small sample sizes
(10 — 20 g) are required. However, the test has a few drawbacks in that dripping and
melting during a test can cause extinguishment of a sample resulting in high LOI
values. It has also been noted that as a result of the test being conducted at room
temperature, calculated LOI values will be smaller than that at elevated temperatures.
This means that materials with high LOI values at room temperature could, in fact, burn
without self-extinguishing when exposed to real-life fire conditions. The oxygen
percentage in the mixture is varied to maintain a candle-like flame which does not

emulate the burning conditions of a material during a real fire [7].

1.2.3 Microscale Combustion Calorimetry

Fire behavior and flame resistance of polymeric materials at the macroscopic
scale depend on sample size, orientation, contributing thermophysical and
thermochemical properties and environmental parameters [10] which results in these
parameters being classified as extrinsic properties of the material. The Federal Aviation
Administration (FAA) has developed a test method, Microscale Combustion
Calorimetry (MCC), that can be used to measure the intrinsic properties of a material.
MCC is a standard test method used to calculate the complete heat of combustion of a

material and it is available as ASTM D7309 [11].

The MCC test is used to measure the complete heat of combustion of the
volatile gases produced during the thermal decomposition of the material as calculated

considering the oxygen consumption technique. The oxygen consumption calorimetry



technique is based on the empirical observations made by Huggett [22]. Huggett noted
that for most polymeric materials, 13.1 + 0.6 kJ-kg™* of energy is released per kilogram
of oxygen consumed. The volatiles are produced during the controlled heating of a
milligram-sized sample [10]. The process of condensed-phase fuel generation and gas-
phase flaming combustion is separately reproduced. The thermal decomposition
process is driven to completion, allowing the measurement of the complete heat of
combustion of the material [12]. The MCC test procedure comprises the use of samples
with a mass ranging from 1 — 10 mg which is weighed into a ceramic crucible. It is then
inserted and sealed into the pyrolyzer, with a standard set point temperature of 750 °C
and heated up to this point at a rate of 1 °C/s with the combustor temperature set to 900
°C. The standard calls for the use of either Method A or Method B, with Method A
entailing an anaerobic thermal decomposition process and Method B that of a thermo-
oxidative decomposition process. In Method A, the condensed-phase fuel generation
process is emulated in the pyrolyzer section of the MCC with the production of volatile
decomposition products in a nitrogen environment. These decomposition products are
then swept into the combustor, using a purge gas, where the volatile products are
completely oxidized emulating the gas-phase flaming combustion process. The
combustion gas stream is scrubbed upstream of a mass flow meter and oxygen analyzer

where water and acid gases are removed.

MCC is an attractive flammability test as it requires small sample sizes, which
is advantageous when used for material screening purposes. It is also a valuable tool

that can be used for modelling purposes [13-15] There are, however, limitations when



using the MCC which are summarized as follows: there is no real flaming combustion
inside the combustor which may yield different results than an actual flaming
combustion process, and the use of a small sample size does not accurately represent
the physical effects (dripping or intumescence) of large burning samples. The sample
size variations can also have an effect on the measured peak heat release rate (PHRR)

due to the controlled amount of oxygen present in the combustor [16].

1.2.4 Milligram-scale Flame Calorimetry

Milligram-scale Flame Calorimetry (MFC) is a test method that was developed
at the University of Maryland, College Park and is used as a quantitative tool to screen
flame retardants and synergists. The test method makes use of milligram-sized samples,
on the order of 30 — 40 mg, and yields valuable data regarding the flammability of a
material [17]. The use of the MFC for screening purposes during material development
is desirable due to it requiring a small sample mass, its calorimetry capabilities, as well

as allowing for the non-intrusive study of an axisymmetric laminar diffusion flame.

The MFC allows for the calculation of the heat of combustion of a material
during the anaerobic decomposition of the sample. This is done considering the heat
release rate (HRR) normalized by the initial sample mass of a material during a test and
integrating this parameter over time. The solid products of combustion (airborne
particulates) yield and solid residue (char) yield of the thermally decomposing sample

can also be determined. The MFC is successfully used to detect the gas-phase effect



that flame retardants have on the flaming combustion process of a material [17] as well

as measure the radiative fraction for solid fuels [18].

The MFC test procedure comprises the use of a sample which is weighed into a
transparent quartz sample crucible with an inner diameter of 4 mm and a length of 14
mm. A gas mixture (usually air) is fed into the system providing the atmosphere for the
samples to burn in. A purge gas, usually nitrogen, is introduced into the system via the
quartz tube enclosing the pyrolyzer coil and is used as a carrier gas to assist the
movement of pyrolyzates to the igniter, located above the lip of the quartz tube. Here,
the hot-wire igniter initiates flaming combustion once there is an adequate fuel/air ratio
to sustain a diffusion flame. The sample is heated at a user-defined linear heating rate,
usually 10 °C-s* up to a temperature of 1200 °C using a commercially available
Pyroprobe pyrolyzer. A filter is used to retain all the airborne particulates produced
during the flaming combustion of the sample. Downstream of the particulate filter, the
exit flowrate and oxygen concentrations are measured simultaneously, followed by the

measurement of the CO and CO2 concentrations.

The MFC relies on the oxygen consumption technique which considers Huggett’s
empirical observations [22] to calculate the heat release rate of a burning fuel. When
calculating the heat release rate of a material, only the instantaneous oxygen
consumption rate is required and assuming the absence of any product storage
processes within the MFC, the rate of oxygen consumption can be expressed per
Equation 1. Both terms on the right hand side of Equation (1 represent the oxygen mass

flowrates at the inlet, (moz)m, and outlet, (mOZ)OUT, of the combustor respectively.
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The flowmeter downstream of the particulate filter in conjunction with the oxygen

sensor can be used to calculate the oxygen mass flowrate from the combustor as per

Equation (2.
Amg, = (mOZ)IN - (mOZ)OUT 1)
(mOZ)OUT = po,Vour[02]our (@)

The density of the oxygen gas as represented by po, (kg'm™) was taken at
standard temperature and pressure conditions (25 °C and 1 atm); [0,],y: IS the
volumetric fraction of oxygen at the outlet of the combustor, V,, is the instantaneous

volumetric flowrate in m*kg™, (1o,),, and (1o, ) . are the mass flowrate of oxygen

at the inlet and outlet of the system, respectively, in kg-s, and Am, is the difference

in the mass flowrate between the inlet and outlet streams in kg-s™ [19].

The first method that is used to calculate the heat release rate is referred to as
Method A with this method more accurately representing the global processes within
the MFC. For this method, the following assumptions pertaining to the inlet flowrate
are made: if compressed air is used as the co-flow gas, the mass flowmeter and oxygen
sensor, downstream of the combustor, can be used to measure the inlet oxygen flowrate
during steady, non-combustion operation of the MFC. It is further assumed that the
inlet flowrate of oxygen remains constant as the flowrate of this stream is controlled
with the use of a separate mass flow controller. Method B, the second method, makes

use of the assumption that the inlet oxygen volume fraction remains constant for the



duration of the test, but the total inlet flowrate instantaneously matches that measured
at the outlet. This assumption is also used in the MCC method [10] to calculate the

HRR of a pyrolyzing sample and Equation (1 then becomes:

Ao, = po,Vour([021iv — [02]0ur) (3)

In a further study, Raffan-Montoya et al. [19] revised the calculation of the two
methods used to calculate the change in oxygen mass flowrate through the system. This
revision included a correction for the measured volumetric flowrate such to compensate
for the flow at the outlet having a different composition than air. This difference in
composition had to be accounted for to ensure that the correct flowrate readings were
obtained. The reader is referred to an earlier publication [19] providing further detail
about the procedure used to calculate the true outlet volumetric flowrate. In summary,
the true volumetric flowrate is calculated considering the Hagen-Poiseuille equation
whilst considering the dynamic viscosity of the outlet flow as per Equation (4.

Hair “)

true

Virue = Vieas

With ug,- and pe, being the dynamic viscosity of air (Pa-s) and the true
dynamic viscosity of the outlet flow in kg-:m™-s™. The outlet flow was assumed to
comprise a mixture of Oz, CO2 and N and the dynamic viscosity of the mixture was

calculated considering Equation (5.
1
Hmix = 0.5 Z Hixi t ©)
i ZLE

10



where u; and x; is the dynamic viscosity and molar fraction of each component.
The viscosity for the gases was retrieved from National Institute for Standards and

Technology (NIST) databases [20].

The limitations and disadvantages of the MFC are as follows: The quartz test
tube that is used is 14 mm tall, with an outer diameter of 6 mm. This test tube provided
a physical problem in that the test tube tended to clog when highly charring or
intumescent materials were being tested. This resulted in a compromised HRR curve
and subsequent calculated heat of combustion value for the material being considered.
Another limitation of the test tube was that only granulated or small sample shavings
could be tested. The temperature of the sample during the test was not measured and
thus an additional test had to be conducted to obtain the surface temperature of the
sample during the test with the use of a thermocouple inserted into the test tube, thereby
providing an additional physical disadvantage of the MFC. The sample mounted in the
test tube was heated using a commercially available pyroprobe pyrolyzer, CDS 5000,
with the business end of the probe housing a platinum spiral coil. The cost of the CDS

5000 pyroprobe pyrolyzer is large and presents another significant disadvantage.

1.2.5 Cone Calorimetry

Cone calorimetry is one of the most effective reaction-to-fire bench-scale tests used
to quantify the fire behavior of a material when exposed to controlled levels of radiant
heating with or without an external ignition source. Cone calorimetry makes use of the

oxygen consumption calorimetry technique which entails the measurement of the

11



instantaneous change in oxygen concentration in the combustion gases of a sample
when exposed to a given heat flux, typically 10 to 100 kW-m?2 [21]. The cone
calorimeter has been adopted by both the International Organization of Standardization
(1ISO DIS 5660) and ASTM (E 1354) as the bench-scale method used to measure the
HRR of a material. The samples that are used for cone calorimetry tests comprise 100
by 100 mm squares, having a thickness no greater than 50 mm. The flammability
parameters that are calculated from cone calorimetry experiments are time to ignition,
the HRR of the burning material as a function of the duration of the test, the heat of
combustion of a material normalized by both the initial sample mass and the gasified

mass, and the char yield [23].

The study of smoke developed by fire is important in fire protection and is defined
as a mixture of solid particulates, volatile organic compounds and liquid and gaseous
inorganic compounds [24]. Smoke particulates that are generated during the burning of
a material acts as a radiating medium that can potentially affect the heat flux
distribution of a fire [25]. The most popular optical property is the smoke extinction
coefficient which can be used to determine the mass concentration of flame-generated

smoke which is obtained using light extinction measurements [26].

The calculation of the light extinction coefficient is based off Bouger’s law that
relates the intensity of the incident monochromatic light of a specific wavelength to the
intensity of the light transmitted through a defined path length of smoke [23]. Bouger’s

law is expressed as per Equation (6:
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where | and lo are the intensity of the blocked and monochromatic light
respectively. L is the selected path length (m) and k the extinction coefficient, m™. The

instrumentation layout of the cone calorimeter is depicted per Figure 1.3.

Crifice plate flowmeter

=] Exhaustduct

Load cell

Vertical Drien;-a‘;ion
Figure 1.3: Experimental setup for cone calorimetry experiments [24]

Considering all the material properties and flammability parameters that can be
determined using cone calorimetry, there are still limitations to this test that should be
considered: the size of the samples used for cone calorimetry tests are large (30 — 50 g)

in comparison to size of samples used in the MCC (3 — 10 mg) or MFC (30 — 50 mg).
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The large sample size used for cone calorimetry tests is not favorable when screening
materials during new product development. Swelling of the sample prior to ignition
will potentially interfere with the spark igniter. Significant swelling of the sample
during the test can result in different incident heat flux profiles along the height of the
swelling sample. Spalling can compromise the validity of the test and adequate

ventilation must be ensured.

1.2.6 Fire Propagation Apparatus

The Fire Propagation Apparatus (FPA) is used to evaluate the flammability of
materials; however, unlike the cone calorimeter, the heat is supplied by infrared
tungsten heating lamps. The FPA also provides control over the oxygen environment
around the sample, allowing for the testing of both under- and well-ventilated fire
conditions. The FPA has been standardized in accordance with ISO 12136 and ASTM
E2058. Samples are exposed to incident radiant heat fluxes up to 65 kW m2 with
ignition obtained using a pilot flame of an ethylene-air composition. Samples, when
tested in the horizontal configuration are square shaped with a 101.6 by 101.6 mm area
and a thickness not exceeding 25.4 mm. Vertical tests comprise the use of planar
samples with a width of 101.6 mm and a length of 305 mm. The thickness of the

samples ranges from 3 to 13 mm [27].

The standard, ASTM E2058, calls for the use of three separate tests to obtain
different flammability characteristics of a material and are as follows: the time-to-

ignition of a material, the chemical and convective HRR, the mass loss rate (MLR), the
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heat of combustion (HOC), and the smoke production. This test is different from other
flammability tests in that the chemical HRR during and after self-sustaining, upward
flame propagation on a vertically-mounted sample can be determined using an inlet air
stream with a 40% oxygen concentration, in the absence of an external radiant heat

flux. The instrumentation layout of the FPA is depicted per Figure 1.4,

Combustion products

Product
sample
analysis

Collection

Quartz P Inirared
tube \ B heaters (4)

Test
sample

Aluminum

support ™~ Sample

cylinder support
{on load

= cell)
Air + oxygen Air distribution box

Figure 1.4: Experimental setup for fire propagation apparatus experiments

The main advantage of the FPA is that the air composition around the sample
can be controlled, allowing for the testing of samples in both under- and well-ventilated
conditions. The control of the air compositions allows for the testing of a vertically

mounted sample at an oxygen concentration of 40% which is required to emulate the
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radiant heat flux from real-fire flames [24]. However, the large sample sizes required
by the standard is a disadvantage when screening materials during material
development. Another limitation is the requirement of the standard to conduct three
separate tests methods to obtain flammability parameters, most of which can be
obtained with a single test using cone calorimetry. The multitude of test methods also

makes this standardized test laborious and time-consuming.

1.2.7 Comparative Study of All Flammability Tests

A comparative study of all the above-mentioned flammability measurement
tests was conducted to highlight the advantages and limitations as well as the difference
in sample size for each of the tests as per Table 1.1. It should be noted that LOI was
the first of considered flammability testing techniques used (1970) and was followed
by the approval of UL-94, cone calorimetry, FPA, MCC and then MFC (2015). The
deficiencies and advantages of the above-mentioned standard tests preceding the
development of the MFC were considered to warrant the initial development of the
MFC. This, in turn, would highlight how some of these deficiencies were addressed
through the development of the MFC. The advantages and limitations of each test are

presented in Table 1.1.

One of the main limitations of most of the tests, with the exclusion of MCC and
MFC, is the size of the sample required by the standard. The sample size for all these
tests, while relatively small compared to a real fire scenario is still relatively large for

screening campaigns or when testing novel materials whose production is still at the
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R&D scale. For this reason, the MCC was developed to allow for the testing of sample
masses on the order of milligrams (1 — 10 mg). Although the MCC decouples the gas-
and condensed phase processes of pyrolysis and flaming combustion, no real flaming
combustion process is ever present within the combustor of the MCC. Both cone
calorimetry, being the benchmark flammability standard, and FPA tests are conducted
considering the real flaming combustion of samples with an advantage of an
experiment in the FPA being conducted in a controlled atmosphere. The MFC was
developed considering the limitations as highlighted for MCC, cone calorimetry and
the FPA. The MFC was developed to allow for testing of milligram sized samples on
the order of 30 — 50 mg, while accommodating flaming combustion of a material in a
controlled atmosphere. The calorimetry capability of MFC makes it a test that allows
for the direct calculation of the HRR, the non-intrusive study of the flame as well as

the measurement of the solid residue yield and solid products of combustion yield.

Table 1.1: Comparative study of flammability measurement tests

Test Sample size Advantages Limitations
¢ Qualitative rating of e Visual evaluation
;J‘k; 125x12.5 mm flammability e Only burning rate and
Thickness <13 ° Small sample sizes drlp_plng measured
(1978) mm e Rating dependent on

sample thickness

e External heat source only
applied for 10 s

e Measured critical e Dripping and melting
LOI 150 x 10 mm 0xygen concentration compromises test
. _ required to sustain e LOl is surrounding
(1970) | Thickness: 10.5 flaming combustion temperature-dependent

mm
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MCC

(2007)

Cone

(1990)

FPA
(2000)

MFC

(2015)

1-10mg

100 x 100 mm

Thickness < 50
mm

101.6 x 106.1 mm

Thickness < 25.4
mm

30 —40 mg

Small sample sizes .
Complete HOC .
measured

Small sample size .

Sample surface
temperature is directly
measured o

Adopted as the test .
used to measure HRR

MLR is directly
measured

Allows for smoke )
obscuration
measurements

Large heat flux range o
available for testing

Air composition
around sample can be
controlled

Radiant heat flux from
real fires can be
emulated
Non-intrusive study of
flame

Effective HOC .
measured

Small sample size

Non-intrusive study of
flame

High heating rate
similar to real fire
conditions

Candle-like flame
doesn’t emulate real fire
conditions

No real flaming
combustion

Complete combustion
process overrides
physical processes

PHRR depends on
sample size

Sample sizes are large

Intumescence of
materials can interfere
with igniter

Varying incident heat
flux profiles when
samples swell

Spalling can compromise
test validity

Proper ventilation
required

Sample sizes are large
Test comprises 3
methods required to
obtain all flammability
parameters

Clogging of quartz test
tube when testing
charring materials

Only granulated
powder/sample shavings
can be used

Surface temperature is
not measured during test
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e Successful detection of e  Pyroprobe pyrolyzer is

gas-phase combustion expensive and does not

effects emulate heating
conditions seen in cone
calorimetry

1.2.8 Objective

Currently, cone calorimetry is viewed as the benchmark test used to
quantitatively characterize the flammability of a material. Cone calorimetry, as with
every flammability testing technique, has its own limitations, such as the requirement
of relatively large sample sizes (30 — 50 g), the need for well-ventilated conditions, and
the test being time-consuming or laborious. The MCC test was developed to alleviate
the limitation of a large sample mass by using milligram samples sizes (3 — 10 mg) but
being limited but not accurately emulating the flaming combustion behavior
representative of real fire scenarios. The MFC was, in turn, developed, to address the
need for a milligram-scale test that can be used to study the flaming combustion process
of a material in a controlled environment. The MFC does however have inherent
disadvantages in that the test is, for the most part, only used to screen materials during
material development without accurately emulating the burning behavior of materials
as seen during cone calorimetry experiments. The test was limited to non-charring
materials due to the limited size of the sample crucible, and the surface temperature of

the material cannot be measured during a controlled-environment test.

Considering these limitations and disadvantages, the objectives of this study were
to design a new MFC pyrolyzer system such that the heating conditions more closely
emulate the burning behavior of materials in the cone calorimeter while still controlling
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the flaming combustion atmosphere within the MFC combustor chamber. The MFC
experimental setup will be modified in such a way as to reduce the cost of the pyrolyzer,
alleviate the tendency of charring materials clogging the sample crucible, measure the
surface temperature of the sample during a test and more closely replicate the heating
conditions and ignition theory observed during cone calorimetry experiments. A
material matrix comprising five materials, representative of a large range of synthetic
polymers, will be tested in the MFC with the new pyrolyzer system, as well as in MCC
and the cone calorimeter. The results from these tests will be directly compared to

determine how the results of these tests quantitatively correlate with one another.
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2 Chapter 2: Development of a New Pyrolyzer System

2.1 New Pyrolyzer System Design

The pyrolyzer system that is used in the MFC is one of the most important
components of the instrument, as this component has a direct impact on the heat release
rate, char yield and particulate yield of the system. The pyrolyzer heating coil was
designed with the use of 0.4 mm square nickel-chromium wire. The shape of the
pyrolyzer coil was changed from the originally-used spiral configuration to a flat radial
configuration as per Figure 2.1a. The flat radial pyrolyzer coil had an outer diameter of
9.6 mm with an interior circular opening of 4 mm. Both ends of the pyrolyzer coil were
fitted with a female D-Sub socket contact crimps with a gauge ranging from 20 — 24
AWG. The contact material comprised a copper alloy with a gold contact finish. This
coil was housed within a circular ceramic holder and was fixed in place using Autocrete
High-temperature ceramic adhesive as depicted per Figure 2.1b, c. The 3.56 mm
diameter interior hole of the ceramic holder housed the thermocouple insulator that was
fixed in-place. The resistance of the pyrolyzer coil was measured as 0.6 ohm and had a

length of 100 mm.
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Figure 2.1: Pyrolyzer coil that was designed in-house with the use of 0.4 mm square

nickel-chromium wire (a) and the ceramic holder housing the pyrolyzer coil (b), (c)

The new pyrolyzer system with all relevant dimensions is depicted per Figure
2.2. The ceramic crucible housing the sample is positioned on top of the ceramic holder
housing the pyrolyzer coil leaving a 2.5 mm clearance between the lip of the crucible
and the lip of the quartz tube housing the pyrolyzer coil system. This distance was
deemed adequate to allow for the purge gas to aid in the transport of the pyrolyzate
gases towards the ignitor while also reducing the possibility of the intumescent char
touching the hot wire igniter. The hot wire igniter was positioned 2 mm above the lip
of the quartz tube housing the pyrolyzer coil and just over the interior edge of said
quartz tube. This aids in ignition of the gaseous pyrolyzates, while not being intrusive
to such an extent as to compromise the geometry of the flame. An Omega 0.08 mm
wire diameter K-type thermocouple with fiberglass cable insulation and an exposed
junction was used. The thermocouple was installed flush against the top surface of the

ceramic thermocouple insulator with both holes of the insulator being sealed using the
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high-temperature ceramic adhesive. This was done to protect the thermocouple wiring
from thermal insult induced by the flat radial pyrolyzer coil and to eliminate the
possibility of gas leaks through the insulator holes during a closed-system test. A
zoomed-in view of the final setup of the new pyrolyzer heating coil in relation to the
thermocouple bead is depicted in Figure 2.2. The new pyrolyzer system comprises the
in-house designed flat radial pyrolyzer coil, as well as the 0.08 mm bead diameter K-

type thermocouple is schematically represented per Figure 2.3

Hot wire Ceramic
igniter crucible

< Z 2 mm

R, |

8 mm

i 2.5 mm

> ——

Thermocouple bead
(©0.08 mm)

Ceramic holder housing pyrolyzer coil

""""""" --| [--------------------- Thermocouple insulator

""""""""""" Quartz tube

| he
3.2 mm

<—= 112 .——»

«— 159 mm —

Figure 2.2: Zoomed-in view of the new MFC pyrolyzer coil system

It was crucial that the thermocouple bead was installed flush with the bottom
exterior surface of the circular ceramic housing for two main reasons: to minimize the
effect of thermal lag in the system and to ensure that there is proper thermal contact
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between the thermocouple bead and the ceramic sample crucible. The ceramic adhesive
that was used to fix the thermocouple in place required a curing period of at least 24

hours.

The pyrolyzer system that replaced the original pyroprobe pyrolyzer system is
depicted in Figure 2.3.The flat radial pyrolyzer coil was housed in a 15.88 mm (5/8 in.)
outer diameter quartz tube, having an inner diameter of 13 mm. The diameter of the
quartz tube was selected to allow for a gap between the outer edges of the flat pyrolyzer
coil and the quartz tube, thereby allowing the purge gas to readily flow upwards past
the pyrolyzer coil. The quartz tube diameter was also favorable as it could readily fit
into a 15.88 mm Swagelok threaded nut and be sealed using a nylon ferrule. The
thermocouple was housed in a 0.305 m long ceramic thermocouple insulator (3.2 mm
diameter) which extends through a Swagelok 15.88 mm male union tee. The
thermocouple insulator was mounted in place and sealed at the bottom exposed end
using a 3.18 mm diameter PTFE ferrule (see Figure 2.3, number 9). This way of
mounting ensured that the pyrolyzer coil system did not move during a test and that the
pyrolyzer coil was centered in the housing quartz tube, allowing evenly distributed flow

across the radial length of the pyrolyzer coil.

The electrical cable used to power the pyrolyzer coil (see Figure 2.3, number
13) extended from the base of the pyrolyzer coil down through the first union tee. It
exited the pyrolyzer system through the 15.88 mm diameter spherical ferrule (see
Figure 2.3, number 14). The nitrogen purge gas was introduced into the system via a

15.88 mm diameter PVC tube, as per the previous design of the MFC [19]. The entire
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pyrolyzer system was sealed to eliminate the escape of any gases through any

connections in the pyrolyzer system, with the cylindrical ferrule being sealed with the

use of a silicone sealant.

o Ceramic crucible

e Flat pyrolyzer coil

o 15.88 mm OD Quartz tube

o 3.18 mm OD Ceramic thermocouple insulator
9 15.88 mm Swagelok Brass nut

e 15.88 mm Swagelok Union tee

@-L]

o

©

o 15.88 mm OD Stainless steel tubing

e 15.88 mm to 3.18 mm Swagelok reducer
° 3.18 mm Swagelok Brass nut

@ 15.88 mm spherical ferrule

Q 0.08 mm thermocouple wire

@ Nitrogen gas purge

@ Power cable

@ Power cable exit port

? ? S ?@®?@

©)

Figure 2.3: Schematic diagram of the flat pyrolyzer coil/thermocouple system which

will replace the Pyroprobe pyrolyzer
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2.2 Power Supply

The flat radial pyrolyzer heating coil was powered with the use of a Cotek 800
W switching mode power supply. The power supply has a programmable output
voltage ranging from 0% to 105% with a maximum output voltage of 36 V. This
specific power supply was selected as it provides the user with a constant voltage output
with a sensitive voltage range. This is important due to the low resistance of the
pyrolyzer coil, 0.6 ohm. The low resistance of the coil results in large amperage
readings for low voltage input values. The power supply was selected such to more
closely approximate the heating conditions of a sample during cone calorimetry
experiments. During a cone calorimetry experiment, the sample is exposed to the
prescribed heat flux as soon as the sample is mounted below the conical heater,
resulting in the sample surface temperature nearly instantaneously equaling the
temperature of the conical heater. This idealized behavior is similar to a unit step
function as depicted per Figure 2.4. The MCC temperature profile is linear with time.
The power supply for the new MFC pyrolyzer coil was selected to more closely
approximate the temperature profile of the cone calorimeter and to avoid the linear
heating behavior of an MCC test. The constant input voltage to the power supply was
considered to emulate the constant heat flux exposure of a sample during cone
calorimetry experiments. The MFC pyrolyzer coil temperature profile is depicted per

Figure 2.4.
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Figure 2.4: Idealized surface temperature profiles for cone calorimetry, MFC and MCC

experiments

The input voltage (on the control end of the power supply) at which mechanical
failure of the pyrolyzer coil took place was determined to ensure that allowable user
input voltage to the power supply was not exceeded during a test. It was noted that for
a pyrolyzer coil having a resistance of approximately 0.6 ohm, an input voltage of 1.2
V to the power supply and a subsequent output voltage of 6.1 V to the pyrolyzer coil
would result in the mechanical failure of the coil at 62.42 W. During normal operation,
the pyrolyzer coil was supplied with an output voltage of 4.3 V, resulting in a constant
power of 30.8 W to ensure that a measured end temperature in excess of 695 °C was
obtained. The nitrogen purge flowrate was optimized considering this end temperature

for the pyrolyzer coil.
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2.3 Nitrogen flowrate optimization

A nitrogen purge stream is introduced upstream of the pyrolyzer coil that is housed
within a 15.8 mm outer diameter quartz tube. This purge gas flows past the lip of the
ceramic crucible holding the sample and aids in the transport of the pyrolyzate gases
upward toward the hot wire igniter. The flowrate of the nitrogen purge is an important
parameter that was optimized to ensure the correct operation of the MFC. The purge
gas flowrate was optimized to ensure that the flowrate was large enough to guarantee
non- oxidative pyrolysis at the surface of the sample as well as to minimize the dilution
effect of the purge gas when transporting the pyrolyzate gases toward the igniter. The
purge gas flowrate was also optimized to minimize the deposition of volatiles on the
inner surface of the quartz tube, as this would result in fuel not being delivered to the

flame, and a subsequent error in the measurements.

The original strategy was to reduce the nitrogen flowrate from the original flowrate
of 100 SCCM, calculated at 25 °C and 101.325 kPa, in order to reduce the dilution
effect of the purge gas. The production of air-borne particulates and the subsequent
deposition of these particulates along with the condensation of volatile gases onto the
interior wall of the quartz tube, which houses the pyrolyzer coil, was documented. It
was used as a measure to determine the efficiency of the purge gas stream to carry
pyrolyzate gases and particulates upwards past the lip of the quartz tube. The deposition
of gaseous pyrolyzates and airborne particulates is not favorable as this impacts the
calculated heat of combustion of the burning material and alters the expected purge gas

flow profile flowing past the exterior walls and lip of the crucible. This altered flow
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could compromise the expected concentration of pyrolyzate gases transported to the
hot wire igniter. This in turn compromises the ignition time and a subsequent reduction
in the HRR of the burning material due to a shorter burn time. The flowrate
optimization was performed using high-density polyethylene (HDPE), a material

known to produce high molecular weight compounds which cam condense..

The sample masses for the HDPE used during this test were approximately 35 mg,
with the only varying parameter being the purge flow rate. The test was conducted to
calculate the mass of pyrolyzates that had been deposited on the interior walls of the
quartz tube housing using a pyrolyzer coil power equal to 30.8 W. This was done by
noting the mass of the quartz tube prior to the start and at the end of each test. As per
Figure 2.5, it is noted that the deposition mass of pyrolyzates decreases as the purge

flowrate increases.

Deposition mass (mg)

50 75 100
Purge flowrate (SCCM)

Figure 2.5: Pyrolyzate gases and airborne particulate condensation mass as a function
of the purge gas flowrate with the pyrolyzer coil set at 30.8 W
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The purge gas flowrate was also noted to have a strong influence on the ignition
probability of the material, as the flowrate was indicative of the amount of pyrolyzate
gases that would be carried towards the hot wire igniter without condensing on the
interior wall of the quartz tube housing the pyrolyzer coil system. During the normal
operation of the MFC, a gauge back-pressure within the combustor in the range of 0.5
to 0.75 psi is typical, potentially reducing the rate at which pyrolyzate gases are
transported toward the hot-wire igniter. The selected flowrate of 100 SCCM was,

however, sufficient and flaming ignition for all material samples was expected.

The selected nitrogen flowrate also ensured that the axisymmetric diffusion flame
developed at the lip of the quartz tube and not at the lip of the crucible. The
development of the flame at the lip of the crucible is not a favorable condition. This is
indicative of oxygen present at the crucible lip prior to ignition of the pyrolyzate gases
— potentially resulting in the oxidative pyrolysis at the top surface of the sample prior
to ignition. The other reason for this unfavorable operating condition is that the heat of
the flame is fed back to the surface of the sample. This flame heat feedback could result
in the heat transfer from the pyrolyzer coil to the bottom surface of the sample no longer
dominating the pyrolysis of the sample. The required flaming combustion condition is
depicted per Figure 2.6 where the flame is present at the lip of the quartz tube housing

the pyrolyzer coil and not at the lip of the ceramic crucible.
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Figure 2.6: MFC test with the axisymmetric diffusion flame present at the required

position i.e. the lip of the crucible housing the pyrolyzer coil

2.4  MEC Instrumentation Layout

The MFC instrumentation setup was similar to that of the work done by Raffan-
Montoya et al. [19] with the major difference being the new pyrolyzer system. The
instrumentation layout of the newly designed MFC is presented per Figure 2.7 and
consists of four different parts: the pyrolyzer system, the combustor, the gas analyzer
system and the control panel. All MFC experiments were conducted using ceramic
crucibles without lids. Lids were not used for any of the experiments to facilitate the
ignition of the pyrolyzate gases and to ensure that these gases were more readily carried
to the lip of the quartz tube housing the pyrolyzer coil via the nitrogen purge. The
pyrolyzate gases, swept up by the purge flow, meet the co-flow gas at the lip of the
quartz tube housing the pyrolyzer coil and are subsequently ignited by a hot wire igniter

operated at 50 W. The co-flow gas could be air or a user-defined mixture of high-purity
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nitrogen and ultra-high-purity oxygen gas. The flowrates of both the purge and co-flow
gas were both controlled with the use of component-specific low pressure drop mass
flowmeters (Alicat Whisper MW series). The base of the combustor comprised the use
of a circular perforated brass sheet and 3 mm diameter glass beads that would ensure a
homogenized co-flow. This delivery guarantees a low-speed co-flow of gas with
minimal radial gradients, simulating the semi-quiescent conditions typical of the early

stages of a developing fire.
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Figure 2.7: Schematic diagram of the new MFC instrumentation layout
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The combustion chamber comprised a 75 mm outer diameter, low thermal
expansion coefficient quartz tube with said quartz tube having a height of 127 mm. The
quartz tube is transparent which allows for direct measurement of the flame height and
time-to-ignition data of a sample via video. The base of the combustion chamber
consists of a brass cylinder with an 89 mm outer diameter and a height of 48.3 mm.
The function of the base was to ensure a homogenized co-flow, to connect the pyrolyzer
system to the combustion chamber and to introduce the hot wire igniter to the system
[28]. The products of combustion travel upward, away from the flame, through a
conical hood that collects and accelerates the flow toward the gas analyzing system.
The angle of the hood was chosen to minimize the pressures losses in the system while
accelerating the flow, thereby reducing the delay time between the flaming combustion

process and detection of the process by the gas analyzers [28].

After the combustion products travel past the hood, all solid particulates are
retained in a Whatman GMF 150 2 um glass microfiber filter which has been chosen
to avoid flow obstructions, even for highly sooting materials. The remaining gaseous
products are scrubbed to remove H20 and then enter the gas analyzer section where the
outlet flowrate and O concentration are simultaneously measured. The O3
concentration is measured with a fuel-cell type automotive oxygen sensor (Teledyne
R17-a) which measures the volumetric fraction of O in the gas stream. The CO; and
CO concentrations are measured downstream of the O sensor using infrared sensors
(Gascard, Edinburgh Sensors) having a range of 0 — 10 %. The exhaust stream is then

vented to an ambient pressure environment.
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The K-type, 0.08 mm bead diameter, thermocouple used to measure the surface
temperature of the sample was wired to a National Instruments analog voltage output
module (N1-9263). It was added to the DAQ already connecting the Oz, CO2 and CO
sensors as well the flowmeter downstream of the combustion chamber. The devices
were sampled digitally at 4 Hz to collect the test data using the above-mentioned

National Instruments hardware and relevant software (LabView).

2.5 Analysis of Power and Temperature Relationship

The relationship between the measured temperature of the pyrolyzer coil and the
user-defined input voltage to the power supply was considered. The two voltage inputs
to the power supply that were used for each test were selected to correspond to a
conditioning and heating ramp. The input voltages to the power supply corresponded
to a pyrolyzer coil power of 0.56 W for the first heating ramp (conditioning ramp) and
30.8 W for the second heating ramp. The temperature profiles were obtained using a
fully assembled, pressurized MFC setup with the correct co-flows and an empty
ceramic crucible as depicted per Figure 2.8. The reproducibility of the temperature

profile for each input voltage to the power supply was considered.
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Figure 2.8: Temperatures profiles each with its corresponding coil power which was

used during the operation of the MFC

The maximum heating rate for the heating ramp was calculated to be equal to
13.4 °C-s! as depicted per Figure 2.9. This is much higher than that used in the MCC
i.e. 1 °C st This was a favorable condition as this high heating rate is more

representative of a real fire scenario.
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Figure 2.9: Heating rate profiles for each with its corresponding coil power

2.6 Heating Ramps

The coil heating program consisted of an initial 180-second conditioning
temperature ramp up to an equilibrium temperature of approximately 43.7 + 0.1 °C
with the corresponding electric power of the pyrolyzer coil at 0.56 W. This is followed
by a 210-second heating temperature ramp up to an equilibrium temperature of

approximately 695.1 + 0.3 °C (electric power at 30.8 W), as depicted per Figure 2.10.
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Figure 2.10: Coil heating program highlighting both the Conditioning and Heating

ramp used during an MFC experiment

The hot wire igniter was not turned on prior to the start of the heating ramp as
the radiant heat from the igniter would start melting the top surface of the sample. The
effect of the hot wire igniter being the dominant heating mechanism of the sample was
minimized by only turning on the igniter after the heating ramp was initiated. The

heating rate of the pyrolyzer coil would then be much larger than that of the igniter coil.

The idealized radiant heat flux from the surface of the pyrolyzer coil was
calculated using Equation (7 with € being the emissivity of the pyrolyzer coil assembly,
which was assumed to be equal to 1.0, o the Stefan-Boltzmann constant equal to 5.67
x10% W m2 K* and Trg, K, equal to the maximum equilibrium temperature. The
pyrolyzer coil was assumed a black body for ease of calculation and was only used to
analytically approximate the idealized radiant heat flux. The maximum heat flux from
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the surface of the pyrolyzer coil was calculated to be equal to 49.8 kW/m? considering

the end temperature of the heating ramp (695.1 + 0.3 °C).

Q= SO'Trad4 (7)

2.7 Pyrolyzer Coil Reproducibility

The same pyrolyzer coil was used to conduct all the MFC experiments. More
than 40 experiments at the maximum input voltage to the power supply were
conducted. The reproducibility of the temperature profiles was tested considering the
use of two different pyrolyzer coils. The measured end temperature of each of the
pyrolyzer coils at a specified electric power was compared when tested in the presence
of a nitrogen purge flowrate of 100 SCCM as per Figure 2.11. It was noted that the

different coils are reproducible when built considering the guidelines as highlighted in

Section 2.1.
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Figure 2.11: Relation between the measured end temperature and the user-defined input

voltage to the power supply using a co-flow of 100 SCCM N

2.8 Temperature Calibration

The calibration of the K-type thermocouple was done considering the known
melting temperatures of four metals: aluminum, indium, zinc, and lead. The calibration
compensated for the thermal lag between the sample surface touching the bottom
interior of the ceramic crucible and the thermocouple in contact with the bottom
exterior surface of the ceramic crucible. The melt temperature of the metals as
measured by the thermocouple was plotted against the known melting temperature of

each of the four metals, as per Figure 2.12.
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Figure 2.12: Calibration curve used to compensate for the thermal lag present between

the thermocouple bead and the bottom surface of the sample within the ceramic crucible
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2.9 MEC Processing Script

The MATLAB script that was previously developed for the post-processing of data
gathered from the MFC was revised for the use of a new pyrolyzer coil heating
program. The baseline readings are obtained at two separate time intervals where the
system is assumed to be operating under steady conditions. The baseline readings were
used to determine the oxygen concentration and mass flowrate of the system at these
two intervals. The temperature profiles indicating where the two baselines were
selected is depicted per Figure 2.13. The start of the test (t = 0 s) is coincident with the
start of the first heating ramp i.e. the Conditioning ramp. The first baseline is obtained
during the Conditioning ramp, between 150 and 170 seconds after the initiation of the
test. The second baseline is obtained between 410 and 430 seconds after the initiation
of the test during which time the pyrolyzer coil temperature had reached an
approximately equilibrium end temperature. These baselines were always selected at

the same time intervals and were the same for each experiment.
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Figure 2.13: Baseline measurement times considering temperature profile of a

representative MFC experiment

Both baselines are averaged over 20 seconds, with the first baseline ending 10
seconds before the end of the Conditioning ramp and the second baseline ending 20
seconds before the end of the Heating ramp. Any sensor drift is compensated by use of
linear interpolation with time between the two baseline readings. This also allows for
the determination of the inlet volumetric flowrate and oxygen concentration, which
corresponds to the averages of these quantities taken during the first baseline

calculation.

2.10 Summary of Pyrolyzer development

A circular ceramic test tube with an outer diameter of 8 mm and a height of 4.5
mm will replace the quartz test tube used in the previous MFC setup. This will allow
for the testing of both granular and disk-like plates, with the plates replicating that of
the samples prepared for cone calorimeter tests. The size of the circular ceramic
crucible allows for the testing of charring materials without the clogging of the crucible

during the test.

The flaming combustion of the sample represented by an axisymmetric diffusion
flame will be maintained while the addition of a calibrated type K thermocouple will
enable the direct measurement of the sample temperature during the test. The
thermocouple will be in contact with the bottom exterior of the ceramic crucible and

mounted through a central hole of the ceramic housing of the pyrolyzer coil. The
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pyrolyzer coil will be designed in-house and will comprise the use of 0.4 mm thick
square nickel-chrome wire. The shape of the pyrolyzer will be changed from the spiral
configuration of the pyroprobe pyrolyzer to a flat radial configuration. This will
significantly improve the cost of the pyrolyzer all while more accurately replicating the

one-dimensional heating of a sample as in the cone calorimeter.
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3 Chapter 3: Experimental Methodology

3.1 Material Specification, Preparation, and Test Matrix

The five materials that were used during this study include Poly (methyl
methacrylate) (PMMA), High-Impact Polystyrene (HIPS), Poly (ether ether ketone)
(PEEK), Bisphenol-A Polycarbonate (PC), and rigid Poly (vinyl chloride) (PVC).
These materials were selected to be representative of a wide range of synthetic
polymers with distinct combustion properties. PMMA is representative of a material
that undergoes a near complete combustion process; HIPS, a material with high sooting
propensity when burning; PEEK and PC, materials that decomposes at a high
temperatures while forming an intumescent char as part of its combustion process; and
PVC, a material that produces halogenated products that are known to retard the
combustion process in the gas-phase.. Table 3.1 and Table 3.2 provides additional

information about the materials that were used during this study.

Table 3.1: Materials studied in this work.

Thick
Polymer Trade Name Manufacturer IcKnEss Color
(mm)
_ Evonik
PMMA Acrylite ) 2.92 Clear
Industries
Spartech )
HIPS HIPS ) 2.97 White
Plastics
PEEK 450 )
PEEK G Victrex plc 3.18 Dark Yellow
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Makrolon

PC Bayer 2.97 White
GP
] Vycom
PVC Vintec | ) 3.10 Dark Grey
Plastics

Table 3.2: Chemical structure of studied materials.

Polymer Repeat Unit Test sample
CHs
~N
PMMA ‘ ]
? o RN \ : :
s &/
- -n
HIPS H | ‘.
__(i:’_?__ v
H H
- -n
0
0 0 |
& i
o o”
n



PVC

I—0O—I
I—0—0

n

The test matrix that shows all the experiments that were conducted for each
material using cone calorimetry, MCC, or MFC is depicted per Table 3.3. The heat flux
that was used for the cone calorimetry experiments was equal to 50 KW-m. A heating
rate of 1 °C-s* was used during MCC experiments, and a pyrolyzer coil maximum heat

flux of 50 KW-m was used for all MFC experiments.

Table 3.3: Test matrix for cone calorimetry, MCC, and MFC experiments

Material Experiment type Number of experiments
Cone calorimetry 2
PMMA MCC 3
MFC 4
Cone calorimetry 2
HIPS MCC 3
MFC 4
Cone calorimetry 2
PEEK MCC 3
MFC 4
PC Cone calorimetry 2
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MCC 3

MFC 4

Cone calorimetry 2

PVC MCC 3
MFC 4

3.1.1 Cone Calorimetry Sample preparation

The samples that were prepared for the cone calorimetry experiments were each
100 mm + 2 mm squares with a thickness of 2.94 mm + 0.1 mm. The mass and
thickness of each sample material is presented per Table 3.4. Prior to testing, the
samples were conditioned in a desiccator for at least 24 hours. The sample was weighed
and a 0.025 mm-thick piece of heavy-duty aluminum foil was wrapped around the
sample, such that only the top surface of the sample was exposed. A retainer was used
and reduced the exposed surface area of the sample from 0.1 m? to 0.088 m?. The
aluminum foil covering the sides of the sample was raised an additional 2 mm from the
top surface of the retainer to minimize the potential of the pyrolyzing sample spilling
out of the aluminum foil casing or onto the top surface of the retainer. The bottom
surface of the sample was glued onto the interior of the aluminum foil casing using 2.4
g of Loctite clear epoxy. The bottom surface of the aluminum foil was then glued onto
a 6.35 mm thick Kaowool ceramic fiber board which was subsequently stacked on top
of two additional pieces of 6.35 mm thick fiberboard. Both the retainer and the epoxy

were used to minimize the warping effect of the sample during the test.
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Table 3.4: Average sample mass and thickness used for the cone calorimeter

experiments

Material Sample mass (g) Sample thickness (mm)
PMMA 342 +0.3 2.8 +0.08
HIPS 31.0 £ 0.09 3.0 +0.08
PEEK 418+ 1.0 3.0+ 0.08
PC 36.2+0.2 2.83 +£0.09
PVC 43.1+0.1 3.05+0.13

3.1.2 Microscale Combustion Calorimetry Sample Preparation

All samples prepared for the MCC experiments had masses ranging from 3.95
—5.15 mg as depicted per Table 3.5. Two distinct sample geometries were used during
the MCC tests: granulated powders or solid shavings. The powders were prepared by
manually filing the sheet using a second cut mill flat file. The shavings were prepared
with the use of a band saw. The shavings were prepared such that they would easily fit
into the crucible to ensure proper thermal contact between the sample and the bottom
interior surface of the crucible. Two different sample geometries were considered to
determine whether the powders samples or the sample shavings more adequately

capture the burning behavior of a material.

47



Table 3.5: Average sample mass for the MCC experiments

Material Granulated powder sample mass (mg) Sample shaving mass (mg)

PMMA 3.95 + 0.08 3.74
HIPS 3.76 + 0.02 3.77
PEEK 442 +£0.2 5.06

PC 4.34 + 0.09 5.09
PVC 4.5+ 0.06 5.15

3.1.3 Milligram-scale Flame Calorimetry Sample Preparation

Samples prepared for MFC experiments also consisted of two distinct geometries:
granulated powders and disk-like plates. Two different sample geometries were
considered to evaluate whether either the granulated powders of the disk-like plates
more accurately emulate the burning behavior of samples as seen during cone
calorimetry experiments. Multiple tests were conducted to determine the sample mass
for each material that would conform to the requirements of the system regarding the
size and shape of the sample. The granulated powder samples were prepared using the
same methodology as for the MCC samples, having a mass of 35.33 + 0.46 mg. The
disk-like samples were prepared using a 7 mm diameter hole punch which would ensure
a more reproducible sample shape and size as depicted per Figure 3.1. The mass for
both sample geometries and the thickness of the disk-like plates are presented in Table
3.6. The preparation technique used to prepare the disk-like samples ensured that the

maximum contact area between the sample and the bottom interior of the crucible was
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obtained. This would aid to better detect any sudden temperature variations at the
bottom surface of the sample during the pyrolysis thereof. The diameters of the material
samples were subsequently reduced with the use of grit aluminum oxide sandpaper

until the required sample mass was obtained.

1 \‘{;lll

e A

|

Figure 3.1: Disk-like plates produced with the use of a 7 mm diameter hole punch. The

samples from left to right are: PMMA, HIPS, PC, PEEK, and PVC

The mass of the disk-like plates was selected to ensure that any of the sample did
not spill out of the crucible during the test, but also to ensure that a peak oxygen
concentration decrease of 5 % was not exceeded. It was noted that for the intumescent
chars, the tendency of the sample to spill out of the crucible during a test increased as
the sample mass of the intumescent-charring material increased. The sample mass was
reduced such that the effect of sample spilling was eliminated — but it was also only
reduced to such an extent to ensure that ignition of the pyrolyzate gases was still
possible. Sample masses for materials such as PMMA and HIPS were increased to a
mass just larger than the granulated powder sample masses while still adhering to the

contact area and peak oxygen consumption concentration criteria. The sample masses

49



of the intumescent and charring materials were increased to an upper limit of 60 mg.
The sample mass of PC was reduced to a mass lower than the mass used for the
granulated powder samples. This was done because the PC samples tended to spill out
of the crucible during an experiment. Table 3.6 presents the sample masses that were

used for each of the materials in the MFC.

Table 3.6: Average mass for granulated powder and disk-like plate samples prepared

for MFC experiments

Material Granulated powder Disk like plate (mg) Sample thickness

(mg) (mm)
PMMA 34.51 £ 0.66 40.37 £ 0.17 1.17 £ 0.026
HIPS 3531+ 0.5 38.89 + 0.25 1.29 £ 0.051
PEEK 35.35 £ 0.55 5539+ 13 1.35+0.10
PC 35.75 £ 0.62 33.78 £ 1.4 1.10 + 0.064
PVC 359+ 0.62 57.08 + 2.0 1.37 £ 0.026

The variation in sample masses for each of the materials is much larger than that
of the variation in sample masses for the granulated powder materials. It should,
however, be noted that a larger sample mass is beneficial as this increases the likelihood
of ignition of the pyrolyzate gases. A larger sample mass, with a near constant

thickness, allows for a larger contact area between the sample and the crucible.
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3.2 Cone Calorimetry Experimental Methodology

Experiments using cone calorimetry were conducted in accordance with ASTM
E1354 to collect data pertaining to the HRR, MLR and smoke production of a burning
material. The data pertaining to the MLR of a test sample was obtained using a Sartorius
component weight unit with a 0.01 g resolution, with the sample mass data obtained at
a frequency of 10 Hz. The HRR was calculated considering the oxygen consumption
principle with the oxygen concentration measured using a paramagnetic 0Xygen sensor.

The data was obtained at a frequency of 0.5 Hz,

The smoke obscuration measuring system is comprised of a JDSU 1108P
helium neon laser with a wavelength of 632.8 nm and a power of 0.5 mW. The laser
beam is split into two separate paths, with one of the beams directly entering the
reference photodiode and the other beam traveling through the duct (and smoke if
present) before reaching the measuring photodiode. The voltage of each photodiode is
directly measured and subsequently used for signal processing and calibration. The
laser was calibrated with the use of multiple neutral density filters with optical densities
ranging from 0.1 to 2.5. Optical density is a measure of the fraction of light that is
transmitted through the filter as depicted Table 3.7 [29]. The neutral density filters
block light and the measurement photodiode voltage decreases as the optical density of
each filter increases (representative of different smoke densities in the exhaust duct).
The zero-value extinction coefficient was subsequently verified prior to the

commencement of each day of experiments in the cone calorimeter. The ratio of the
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voltages of both the measurement and reference photodiode was related to the optical

density of the filters, which in turn can be related to the smoke density [23].

Table 3.7: Optical density as a function of the fraction of light transmitted

Optical density Fraction of light transmitted
0.1 0.8
0.3 05
0.6 0.25
0.9 0.13
2.5 0.032

Before the commencement of the experiments, all filters, Drierite, and Ascarite on
the cone calorimeter was checked and replaced as needed. The O-ring from the smoke
particulate filter was cleaned daily as well as after testing a highly sooty material. The
gas analyzers, load cell, laser diagnostic, and methane calibrations were performed
daily. A water-cooled Schmidt-Boelter heat flux gauge mounted 25 mm from the
bottom surface of the conical heater was used to measure the incident heat flux of the
radiant coil heater as a function of the measured temperature of the heater. After the
calculation of the calibration factor, a baseline test was conducted using a 6.35 mm-
thick black PMMA plate. The heat flux that was used for all the experiments was 50.85
4+ 0.52 kw/m?2. The HOC of the black PMMA plate was then evaluated and compared
to the standard value of 25 kJ/g to confirm that the cone calorimeter was properly

calibrated. The sample was mounted 25 mm below the bottom surface of the conical
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heater with the use of a sample holder assembly which was mounted on top of a

Sartorius component weigh unit.

Flaming ignition was obtained using a spark igniter that was placed in between the
top face of the sample and the conical heater. The spark igniter was switched on directly
after the sample was mounted beneath the conical heater and removed from this
position after self-sustained flaming combustion was visually verified. The samples
were left to burn until extinguishment of the sample was obtained, which was indicated
by the absence of visible flames above the surface of the material. The times that were
documented during the test are as follows: the placement of the sample onto the sample
holder, the time to ignition, the extinguishment of large self-sustaining flames on the
surface of the char formed by PC, PEEK and PVC or the absence of a flame for the
non-charring materials, and the extinguishment of the flame at the surface of the
sample. The mass of the aluminum foil and any remaining solid residue was measured

for the purpose of calculating the char yield of the sample.

3.3 MCC Experimental Methodology

MCC [11] is a standardized milligram-scale test that is used to calculate the HOC
of pyrolyzate gases produced from the anaerobic, thermal decomposition of a sample.
A schematic representation of the MCC is depicted as per Figure 3.2. The calculated
HOC of the pyrolyzate gases provides a relationship between the gas-phase and
condensed-phase phenomena. The MCC provides the user with the HRR as a function

of the temperature of the sample, as well as the duration of the test. All samples were
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prepared prior to testing and were left in a desiccator chamber for at least 24 hours. The
mass of each sample material was measured using a laboratory microbalance (A&D

Weighing, BM-22) with a 0.001 mg resolution
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Figure 3.2: Schematic layout of the MCC instrumentation

The MCC experiments were conducted such that the pyrolyzer was linearly
heated at a rate of 1 °C s up to 750 °C with the combustor temperature being set to
900 °C. The combustor was set to this temperature to ensure that all the pyrolyzate
gases were completely oxidized. The sample was heated within the pyrolyzer region of
the MCC in a completely anaerobic environment. The anaerobic environment was

maintained with the use of a nitrogen purge flow of 80 SCCM. The formed pyrolyzate
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gases are then mixed with excess oxygen, at a flowrate of 20 SCCM, in the combustor

zone of the MCC.

All MCC experiments were conducted using small ceramic crucibles without
lids. Lids were not used for any of the experiments, as this ensured that the pyrolyzate
gases were readily carried into the combustor via the nitrogen purge. All MCC tests
were conducted with a prescribed temperature program with the initial stage having a
conditioning period where the sample temperature was kept at a temperature of 75 °C.
It was determined that PEEK was the material that decomposed at the highest

temperature but had fully decomposed at a temperature lower than 750 °C.

The MCC was fully calibrated approximately four times a year, with, at least, the
oxygen sensor calibrated daily when used. The O sensor was calibrated using two data
points. The sensor was first zeroed by flowing N2 gas through the system. The second

reference point was obtained by using a mixture of 20.1 vol% O..

The thermocouple was calibrated based on the known melting temperatures of a
range of pure metals to ensure accurate sample temperature measurements as described
per ASTM D7309. The thermocouple calibration compensated for the thermal lag
between the sample surface touching the bottom interior of the crucible and the
thermocouple located on the bottom exterior of the crucible. The metals that are used

for this calibration are aluminum, indium, zinc and lead.

The oxygen sensor was calibrated using a pre-defined oxygen/nitrogen mixture

to obtain accurate oxygen consumption measurements, which in turn is directly related
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to the heat release rate of the volatile pyrolyzate. A baseline test using general purpose
polystyrene was performed at the beginning of each testing day to quantitatively verify
the calibration of the instrument. The goal of this baseline test was to obtain a
normalized complete HOC value (by initial sample mass) of approximately 40.2 + 0.6
kJ/g [11]. Once it was confirmed that the calibration had been successfully performed,
the sample was loaded onto the platform housing the thermocouple where after the
heating program was initiated. The char yield for each sample was then measured once

the pyrolyzer had cooled down to temperature lower than 75 °C.

3.4 MEFC Experimental Methodology

Experiments using the MFC were conducted to collect data pertaining to the
HRR, ignition temperature, time to ignition, char yield, and air-borne particulate yield
of a material. The HRR of a material was obtained considering the oxygen consumption
principle and measuring the Oz, CO. and CO concentrations. The oxygen concentration
was measured using a fuel-cell type automated oxygen sensor, and infrared sensors
were used to measure both the carbon monoxide and carbon dioxide concentration. The
surface temperature of the sample was measured using a K-type 0.08 mm bead diameter

thermocouple.

The calibration procedure for the MFC included the daily calibration of the O3,
CO2 and CO sensor, as well as the bi-monthly calibration of the mass flowmeter
downstream of the combustor and the K-type thermocouple. The Oz sensor as well as

the CO2 and CO sensors were calibrated using two data points as the sensors have a
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linear output. All three sensors were first zeroed by flowing N2 gas through the system.
The second reference point was obtained by first using a mixture of 20.1 vol% O for
the O sensor and secondly, a custom mixture containing 4 vol% CO; and 0.4 vol% CO

for the other two sensors.

The mass flowmeter was calibrated using a MesalLabs Defender 530 flow
calibrator. The mass flowmeter was calibrated using compressed air in the range of 3.5
SLPM and 4.5 SLPM with the expected system flowrate equal to 4 SLPM. The Drierite

used to scrub water downstream of the mass flowmeter was replaced daily.

The mass of each sample material was measured using a laboratory microbalance
(A&D Weighing, BM-22) with a 0.001 mg resolution. The initial mass of the sample
and ceramic crucible, as well as the initial mass of the particulate filter, was noted.
These values would later be used to calculate the char and particulate yield of a sample.
The ceramic crucible was then placed on top of the pyrolyzer coil with the new
particulate filter added upstream of the combustor. The purge flowrate was set at 100
SCCM using the mass flow controller upstream of the combustor with the air co flow
being selected such that the total measured flowrate downstream of the combustor was
equal to 4 SLPM. The combustor hood was then sealed in place and a leak test was
conducted using 4 SLPM of co-flow air. A gradual decrease of the measured
downstream flowrate or a backpressure lower than 0.5 psi was indicative of a leak in

the system, in which case the leak was addressed until it could no longer be detected.
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The time of each experiment was recorded with the start of the experiment
defined by the initiation of the first heating ramp (Conditioning ramp). After 180
seconds, the second heating ramp (Heating ramp) was initiated. The igniter was turned
on directly after the onset of the second heating ramp. Once self-sustained flaming
ignition was visually confirmed, the igniter was left on for an additional 5 seconds after
which it was immediately turned off. After a total test duration of 450 seconds, the
pyrolyzer coil would be switched off and left to cool down back to ambient conditions.
The particulate filter would then be removed and weighed to determine the mass of
particulate residue that deposited on the filter. The combustor hood would subsequently
be removed, allowing the removal of the ceramic crucible from the pyrolyzer coil
system. The mass of the crucible would then be weighed, allowing the calculation of

the char yield of the sample.
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4  Chapter 4: Results and Analysis

4.1 Cone Calorimetry Results

HRR graphs were compiled using the raw HRR data obtained during each
experiment, while the MLR graphs were constructed considering the time derivative of
the sample mass. Both the HRR and MLR were normalized by the exposed sample
area, i.e. 0.088 m2. The HRR and MLR graphs, along with the error, is presented per
Figure 4.1 and Figure 4.2. The line labelled “Burn End” is the time that the experiment
was visually confirmed to have ended. This time was defined as the point where
decreased surface burning was noted. The standard error was calculated considered
Equation (8.

Xmax - Xmin (8)

E =
rror )

with X,,,,, the maximum value and X,,,;;, the minimum value of a parameter.
All uncertainty values in this report were roughly estimated using Equation 7 because,
in the majority of cases, only two data points were collected for each quantity of

interest.
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Figure 4.1: Cone calorimetry HRR profiles at an incident heat flux of 50 kW-m, using

samples with thicknesses ranging from 2.8 — 3.05 mm
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Figure 4.2: Cone calorimetry MLR profiles at an incident heat flux of 50 kW-m, using

samples with thicknesses ranging from 2.8 — 3.05 mm

For each of the cone calorimeter experiments, the ignition time was recorded
from visual observation. The HRR and MLR were then used to confirm the observed

ignition times considering the initial rapid increases in both the HRR and MLR data. It
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was noted that the recorded ignition time obtained from visual observation and the
initial spikes in the HRR and MLR data were consistent. The recorded ignition times
for each of the materials were averaged and are presented per Table 4.1, along with the

calculated uncertainties.

The total smoke production for each of the cone calorimeter experiments was
determined. It was calculated as the product of the smoke volume flowrate and the
extinction coefficient. In turn, this quantity was integrated over a time range. The time
range started at the recorded time to ignition up to the time indicated as “Burn End” for
each material, as per Figure 4.3. The total smoke production was normalized by the
initial mass of the sample. This final result is known as the average specific extinction
area and is calculated using Equation (9 [23].

[ Vikdt

Minitial

9)

OAverage —

With 04perqge the average extinction area (m2-kg™), V;, the instantaneous smoke

volume flowrate (m*-s1), k;, the instantaneous extinction coefficient (m™) and m;,iriar,

the initial mass of the sample (kg).
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Figure 4.3: Cone calorimetry smoke production profiles at an incident heat flux of 50

kW-m, using samples with thicknesses ranging from 2.8 — 3.05 mm

The mass of char that formed during cone calorimeter tests was documented to
provide the reader with a visual representation of the end product that was obtained for
each material, as depicted per Figure 4.4. The final char yield was calculated by
considering the MLR data and the initial sample mass. The final char yield was
determined at the extinguishment time of each material indicated as “Burn End” on the
MLR curves (see Figure 4.2). The char mass was calculated by subtracting the mass of
the sample at this this point from the initial sample mass. This char mass was

normalized by the initial sample mass to provide the final char yield of each material.

Figure 4.4: Photographs of final solid residue obtained in cone calorimeter experiments
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The peak HRR was calculated as the maximum HRR value over a running
average. The running average ranged over a period of 40 seconds which comprised 20
points. The average HRR was calculated over a running average, spanning from the
time to ignition of the sample up to the extinguishment time indicated by the “Burn

End” as presented in Table 4.1.

The instantaneous HOC (HOCinstant) Values for each of the cone calorimeter
experiments was calculated through division of the instantaneous HRR by the
corresponding instantaneous MLR data at each time interval. The HOC as normalized
by the gasified mass for all of the cone calorimeter experiments was calculated by
averaging a range of instantaneous HOC values over a time interval of steady burning
as highlighted per Figure 4.5. The region of steady burning is indicative of complete
surface burning i.e. the flames above the sample surface are spread across the entire
sample surface. The HOC as normalized by the gasified mass values for each material

is presented in Table 4.1
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Figure 4.5: Cone calorimetry instantaneous HOC profiles at an incident heat flux of 50

kW-m used to calculate the HOC as normalized by the gasified mass

The HRR profiles (see Figure 4.1) were used to calculate the total heat release
for each of the cone calorimeter experiments. The HRR profile was integrated over a
time range spanning the recorded time of ignition up to the point indicated as “Burn

End” for each material and subsequently multiplied by the exposed sample surface area
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(0.088 m?). The HOC of a sample was calculated as the calculated total heat release for

an experiment normalized by its corresponding initial sample mass.

Table 4.1: Cone calorimeter results of duplicate tests for all sample materials tested at

50 KW m

PMMA HIPS PC PEEK PVC
Initial sample mass 3421 + 31.03 + 36.24+ 4181+  43.09+
) 0.33 0.09 0.20 1.03 0.14
Time of ignition(s) 295+04 309+3 68+7 1785+3 355+1
Burn End (5) 210+ 13 234+29 318+6 4953+ 438+12

19
Final char yield (%) 0.38 + 1.69 + 1973+  52.88 + 14.16 +
0.09 0.08 0.22 2.60 0.51
Peak HRR (kW-m?) 912+51 844+46 355+14 269+17 144+8
Average HRR 515+34 442+28 210+5 108+04 86+0.2
(kW-m-2)
HOC (kJ-g* initial 24.16 + 28.34 + 15.90 + 9.18 + 7.89 +
mass) 0.22 1.1 0.02 0.22 0.03
HOC (kJ-g*! 24.25 + 29.14 + 18.32+  18.50 £ 9.68 +
gasified mass) 0.24 1.2 0.04 0.48 0.20
Oaverage (m2kg™) 84 + 15 1377+ 782+ 44 471+21 676+ 11
151

When considering the material flammability parameters presented in Table 4.1

for the five materials that are representative of a large range of polymeric materials the

following is noted: the final char yield for the five materials ranges from near zero up

to values exceeding 52% indicative of materials that were tested where the thermal
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insulating effect of char could affect the HRR of a material. The peak HRR values for
the five materials provide an indication as to the flammability of a material. It is noted
that the peak HRR values range from 912 kW m for PMMA (most flammable) down

to 144 kW m for PVC (least flammable). The Oaverage Values reiterate that the five

materials used represent a large set of polymeric materials as these values correspond
to materials that burn with the production of small amounts of smoke (PMMA) as well

as materials that are very sooty and produce large amounts of smoke (HIPS).

4.2  Microscale Combustion Calorimetry Results

Raw HRR data was used to compile HRR graphs for each of the experiments and
were processed to calculate the complete HOC normalized by the initial sample mass
and the gasified mass. The HRR data was generated using the oxygen consumption
principle. The onset HRR temperature was calculated at the first point where the HRR

exceeded 5 W/g as depicted per Figure 4.6.
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Figure 4.6: Criteria used to determine the onset HRR temperature for all the MCC tests

which also indicates the limits of integration for each material

The HRR graphs for each of the materials for both the granulated powder
samples and the sample shavings is presented per Figure 4.7. It should be noted that

there is not a notable difference in the HRR profiles between the two sample

geometries.
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Figure 4.7: MCC HRR profiles for granulated powders and sample shavings for a

heating rate of 1 °C-s™* up to 750 °C as normalized by the initial sample mass

The HRR data for both the granulated powder samples and the sample shavings
were combined as there were no significant differences between the HRR profiles for
both sample geometries. The error was calculated for the duplicate granulated powder
samples with only a single experiment for each material being conducted using sample
shavings. When considering Figure 4.7, it is noted that the peak HRR for each of the
two sample geometries differ and will be analyzed independently. All material
flammability data with the exception of the peak HRR for each of the two sample
geometries will be combined into a single set of data. The peak HRR values for the
granulated powder samples and the sample shavings will be separated by a slash as
presented per Table 4.2. The first value corresponds to the granulated powder samples

and the second that of the sample shavings.
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The final char yield was calculated considering the mass of char at the end of
each test. The end of all MCC experiments was reached when the maximum specified
pyrolyzer temperature was reached i.e. 750 °C. The final char yield was calculated as

the final char mass for each test being normalized by the initial sample mass.

The total heat released for each MCC test was calculated by integrating the
HRR curve over a time range corresponding to a temperature range as depicted per
Figure 4.7 after a baseline has been established between the first and last temperature
range data point for each material. The same time range was used for all experiments
considering a specific material. The normalized HOC for each sample was calculated
by calculating the total heat released and normalizing it by the initial and gasified mass.
The gasified mass was calculated as the difference between the initial sample mass and

the calculated char mass for each sample

The average peak temperature and peak HRR were both calculated as the
maximum HRR and maximum temperature value over a running average. The running
average ranged over a period of 10 seconds which comprised 20 data points. The
average HRR was calculated over the time range starting at the onset HRR temperature
and ending at the last point after the peak HRR were the HRR is larger than 5 W-g* as

depicted per Figure 4.6.
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Table 4.2: MCC combined experimental results considering a heating rate of 1 °C-s

1

PMMA HIPS PC PEEK PVC

Initial sample 3.89 + 3.76 + 4.67 + 4.64 +

mass (mg) 0.15 0.02 0.33 0.42 480£03

Final char 0.27 + 1.49 + 213 + 5086+ 1591 +

yield (%) 0.18 0.40 0.82 1.1 0.64

Average peak

temperature 398+ 05 458+ 0.3 534 + 8 616 + 2 462 + 3

(°C)

Peak HRR 4314+ 8415+ 4761+ 3050+ 1303+

(W-gh) 6.0/472 19.8/821 129/565 9.2/361  15/118

Onset HRR

temperature 311 +4 362+ 6 452 + 12 572+ 2 250+ 1.3

(°C)

Average HRR 17515 23844 119404 111+6 37407

(W-g7)

ﬁ%'gpé%‘? . 24.45 + 39.3 + 212 + 1013+ 1142+

AL (K7g 0.40 0.45 0.47 0.09 0.23

initial mass)

flcc’)”(‘:p('ig‘? . 2453+  39.90+ 2699+ 2065+ 1356+
g 0.44 0.30 0.37 0.37 0.19

gasified mass)

4.3 Milligram-scale Flame Calorimetry Results

The HRR was calculated using the oxygen consumption principle with both
Method A and Method B originally being considered (see Section 1.2.4). The HRR
graphs for both granulated powders and disk-like samples for each material is depicted

per Figure 4.8.
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The HRR graphs are plotted over the user-defined integration limits that were
used during the calculation of the normalized HOC values for each sample. The
integration limits were selected at 20 seconds and 170 seconds after the initiation of the
second (Heating) ramp for all materials, with PEEK being the exception. The
integration limits were selected considering the measured oxygen concentration before
ignition of the sample and after extinguishment of the flame above the sample surface.
The instantaneous change in the oxygen concentration at both these points was near
zero. The integration limits used for PEEK were 60 seconds and 210 seconds after
initiation of the second (Heating) ramp. They were selected knowing that PEEK is the
material within the material test matrix that decomposes at the highest temperature, and
this requires the integration limits to shift towards a higher time range. The time axis
starts at the time after the initiation of the second heating ramp (that is, this time axis

does not include the time of the Conditioning ramp.
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Figure 4.8: MFC HRR profiles as normalized by the initial sample mass for granulated
powder- (left) and disk-like plate (right) samples for each material obtained using

Method B after the initiation of the Heating ramp

The time interval for each of the graphs corresponds to the integration limits
over which the normalized HOC for each of the sample was calculated. The normalized
HOC values for each sample was calculated by numerical integration of the
corresponding HRR profile and dividing it by either the initial sample mass or the
gasified mass. The normalized HOC for each sample was calculated considering both
Method A and Method B. It was noted that both Method A and B provided essentially
identical normalized HOC values. It was however noted that the HRR profiles obtained
using Method A exhibited a negative HRR at the onset of combustion of the sample.
This negative HRR is attributed to the gas displacement of air in the chamber [17]. The
HRR profiles for Method B, as depicted per Figure 4.8, are free of this phenomenon

and were considered for all further calculations.
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The measured surface temperature profiles, as well as the corresponding
heating rate profiles, are presented per Figure 4.9. The granulated powder sample
temperatures, as well as the disk-like plate temperatures, were initially analyzed
separately. When visually comparing the peak HRR profiles for both geometries of
each material, it is noted that the peak HRR for both geometries of PMMA, HIPS and
PC are fairly similar. This is not the case for PEEK and PVC. The peak HRR for the
disk-like PEEK plates is larger than for the granulated powder samples. This could
potentially be attributed to the delayed release of combustible gases as a result of the
thermal insulating effect of the intumescent char being more prominent for the disk-
like plate sample than that for the granulated powders. This delayed release is apparent
when considering the time at which the HRR rapidly increases for both sample
geometries. A smaller peak HRR for disk-like PVC plates when compared to the peak
HRR of the granulated powder sample geometry could also be attributed to the

insulation effect of the char being more prominent for the disk-like plates.

700 T PMMA = [. PMMA 1 12
600
1 P 110 )
T S0 f S
2 £ Inflection point N _ . 8 <
E 400 : ) 3 Inflection point ~':'
2 /¥ 6 »
§ 300 ¢ -2
= : =
200 E Error Error ! :J
~ Powder
100 E . D“‘e1 i Plate 1,
Saa e Heating rate i T Heating rate
0 il 1 KJ’T"“‘““—* T Lz 1 “I“|”l“"""'"""’"'-u-mn-.-..-—-.hu O
0 50 100 150 200 250 0 50 100 150 200 250
Time (s) Time (s)

77



Temperature (°C)

Temperature (°C)

Temperature (°C)

700

600

500

400

300

200

100

700

600

500

400

300

200

100

700
600
500
400
300
200

100

HIPS

!

HIPS

!

."-J"-_ Inflection point i 3’ Inflection point
Error - ‘l } Error |
Plate. - % Powder
~~~~~~~~~ Heating rate £y oo Heatin:
. A e g rate
0 50 100 150 200 250 ¢ 50 100 150 200 250
Time (S) Time (S)
. PC I PC

!

Inflection point

Error
Powder
~~~~~~~~~ Heating rate

i,

Error
Plate

......... Heating rate

T _

- Inflection point

. et gl i A . R Py
0 50 100 150 200 250 0 50 100 150 200 250
Time (s) Time (s)
Inflection point Inflection point
m\v Error Error
i Powder i v Plate i
N Heating rate B Heating rate
1 1 N 4 L 1 Ty 1 L
50 100 150 200 250 0 50 100 150 200 250
Time (s) Time (s)

78

12

10

Heating rate (°C/s)

12

10

(=)
Heating rate (°C/s)

12

10

Heating rate (°C/s)



700 % pve [ PVC 12
600 [ G '

o | 3
Al A e
g 400 |- 4 I Inflection point 4 Inflection point L
g : L L i g
a0 b /Y | R 1° 2
L¥) H 3 ks
S g i 14 8§
200 : Error Error s
100 g Powder Plate 1 2
et - Heatingrate |[f 5 . e Heating rate
0 ) o S . , L N et Fasonsopesausy 0
0 50 100 150 200 250 0 50 100 150 200 250
Time (s) Time (s)

Figure 4.9: Measured surface temperature profiles and the corresponding heating rate

profiles for both sample geometries of each material in the MFC

The inflection point on the temperature graph corresponded to an abrupt
decrease in the heating rate as highlighted in Figure 4.9. The heating rate for each
corresponding temperature profile was considered as this emphasized the inflection
point region better than the actual temperature profile. The inflection point corresponds
to the peak HRR temperature region. It was later concluded that the peak HRR
temperature for both sample geometries was sufficiently similar and was combined as
a single set of temperatures presented in Table 4.3. It was further noted that the time at
which the abrupt decrease in the heating rate occurred for the disk-like plates
corresponded more accurately with the calculated average peak HRR temperature than

that for the granulated powder samples

The char yield was calculated by normalizing the mass of the sample at the end
of the experiment by the initial sample mass. The particulate yield was calculated by
the normalization of the total particulate mass deposited on the filter by the initial mass
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of the sample. The average peak HRR as well as the average peak HRR temperature
was calculated as the maximum HRR and maximum temperature over a running
average. The running average spanned over a period of 7 seconds, which comprised 20
data points. The average HRR was calculated over the time range starting at the
identified time to ignition for each sample and ending at the upper integration limit

used to calculate the corresponding normalized HOC.

The measured ignition temperature of a sample was obtained by calculating the
time to ignition of a sample considering the percentage of O, consumed during a test.
A sample was said to have ignited once the difference between the baseline O2
concentration, calculated prior to the initiation of the second heating ramp, and the

instantaneous O concentration percentage was greater than 0.1%.

Data was obtained for the samples run in duplicates for both the granulated
powder samples and the disk-like plates. All material flammability parameters, with
the exception of the peak HRR and time to ignition data, were combined into one data
set and is presented per Table 4.3. The parameters that will be analyzed independently
have been separated by a slash with the first value being for the granulated powder

samples and the second for the disk-like plates.
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Table 4.3: MFC experimental results for both sample geometries considering a

maximum heat flux of 50 kW-m

PMMA HIPS PC PEEK PVC

Initial
sample
mass (mg)

Time to
ignition (s)

Char yield
(%)

Particulate
yield (%)

Ignition
temperature
(°C)

Peak HRR
(W-g?)

Peak HRR
temperature
(°C)

Average
HRR(W-g™)
HOC

(kg™
initial mass)
HOC

(kJ-g™,
gasified
mass)

3451+0.66 35.31+0.5 35.57+0.62 35.35+0.55 35.9+0.62

/40.04+0.47 /38.89+0.71 /33.78+4.1 /55.38+3.5 /57.08+5.8

43.8+1.1/  49.2+0.8/ 66+0.2/ 93+0.6/ 37.8+£0.5
440+ 11 49.01+0.8 86.0+0.3  115.0+0.6 /38.0+0.5

17.27 + 4991 + 17.27 +

033+0.09 499+121 354 5 85 512

1121046 12.23+2.41 7.48+0.64 1.81+1.37 4.06+2.18

439 + 11 473+ 8 576 + 6 652 + 11 392+ 8

1123 £ 6/ 1018 +£24/ 752+26/ 3366/ 328+18/
1155+ 30 1073+51 764 £50 448 + 13 269 £ 2

497 + 7 544 + 11 603 + 0.5 678 + 4 582+ 2

507 +5 553 + 20 428 + 19 249 +43 221+ 20

24.1840.70 29.39+1.56 1515405 8.49+0.23 7.42+0.48

24.27+0.68 30.27+£1.25 18.56+0.59 17.57+0.53 9.27+0.21
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When considering the material flammability parameters obtained with the use of
the MFC and summarized in Table 4.3, it is again noted that the five materials used
during this study is representative of a large range of polymeric materials. It was noted
that the calculated time to ignition and peak HRR values were significantly different
for both sample geometries and were analyzed independently. It is noted that when the
time to ignition for disk-like plates is larger than that for the granulated powders, the
peak HRR for the disk-like plates is also larger than that of the granulated powders (PC
and PEEK). This could be attributed to the insulating effect of the intumescent char
which suggests that this physical effect is captured in using the MFC test technique.
The peak HRR values for the MFC follow the same trend as that noted for the peak
HRR values of the cone calorimeter test. The peak HRR is indicative of the
flammability of a material with PMMA being the most flammable and PVC the least

flammable of the five materials tested.

5 Chapter 5: Comparative analysis of Cone calorimetry, MCC

and MFC data

The present study seeks to improve the limited use of the MFC with the
introduction of a newly designed flat radial pyrolyzer coil. The new pyrolyzer coil was
envisioned to more closely approximate the burning behavior of a material sample in
the cone calorimeter. The comparative analysis of the data processed from the cone

calorimeter, MCC, and MFC experiments had one main objective: to quantitatively
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verify whether the modified MFC captures the burning behavior of a sample in the cone

calorimeter.

5.1 Charyields

The char yield is an intensive property of a material, and it is therefore expected
that the calculated char yield for each material in the MFC, MCC and cone calorimeter
should be approximately equal. The char yield is a material property that can also be
used to verify whether all the volatiles have been released from the pyrolyzing material,
thereby providing an indication as to the efficiency of the combustion process. The char
yield of each material from the cone calorimeter tests has been compared to the yields

obtained in both the MFC and MCC, as per Figure 5.1.
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Figure 5.1: Char yields for the (a) MFC and (b) MCC compared to the yields obtained

in the cone calorimeter

From Figure 5.1, it is noted that, from the comparison of the cone calorimeter
and MCC, the char yields are in slightly better agreement than the comparison
considering the MFC. The larger variation in the MFC char yields for PC and PVC can
be attributed to the potential oxidative pyrolysis of the intumescent char before the
onset of flaming ignition of the sample for the case of PC. It was noted that the char
swelled, rising above the lip of the quartz tube housing. The presence of the hot wire
igniter above the lip of the quartz tube could have potentially accelerated this process

until flaming combustion became the dominate process.

5.2  Normalized heats of combustion

The HOC is another intensive property of a material and can be directly compared

across different material testing techniques. The HOC of a material is typically used to
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determine the combustion efficiency of a material. The calculated HOC values
normalized by the initial sample mass for each material from the cone calorimeter is
compared to the values obtained using MFC and MCC, as per Figure 5.2. The analysis
of the HOC values will provide insight as to the how well the modified MFC captures
the gas- and condensed phase burning behavior of materials being considered in

comparison to cone calorimeter tests.
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Figure 5.2: HOC data for (a) MFC and (b) MCC experiments as normalized by the

initial sample mass and compared to the values obtained in the cone calorimeter

As noted in Figure 5.2, the MFC more closely approximates the HOC values of
the materials when tested in the cone calorimeter. This is not the case when the MCC
HOC values are compared the HOC values of the cone calorimeter. The MCC is used
to obtain values for the normalized HOC of a material by driving the combustion
process to completion. The MCC therefore does not sufficiently capture the incomplete
combustion process associated with the flaming combustion process of a sample. The
MFC is a test that allows for the study of the flaming combustion of a material. It is
therefore expected that the normalized HOC values calculated from the MFC
experiments will more accurately capture the incomplete flaming combustion process
of a material as noted in the cone calorimeter. The HOC values normalized by the total
gasified mass of a sample from the MFC and the MCC were directly compared to the

HOC values obtained in the cone calorimeter, as depicted per Figure 5.3.
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Figure 5.3: HOC data for (a) MFC and (b) MCC experiments as normalized by gasified

mass of the sample and compared to the values obtained in the cone calorimeter

It is again noted that the calculated normalized HOC values from the MFC are
very similar to the values from the cone calorimeter when compared to the HOC values
calculated from the MCC. This is expected as the gasified mass for each sample is
calculated considering the corresponding char yield. As the MFC and MCC
experiments both capture similar char yields to that of the cone calorimeter
experiments, the HOC normalized by the gasified mass is expected to be proportionally
larger than the HOC values normalized by the initial sample mass for any material

producing char.

5.3 Peak and average HRR

The peak HRR is another important parameter used to quantify the maximum
rate at which heat energy is being released during the combustion process of a material.
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It provides a measure of the intensity of the combustion process. The peak HRR for the
granulated powders and the sample shavings (MCC) or the disk-like plates (MFC) was
analyzed separately as variations between sample geometries was noted. The
comparison of peak HRR of a material in cone calorimeter tests with materials tested
in the MFC and MCC is depicted per Figure 5.4, for both sample geometries. A linear
trend was expected between the peak HRR values obtained from the cone calorimetry
experiments and the peak HRR values from the MFC experiments. A linear fit between
the peak HRR values from the cone calorimeter and the values from the MCC was
performed to quantitatively compare the linear correlations between the MFC and MCC

data as presented per Figure 5.4.
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Figure 5.4: Peak HRR values from the cone calorimeter compared with peak HRR

values for (a) MFC, (b) MCC

It is noted that the coefficient of determination, R?, of the comparison between
MFC and cone calorimeter results is much higher than the comparison considering the
MCC, which indicates that the MFC better predicts the peak HRR results expected from
cone calorimeter tests. This was true for both the granulated powder samples and the
disk-like plates. This could be attributed to the incomplete gas-phase combustion as
well as the impact of the char formation on the transport of heat and gaseous
decomposition products being more accurately captured in the MFC as well as the
heating rate of the MFC being in closer agreement to cone calorimetry experiments
than that of the MCC. It was further noted that the correlation between the cone
calorimeter tests and the MFC using disk like plates was better (R? = 0.99) than the

correlation considering the MFC granulated powder samples (R? = 0.9). This
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observation can be explained considering the peak HRR for the two sample geometries
compared to their documented time to ignition as depicted per Figure 5.5. It is noted
that for PC, PEEK and PVC, both charring materials, the time to ignition values for the
disk like plates are higher than that for the granulated powders. The increased time to
ignition values corresponded to an increased peak HRR. This could be as a result of the
disk-like plates more accurately capturing the insulation effect of the char formation on
the transport of gaseous decomposition products through the char — the formation of
char delays the release of combustible gases. At the time corresponding to time to
ignition of a material, the rate at which the combustible gases are being produced are

larger for the disk-like plates than for the powders as indicated by a higher peak HRR.
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Figure 5.5: Peak HRR as a function of the time to ignition for both MFC sample

geometries
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The average HRR for each of the sample geometries in both the MFC and MCC
was analyzed. It was, however, noted that average HRR values obtained in the cone
calorimeter compared to either the MFC or MCC values did not correlate with one
another. For this reason, the average HRR data will not be considered for further

analysis.

5.4 lgnition temperature and time-to-ignition

The ignition temperature and time-to-ignition for a material is an extensive
property of a material that is expected to change with sample size i.e. the sample mass
and the defined heating rate of the sample. A correlation between the cone calorimeter
time to ignition data and the ignition temperature for the MFC experiments or the onset
HRR temperature for the MCC experiments was considered. One explicit way to
correlate these two parameters is with the use of the ignition theory as presented in
Equation (10. When considering the use of the analytical ignition theory, the sample
must be assumed to be either thermally thin or thermally thick. Cone calorimetry
experiments make use of samples that are considered thermally thick. Considering this,
it was assumed that the samples used during MCC and MFC experiments were more
representative of thermally thick samples allowing for direct comparison between the
different flammability tests. The ignition temperature for the MFC data and the onset
HRR temperature data for the MCC were both labelled as T;, (°C) for purpose of
calculation. The ambient temperature (T,) was assumed to be equal to 25 °C. The time
to ignition data for the cone calorimeter experiments was labelled as t;, (s) for these

calulations.
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If one assumes the thermal inertia (kpc) of each material to be constant as well
as the incident heat flux (q'") for cone calorimetry, MFC and MCC, then Equation (10
suggests a linear relationship between the time to ignition and the square of the
temperature difference (T;4-To). Since ignition temperature for cone calorimetry
experiments could not be measured due to challenges associated with such a
measurement, the ignition time measured in cone calorimetry tests is compared to the
square of the temperature difference (T;4-To) measured from MCC and MFC. By
performing this comparison, one can identify if either MCC or MFC can approximate
the thermally thick ignition behavior, as well as which of these techniques is better
aligned with the burning behavior of samples in cone calorimetry experiments. The
MFC ignition temperatures as well as the MCC onset HRR temperatures were
compared to the cone calorimeter times to ignition data for all materials. Least square

fitting was performed with a linear function as depicted per Figure 5.6.
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Figure 5.6: Relation between ignition times obtained from cone calorimeter
experiments and the ignition temperatures obtained from (a) MFC experiments, (b) the

onset HRR temperatures from MCC experiments

It was expected that a high time to ignition value for a material from the cone
calorimetry experiments would correspond to a high ignition temperature for that
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material. It is noted from Figure 5.6, that on average, the ignition temperature data from
the MFC increases as the ignition time data from the cone calorimeter experiments
increases. It was further noted that the relationship between the onset HRR
temperatures from the MCC (R? = 0.83) or the ignition temperatures from the MFC (R?
= 0.81) compared to the square-root of the ignition times from cone calorimetry
experiments was not perfectly linear. This difference could be potentially be attributed
to the assumption of a constant thermal inertia for all the materials as well as the use of

different heating rates i.e. incident heat fluxes for different testing techniques.

The ignition temperature values obtained from the MFC experiments was
compared to the literature as presented in Table 5.1. This was done to ensure that the
measured values were within an acceptable range. The values by Lyon [4] were

measured using MCC with the values of Quintiere [30] obtained in the LIFT apparatus

Table 5.1: Comparison of ignition temperatures obtained from the MFC with that

presented in the literature

Material Literature (°C)
MFC ignition temperature (°C)
Lyon Quintiere

PMMA 317 343 439 + 11
HIPS 413 - 473+ 8
PEEK 570 580 652 + 11
PC 500 550 576 + 6
PVC 395 374 392+ 8
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The onset HRR temperatures obtained from the MCC experiments were directly
compared to the ignition temperature from the MFC experiments, as per Figure 5.7. It
was noted that the MFC temperatures were always higher than the MCC temperatures.
This can be attributed to the heating rates used during MCC and MFC experiments.
The heating rate for the MCC is much lower than that in the MFC. The lower heating
rate results in a smaller temperature differential between the measured surface
temperature of the sample and the temperature of the MCC pyrolyzer. This results in a
very small thermal lag between the MCC pyrolyzer and the sample surface. The high
heating rate used in the MFC results in a larger temperature differential between the
measured temperature of the sample surface and the temperature of the MFC pyrolyzer
coil. A larger thermal lag is induced resulting in a higher measured ignition
temperature. The thermal insulating effect of char formation during MFC experiments
is more accurately captured in the MFC resulting in the shift of the ignition

temperatures of the materials shifting to higher values.
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Figure 5.7: Onset HRR temperatures from the MCC experiments compared to the

ignition temperatures from the MFC experiments

5.5 Smoke yield

The smoke yield for the cone calorimeter experiments was compared to the
gravimetric particulate yield for all materials obtained in the MFC. No smoke
production was expected in the MCC experiments due to the complete combustion of
the sample and was therefore not considered for smoke yield comparative analysis. The

particulate yield from the MFC was compared to the average extinction area, oayerage.
from the cone calorimeter with oayerage indicative of the smoke production during cone

calorimetry experiments.

Smoke is defined as a mixture of soot and condensed organic compounds [24]
and was measured directly with the use of smoke obscuration measurements in the cone
calorimeter. The composition of particulates, for a specific material, that deposits on
an MFC particulate filter was assumed to be similar to that of the composition of smoke
produced during a cone calorimeter experiment. This assumption allows for the direct
comparison of smoke production in the cone calorimeter and the particulate yield using
MFC. Least square fitting between the cone calorimeter and MFC data was performed

with a linear function as depicted per Figure 5.8.
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Figure 5.8: MFC particulate yield compared to the average extinction area calculated

from cone calorimeter experiments

It was noted that the coefficient of determination was indicative of a strong linear
relationship between the average extinction area in the cone calorimeter and the
particulate yield in the MFC (R?=0.91). This strong relationship suggests that the MFC
could be used to predict the smoke production, as normalized by the initial sample mass
in the cone calorimeter. The trend also indicates that the burning behavior of materials
in the cone calorimeter is captured in the MFC. A large specific extinction coefficient
is indicative of a material that produces a large amount of soot particulates during the
burning process. HIPS is a sooty material and is expected to have a large specific

extinction coefficient or particulate yield. PMMA on the other hand, is expected to

97



release low concentrations of soot particulates while burning. From Figure 5.8, it is

noted that the burning behavior for each of the five materials is adequately captured.
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6 Conclusions

This study presents the design of a new pyrolyzer system for the MFC which more
accurately replicates the one-dimensional heating of a sample in the cone calorimeter.
A comparative study of five representative polymeric materials was performed using
the MFC with the newly installed pyrolyzer system, the MCC and the cone calorimeter.
The pyroprobe pyrolyzer in the MFC was replaced with a more economical pyrolyzer
coil that was designed in-house. The new pyrolyzer coil has a flat radial configuration,
replacing the spiral coil arrangement of the pyroprobe pyrolyzer. A new ceramic
crucible was used to house the sample and was larger than the original crucible. This
allowed for the testing of larger samples. The larger sample crucible ensured that the
crucible could not be clogged, allowing for the testing of intumescent charring
materials. A K-type thermocouple was also added to the pyrolyzer system to enable the
direct measurement of sample surface temperature, a feature that was not present in the
old MFC instrumentation setup. The setup of the new pyrolyzer system was optimized
to ensure prolonged self-sustained flaming combustion of all materials. An updated
MATLAB script was used to process the data from the MFC such that the HOC,

ignition temperature, time to ignition and peak HRR for a material could be determined.

The performance of the new pyrolyzer coil system was quantified by comparing
various flammability parameters obtained from MFC experiments with those obtained
using the MCC and cone calorimeter. The char yield and HOC values for each material

tested in both the MCC and MFC were directly compared with values obtained from
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cone calorimeter experiments. The char yield values obtained in the MFC had a larger
uncertainty than that of the MCC values when compared to the cone calorimeter
experiments. The HOC values as normalized by the initial sample mass and gasified
mass for both the MFC and MCC experiments was compared to the normalized HOC
from the cone calorimeter experiments. It was noted that the normalized HOC values
for the MFC were very similar to the values obtained using cone calorimetry. This was
attributed to MFC more accurately capturing the incomplete flaming combustion
behavior of a sample as seen during cone calorimetry experiments. The peak HRR for
the MFC experiments using disk-like plates was noted to almost perfectly linearly
correlate with the peak HRR values from the cone calorimeter experiments, which is
considered to be the most important measure of flammability. However, this was not
the case for MCC peak HRR values. The time to ignition data from the cone calorimeter
experiments was correlated to the measured surface ignition temperatures for each
material in the MFC. The assumption of a thermally thick material was used to compare
the results. The linear correlation between the surface ignition temperatures from the
MFC and the time of ignition data of the materials obtained during cone calorimeter
experiments was reasonable. The particulate yield from the MFC experiments was
compared to the average extinction area for each material determined using smoke
obscuration measurements in the cone calorimeter. A near linear relationship was
observed. This allows for the potential prediction of the average extinction area using

particulate yield values from the MFC.
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7 Future Work

The future work for this study is to expand the material test matrix to potentially
test materials with fillers and flame retardants. The use of a pyrolyzer coil with a
temperature range in excess of 750 °C would be beneficial for the testing of composite
materials, known to decompose at higher temperatures. A pyrolyzer with a higher
temperature range would allow for the use of the same heating rate but the presence of
a more prominent temperature inflection point indicative of the self-sustained flaming

combustion.
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