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Experimental Characterisation of the Fire Behaviour of Thermal Insulation

Materials for a Performance-Based Design Methodology

Abstract

A novel performance-based methodology for the quantitative fire safe design of building assemblies
including insulation materials has recently been proposed. This approach is based on the definition of
suitable thermal barriers in order to control the fire hazards imposed by the insulation. Under this
framework, the concept of “critical temperature” has been used to define an initiating failure criterion
for the insulation, so as to ensure there will be no significant contribution to the fire nor generation of
hazardous gas effluents. This paper proposes a methodology to evaluate this “critical temperature” using
as examples some of the most common insulation materials used for buildings in the EU market, i.e.
rigid polyisocyanurate foam (PIR), rigid phenolic foam (PF), rigid expanded polystyrene foam (EPS)
and low density flexible stone wool (SW). A characterisation of these materials, based on a series of
ad-hoc Cone Calorimeter and thermo-gravimetric experiments, serves to establish the rationale behind
the quantification of the critical temperature. The temperature of the main peak of pyrolysis, obtained
from differential thermo-gravimetric analysis (DTG) under a nitrogen atmosphere at low heating rates,
is proposed as the “critical temperature” for materials that do not significantly shrink and melt, i.e.
charring insulation materials. For materials with shrinking and melting behaviour it is suggested that
the melting point could be used as “critical temperature”. Conservative values of “critical temperature”
proposed are 300 °C for polyisocyanurate, 425 °C for phenolic foam and 240 °C for expanded
polystyrene. The concept of a “critical temperature” for the low density stone wool is examined in the
same manner and found to be non-applicable due to the inability to promote a flammable mixture.
Additionally, thermal inertia values required for the performance-based methodology are obtained for
PIR and PF using a novel approach, providing thermal inertia values within the range 4.5 — 6.5 -10°

W2s-K2m™,
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Nomenclature

Cp specific heat capacity (J-kg!-K™!)
erfc error function

h heat transfer coefficient (W-m2-K™!)

k conductivity (W-m™"'K-!)

L thickness or length (m)

m mass flow (kg-s™)



Nu, Nusselt number (-)

Ra,, Rayleigh number (-)
t time (s)
q" heat flux (W-m?)
T temperature (K or °C)
x space (m)
Greek letters
a absorptivity (-)
p density (kg-m™)
K thermal diffusivity (m?-s™)
o Stefan—Boltzmann constant (W-m2-K)
Subscripts
c characteristic
conv of convection
cr Critical
e external/incident radiation
ig of ignition
P of pyrolysis
r of radiation
s of the surface
T total, considering convection and radiation
o of ambient
Acronyms

CHF critical heat flux

(0[0) carbon monoxide
CO» carbon dioxide
DTG differential thermo-gravimetric analysis
EPS expanded polystyrene
LOESS locally weighted scatterplot smoothing
0, Oxygen
PIR rigid polyisocyanurate foam
PF rigid phenolic foam
SW stone mineral wool
TGA thermo-gravimetric analysis

1. Introduction

At present, the fire safe use of insulation materials in buildings design is established on the basis
of material classification and pass-fail criteria obtained from standard testing. This is represented in the
European Union as the reaction-to-fire [1] and fire-resistance frameworks [2], respectively. The

reaction-to-fire framework consists of a material classification, known as Euroclasses, based on the



non-combustibility test 3], the heat of combustion test [4], an ignitability test [5] and the single burning
item test (SBI) [6]. Prescriptive design standards require the use of certain classes for specific uses. The
fire-resistance framework is based on the standard furnace test [2], in which the thermal insulation (I)
and integrity (E) criteria are evaluated for non-loadbearing elements. The International Building Code
[7] and NFPA 5000 [8] provide similar prescriptive frameworks as the EU framework, but also
requiring a flammability classification for insulation materials based on a flame spread test such as
ASTM E84 [9], and mandatorily considering a thermal barrier, the performance of which is evaluated
by a series of pass-fail criteria based on the ASTM E119 test [10] and/or the room-corner test [11].
Hidalgo et al. (2015a) previously discussed the limitations of these testing methods when attempting to
provide a quantifiable level of fire safety for construction systems that incorporate insulation materials
[12]. A quantitative performance assessment method was proposed based on a mapping of the different
levels of hazard represented by the use of insulation materials in buildings [12], together with a series
of control measures so as to mitigate them. This methodology intends to provide a generalised
quantitative approach to mitigate the fire risks from insulation materials in buildings, which is
complementary to the existing prescriptive methods. As noted by Hidalgo et al., the onset of hazard
from a combustible material can be conservatively established as the ‘onset of pyrolysis’. This concept
is not new, and was used by Drysdale [13], who theoretically demonstrated the propensity of insulation
materials to rapidly reach the onset of pyrolysis due to their very low thermal inertia. Drysdale
concludes that “these features, rather than the propensity to produce smoke and toxic gases should be

regarded as the principal hazard, and measures for their control urgently sought”.

The proposed methodology relies on the well-known approach of incorporating thermal barriers in
order to control the onset of pyrolysis from the insulation. In quantifying the effectiveness of the thermal
barriers, it is necessary to establish a series of inputs such as (1) a critical temperature that describes the
onset of pyrolysis, (2) the thermal properties of the barrier and insulation material, and (3) the boundary
condition (fire inputs) to be considered. The former implies the necessity of characterising the failure
criterion and material behaviour associated to the specific insulation, while the latter implies the need
of further characterising the heating conditions from real fires so that appropriate fire scenarios can be
considered for design strategies. Initial steps have already been taken towards the use of this approach
for the generation of tools to design adequately thermal barriers [14], and based on the formulation
already presented by Hidalgo et al. [12]. These tools, in relatively early stages of conception, present a
potential solution for the selection of suitable barriers for specific fire scenarios so as to optimise designs

considering fire safety as a quantitative parameter.
1.1. The concept “critical temperature” as failure criterion

The ‘onset of pyrolysis’ can be used to establish the initiation of hazard on the basis that it is
intrinsically related to the degradation of a material. This could result in the generation of combustible

gases but it could also result in loss of functionality. Material properties change through pyrolysis and



these changes could have an effect on mechanical and thermal behaviour (e.g. charring, loss of
mechanical strength, loss of bonding, decrease in thermal conductivity, etc.). Different approaches may
be followed in order to provide quantifiable parameters that represent these changes and to establish if
the changes lead to a hazard. The quantification of the hazard needs to incorporate a complex
combination of mechanical deterioration properties and the generation of combustible gases.
Quantifying mechanical deterioration requires the description of loads, restraint, and thermal expansion.
Quantifying the generation of combustible gases requires the assessment of pyrolysis rates. Many
different approaches have been followed to quantify pyrolysis and this subject is still a matter of
research, in particular when it comes to developing simplified approaches that can be used as
engineering tools. The authors recognise that there are numerous pyrolysis models [15, 16], but these
are generally applied at a research level rather than as engineering tools, essentially due to the high level
of uncertainty in defining multiple input parameters and the high required user expertise utilising these
packages. Indeed, design tools for the characterisation of this hazard ideally require both simplicity and

reliability in predicting the physical mechanisms so as to be applied by practitioners.

The approach proposed by Hidalgo et al. [12, 14] is based on the definition of a critical temperature
for the surface of the specific insulation material as a failure criterion. The critical temperature should
be interpreted here as a means to quantify the onset of a process. If the process is a continuous function
of the temperature, such as pyrolysis, the critical temperature only represents a threshold beyond which
the process is deemed significant. This approach has been used very frequently when addressing fire
problems because in fires flow fields, chemistry and materials are extremely complex and do not allow
establishing more fundamental parameters. Drysdale [17] reviews many of these critical parameters
(e.g. ignition temperature, critical mass flux for extinction, critical mass transfer number, etc.). The
definition of a critical parameter can be used to deliver a more or less conservative criterion. The choice
of a critical pyrolysis temperature, as defined through differential thermo-gravimetric analysis (DTG)
under a nitrogen atmosphere at low heating rates and Cone Calorimeter [18] tests is argued as a
conservative critical temperature [12]. If this temperature is then defined as a target, the design is
simplified to a selection of suitable thermal barriers that, as a function of their thermal properties, can
prevent the attainment of this critical temperature. The analysis can be performed for any fire scenario
that the designer or stakeholders deem appropriate. This approach has the potential to deliver a

simplified methodology that is capable of yielding a quantitative assessment of performance.
1.2. Research objective

The aim of this manuscript is to provide an analysis on the definition of the critical temperature for
some of the most common insulation materials in the EU market, based on the characterisation of the
flammability and the solid-phase thermal degradation of these materials. In order to achieve this, a series

of'ad-hoc experiments is presented using the Cone Calorimeter [ 18] and thermo-gravimetric techniques.



Complementary to the assessment of the critical temperature, a characterisation of the thermal

properties of these materials prior to the pyrolysis onset is presented.

Therefore, the work presented hereby complements the work presented by Hidalgo et al. [12],
which mainly consisted of a careful review of the limitations of current prescriptive frameworks
applicable in the EU and the US for the fire safe design of insulated assemblies, a suggested redefinition
of the failure criteria for insulation materials and the formulation of a performance-based design

methodology.
2. Experimental programme description
2.1. Materials

The studied insulation materials comprised low density flexible stone wool (SW), rigid phenolic
foam (PF), expanded polystyrene (EPS) and three types of rigid polyiscocyanurate foam (PIR). Stone
wool is a fibrous inorganic material spun from mainly volcanic basalt and diabase rocks and organic
binders. Expanded polystyrene, rigid phenolic foam, and rigid polyisocyanurate foam are classified as
plastics, i.e. organic polymers that have only partially reversible deformability [19]. Among this
category, EPS belongs to the group of thermoplastics, while PF and PIR correspond to thermosets.
These plastics are manufactured as rigid closed-cell polymers by blowing a gas through the entire
structure of the foam. At present, the blowing agents mainly utilised are n-Pentane, iso-Pentane, cyclo-

Pentane and hydrofluorocarbons that have zero ozone depleting potential [20].

Three different PIR foams from different suppliers were selected in order to assess their differences
in performance and establish a conservative value of the critical temperature. Polyisocyanurate, which
is manufactured based on the mix of an organic isocyanate component and an isocyanate-reactive
component, is known to present several possible formulations depending on the isocyanate-reactive
component used, which determines its thermal stability [21]. Despite the fact that several manufacturers
provide this product under the same denomination (PIR), there is large uncertainty in the formulation
used, as well as in distinguishing it from polyurethane rigid foams (PUR). As a matter of fact, one of
the foams was originally acquired in the belief that it corresponded to PUR, however this was found to

actually be a different formulation of PIR.

Standard thermo-physical properties at ambient temperature for the specific insulation

materials being studied are presented in

Table 1. Values of thermal conductivity and specific heat capacity are obtained from common

manufacturer datasheets.



Table 1. Common thermo-physical properties from insulation materials at ambient temperature

Thermal Density Specific heat | Thermal inertia
Material Main characteristics conductivity | (measured) capacity (calculated)

/W -m-K! /kg-m3 1J kgt K1 /W*s-K?*m*

SW Flexible fibrous wool 0.034-0.044 40 840 1142-1478
PIR Rigid closed cell - supplied as | 17)  5g 32 1500 1066-1344
foil faced boards
PF Rigid closed cell —supplied as | 551 924 38 1500 1197-1368
foil faced boards
EPS Rigid closed cell = supplied as | o3) 3¢ 10 1500 465-570

uncovered boards

It should be noted that the purpose of choosing different types of materials is not to seek a
classification nor a comparison, but to demonstrate the applicability of the methodology to determine
the critical temperature for materials of different nature. The materials chosen are all commonly used
insulation materials that experience charring, melting, or that consist of inorganic compounds and

organic binders.
2.2. Cone Calorimeter ad-hoc experiments

A Cone Calorimeter apparatus [18] was used to determine flammability properties for the studied
insulation materials. This apparatus provides a standardised heat exposure for testing solid samples
under the presence of a pilot spark, and allows for the measurement of the time-to-ignition, mass loss,

and oxygen, carbon dioxide and carbon monoxide emissions.

Samples were prepared with dimensions of a nominal surface area of 90 mm x 90 mm and a non-
standard thickness of 100 mm. While the ideal dimensions for bench-scale testing using the Cone
Calorimeter, or similar type of instrument, have been determined to be 100 mm x 100 mm [22], slightly
narrower samples were prepared for consistency, since additional tests using the FPA [23] were
performed in a parallel project focused on the smouldering behaviour of rigid closed-cell PIR foam
[24]. A thickness of 50 mm is the limit thickness under standard operation. Nevertheless, for this study
100 mm was selected to achieve a time-to-ignition that was not affected by the back end boundary
condition. This was confirmed by verifying that the thermal wave did not reach the bottom of the sample
earlier than the ignition time. This can be estimated by Eq. (1), which is easily satisfied by 100 mm

insulation samples due to the very low thermal diffusivity:
L>4- [k -ty (1)

where L is the thickness of the sample, k is the thermal diffusivity and t;; is the ignition time.



Closed-cell rigid foams such as PIR and PF are often provided by manufacturers as boards with a
protective layer (foiled facing) on the surface, especially in the European market. The protective layer
with relatively low emissivity was expected to have an impact on the results from the tests. However,
since the present work aims to provide material properties of the insulation rather than those of the
composite, the protective layer was removed by peeling it off from the surface, thus leaving the foam
core exposed. It is clear that if the objective of the work was to study the material as used, then it will
be appropriate to test the layer independently as well as the composite. Material samples without the

protective layer, as prepared for testing, are shown in Figure 1.

Figure 1. Samples of insulation materials prior to testing.
(a) PIRa (b) PIRb (c) PIRc (d) PF (e) EPS (f) SW
Samples were individually wrapped in aluminium foil, leaving only the top surface exposed, and
then wrapped by two 3 mm thick layers of ceramic paper at the sides and bottom as shown in Figure 2.
The two layers of ceramic paper were used in order to reduce the thermal gradient on the surface of the
sample sides. It should be noted that an ideal adiabatic boundary condition at the sides will always be
unattainable with this set-up since the conductivity of the ceramic paper is higher than the materials

tested'. The samples were tested using a horizontal orientation.

90
T \ Sample

L SR Steel wire

Aluminium

3 Sample foil
Ceramic Paper
— Aluminium foil

Cone

106
100

calorimeter

sample holder

Ceramic paper

! Thermal conductivity of ceramic paper: 0.08 and 0.11 W-m™-K! at 600 and 800°C, respectively.



Figure 2. Sample preparation for Cone Calorimeter experiments (dimension units in millimetres)

Samples were systematically tested decreasing the incident radiant heat flux (also referred to as
external heat flux) to determine the lowest heat flux at which piloted ignition occurred, hereby denoted
as critical heat flux (CHF). The CHF was obtained by iterating between heat fluxes where it ignited and
those where it did not. The standard definition of ignition before 10 minutes was used to determine if
piloted ignition occurred. A summary of the different test configurations and measured parameters for

this experimental programme are presented in Table 2 below.

Table 2. Summary of test conditions with the Cone Calorimeter

Incident
radiant heat
flux range
/KW-m™

Material Configuration Measured parameters

PIRa Nominal sample size:

90 mm x 90 mm x 100 mm

PIRb Exposed surface:

Without protective layer

Wrapping:

2 layers of ceramic paper + 1 layer of foil
Back boundary condition:

PF Ceramic board (25 mm)

Orientation:

Horizontal From CHF to 65 | - Time-to-ignition
Nominal sample size:
(a) 90 mm x 90 mm x 100 mm (2 repetitions) - 02, COz and CO gas
(b) 90 mm x 90 mm x 50 mm species

Exposed surface:
No protective layer - Mass loss
EPS Wrapping:

2 layers of ceramic paper + 1 layer of foil
Back boundary condition:

Ceramic board (25 mm)

Orientation:

Horizontal

Nominal sample size:

SW 90 mm x 90 mm x 100 mm Up to 88
Rest of the configuration as EPS

PIRc

2.3. Thermo-gravimetric experiments

A METTLER-TOLEDO TGA/DSC 1® apparatus was used in order to assess the thermal
degradation at material scale. The TGA apparatus consists of a furnace with a horizontal arm with a
load cell for the sample and reference crucible, which is used to control the heating rate. A gas controller
was installed in the apparatus, so that the concentration of oxygen in the atmosphere inside the furnace
chamber could be controlled. The crucibles, or sample holders, used for this experimental programme

were made of alumina (aluminium oxide) and were of 70 pL capacity.

Each material was tested under two different atmospheric conditions, i.e. air and nitrogen at 50
ml-min”!, and under four different heating rates: 2.5, 5, 10 and 20 °C-min"'. Dual replicates were used
to check the repeatability of the results. The nominal sample size was 2 mm x 2 mm x 2 mm for plastic
foams and 3 mm diameter by 2 mm thickness for stone wool. Since these materials are characterised by

their very low density (< 40 kg-m™), this sample size corresponded to a mass lower than 1 mg for plastic



foams and a mass lower than 25 mg for stone wool. Small sample sizes and low masses are required to
achieve good results since a kinetic regime is pursued. Thus, it was anticipated that no significant mass
or heat transfer effects would be present. The samples from plastic foams were prepared by cutting
small pieces of the original material, since the material is relatively homogeneous. On the contrary,
since stone wool is a heterogeneous material, the stone wool samples were prepared by mixing a sample
of fibres extracted from the original wool and fitting them into the crucible. This test condition justifies
the higher sample mass in comparison to the foams. A more homogeneous sample was expected by
proceeding with this technique. A list of the total number of experiments is presented in Table 3. As

general practice, experiments ran from 25 °C up to 800 °C.

Table 3. List of general TGA experiments

Heating rate Atmospheric Temperature

Material Sample configuration 2C-min-! condition range

Nominal sample size:
D3 mm x 2 mm
Nominal initial mass:
<25 mg

SW
(a) 50 ml'min™! of
20,10, 5, 2.5 N2

PIRa
PIRDb Nominal sample size:
PIRc Cut2 mm x 2 mm x 2 mm

PF Nominal initial mass:
<1mg

25-800 °C

(2 repetitions) (b) 50 ml'-min! of
air

EPS

3. Analysis methodology
3.1. Parameters for the critical temperature assessment

The first steps towards establishing the criterion for selecting the critical temperature require the
evaluation of thermal properties of the studied insulation materials. The selected methodology for
assessing thermal properties is based on the transient heat transfer analysis a semi-infinite inert solid,
so as to determine an ignition temperature at the surface. This enables to establish the evolution of the
surface temperature, until the attainment of a critical temperature. In piloted ignition studies, an ignition
temperature, T;g, corresponds to the critical temperature, while here the critical temperature is the
pyrolysis temperature, Tp. This method is used for consistency with the critical temperature approach,
rather than one based on a critical mass flux [25], i.e. both are delimited to engineering terms of surface
temperature. This methodology has been extensively studied by many authors, a summary of which can
be found elsewhere [26]. The particular formulation considered for this work is the one presented by
Long et al. [27]. The time to achieve the pyrolysis temperature at the surface of the solid material can

be obtained according to Eq. (2):

? - [1 —exp (i—”) erfc ((i—f’)mﬂ @)



where Tp and t;p are the temperature and time of pyrolysis onset, T,, is the ambient temperature, erfc
is the complementary Gaussian error function, T, is the characteristic surface temperature defined as

Eq. (3) and t, is the characteristic time defined as Eq. (4):

a-q
= 3
TC hT ( )
kpc
= 4
tC (hT)z ( )

where «a is the absorptivity of the exposed surface, ¢, is the external heat flux, hy is the global heat
transfer coefficient of losses and kpc is the thermal inertia. The global heat transfer coefficient of losses,

at the time that the surface achieves the pyrolysis temperature, can be defined as:

(T? —Ts) _

hr=nh +h.-=h te 0=
T conv T conv (TP _Too)

Reony + €70+ (T +T&) * (Tp + To) (%)

where h, is the convective heat transfer coefficient, € is the emissivity of the surface, o is the Stefan—
Boltzmann constant and T, is the ambient temperature. The definition of the convective heat transfer
coefficient is based on the estimation of the Nusselt number for the free convection of a horizontal hot

plate [28], as noted in Eq. (6):

_ Reony - L
Nu, = 0.54-Ra,/* = <2 ¢ (6)

kair
where Ra; is the Rayleigh number k ;- is the conductivity of the air and L. is the characteristic length.

The pyrolysis temperature can often be measured if a thermocouple is positioned close to the
surface. This is however a complicated task which may not be applied for any material, as for the case
of the studied materials due to several reasons such as (1) brittle nature of the foams, (2) large thermal
gradient expected at the surface due to low conductivity, and (3) expected heat losses through the

thermocouple inserted in an insulated medium.

If temperature measurements are not feasible, the pyrolysis temperature can be calculated assuming
that the steady-state is achieved for the heat balance at the surface. For this case, the net heat flux

through the surface of the material can be assumed to be null, i.e.:

net = —k or 0 7

net = Sx v=0 ~ )

where k is the conductivity of the material and % is the thermal gradient at the surface. Though
x=0

Mowrer [29] indicates the potential inaccuracy of this approach, due to non-negligible values of the net
heat flux through the solid surface during the steady-state, numerical analyses demonstrate that the
conducted flux is lower than 7 % of the absorbed radiant heat flux for the specific case of materials with

very low thermal conductivity [30]. Thus, the heat balance at the surface can be expressed as:

10
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Under many conditions it has been demonstrated that the time difference between the onset of pyrolysis
and piloted ignition is very small, therefore t,, = t;5 and T}, = T;4 and the critical external heat flux for
piloted ignition g, obtained experimentally can be used to determine the pyrolysis temperature [27].
Therefore, the expression to calculate the pyrolysis temperature can be written as follows:

@ der

Tp =Ty + ———— 9
P +hT )

It should be noted that since the total heat transfer coefficient depends on the surface temperature,
the pyrolysis temperature and the total heat transfer of losses are calculated by solving iteratively the

system of non-linear equations consisting of Eq. (5) and (9).

While the quantification of the ignition temperature provides an assessment of the flash point under
the specific mixing conditions of the Cone Calorimeter, the critical temperature at the surface of the
insulation, pyrolysis temperature, is potentially achieved prior to the ignition temperature. Information
with regard to the thermal degradation mechanisms of the material is thus essential for the validation of

the former assumption and, therefore for the interpretation of the critical temperature selection.

Thermo-gravimetric techniques are usually applied to characterise the processes of thermal
degradation of the solid-phase (pyrolysis and oxidation reactions), based on the determination of mass
loss with respect to temperature increases [31]. The differential form of a TGA curve (DTG) is
commonly used to quantify the rates of mass loss from each of the different reactions, which can be
characterised by a series of kinetic parameters representative of an Arrhenius’ type expression. Attempts
can be made to determine the kinetic parameters of each reaction to be implemented in complex
pyrolysis models [15], however this is a task often tackled by using optimisation techniques, which
invokes a lot of uncertainty as multiple kinetic parameters can provide good fitting without representing
the actual activation energy from the chemical reaction [32]. This process may even be more
complicated if multiple reactions overlap, as is typical, thus deconvolution techniques being necessary

to isolate each of the reactions [33].

Nonetheless, the identification of the main thermal degradation reactions can be assessed by
interpreting the peaks of mass loss rate, i.e. peaks in the DTG curve. This information is vital to assess
the onset of pyrolysis, in which extrapolation to a specific value of critical temperature must be done

carefully due to the dependency of the rate of mass loss to the heating rate.
3.2. Thermal inertia characterisation

Long et al. applied a first-order Taylor series expansion to Eq. (2) in order to determine simplified
correlations between the time-to-ignition and the external heat flux, based on two domains defined by

the relation between the pyrolysis time and the characteristic time (t,/t.):

11
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Vr Jkpc (Tp — Te)
-1 Vmehp (Tp — Too)]
t,? = (1 - with t, /t, - o 11
P m T(; p/ c ( )

These expressions provide a simplified way to determine the thermal inertia of materials based on
experimental values of time-to-ignition (tp) for different levels of external heat flux (g,'). The approach
consists in finding a value of thermal inertia that provides good fitting of Eq. (10) or (11) with respect
to the experimental data. However, due to the relatively low thermal inertia, the time to achieve the
onset of pyrolysis is very short, therefore for insulation materials it is anticipated that these expressions
would provide an inaccurate estimation of kpc in practice. Consequently, the authors suggest to
compare the experimental results (time-to-ignition and external heat flux) directly to the non-
dimensional solution for the surface temperature of the semi-infinite plate shown in Eq. (2), and from
which Eq. (10) or (11) originally are derived. The experimental data are thus non-dimensionalised as
the function f (tp) defined at the left-hand side terms of Eq. (12). Values of thermal inertia are sought
in order to satisfy a good fitting between the non-dimensional solution for the surface temperature of
the semi-infinite plate, given by the right-hand side term of Eq. (12), and the experimental external heat

flux plotted as the function f (tp) versus its respective time-to-ignition:

= exp C—i) -erfc ((i—i)l/z> (12)

The main advantage from this methodology is that it allows to verify whether the underpinning

(T - Too)
) = 1=

hypothesis from this analysis is met, i.e. to verify the semi-infinite solid behaviour from the samples
until the ignition is achieved. The use of data points that do not meet this assumption would lead to

incorrect quantification of thermal inertia [29].
4. Results

The main visual observations from experiments indicate that PIR and PF are charring materials
that achieve a very fast ignition for heat fluxes above the critical, followed by a decay of the flame until
it quenches or with flaming just obtained at the edges. The char residue at the surface experiences
significant oxidation (smouldering), the rate of which is dependent on the external heat flux. Expanded
polystyrene, however, shrinks quickly after heat exposure, following melting and eventual volatilisation
and ignition, while stone wool did not proceed to ignition. A series of results that further characterise
the material behaviour, and therefore serve to determine the critical temperature of the studied materials,

is presented hereafter.

12



4.1. Assessment of the pyrolysis temperature

Table 4 shows the values of critical heat flux (CHF) below which the different insulation materials
do not proceed to ignite with the horizontal set-up in the Cone Calorimeter (within 10 min). The three
types of PIR show different values of critical heat flux, with PIRa being the most prone to ignite with a
CHF of 10 kW-m, while PIRb and PIR¢ show higher CHF of 12 and 15 kW -m™ respectively. Phenolic
foam shows the highest CHF for the plastic foams, with a CHF of 22 kW -m™. Stone wool did not ignite
at any tested heat flux, which indicates that the failure criterion based on a critical temperature is not
applicable, since the mix from the sparse generated pyrolysates could never reach the lean flammability
limit.

Expanded polystyrene requires a special consideration. Since EPS tends to shrink rapidly once
exposed to radiation from the Cone, actual values of CHF do not strictly correspond to the nominal flux
at which the samples are initially exposed. No ignition was achieved before complete shrinkage of the
sample for any of the studied cases. Critical heat flux values of 16 and 15 kW-m™ were obtained
assuming the external heat flux does not reduce at lower positions. Measurements of heat flux at lower
positions, closer to the bottom of the sample, indicate that these tend to reduce approximately 35 % and
64 % for positions 50 mm and 100 mm lower, respectively. However, corrected heat fluxes would lead
to inconsistent values of ignition temperature if the followed methodology is the one indicated in the
previous section. Indeed, the ignition theory is defined on the basis of the semi-infinite solid assumption,
and the use of the ignition theory for a thermally thin element would require to evaluate the shrinking

time and pre-heating once the EPS film is formed.

Table 4. Critical heat flux obtained in the Cone Calorimeter

Critical heat flux / kW-m?

PIRa PIRDb PIRc PF EPS SW
100 mm thick:
~ 167 equivalent to ~ 6
~10 ~12 ~15 ~22 50 mm thick: N/A
~ 15 equivalent to ~ 9 — 10

Pyrolysis temperatures are calculated considering a hypothetical absorptivity and emissivity of
a = ¢ = 0.9 and the global coefficient of heat losses as a function of the temperature (Eq. (5)).
Calculated values for the different materials are presented in Table 5. The sensitivity of the ignition
temperature calculation with regard to the uncertainty of the emissivity (+ 0.1) and the accuracy of the
external heat flux measurement (+ 0.5 kW-m™) is indicated in Figure 3. Shaded regions are included in
the plot, indicating variability with respect to the nominal value of assumed emissivity and heat flux.

The error related to these uncertainties is low.

2 This value refers to the heat flux at the surface before EPS starts shrinking. Actual heat flux at the bottom of the material

where material accumulates is expected to be between 6 — 10 kW-m?
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Table 5. Nominal values of calculated pyrolysis temperature

Pyrolysis temperature /°C

PIRa PIRb PIRc PF EPS SW
~305.9-389.4
~306+ 16 ~337+15 ~377+14 ~453+12 N/A
(with CHF 10 — 16 kW m?)

However, the highest uncertainty lies on the quantification of the convective heat transfer
coefficient. Unfortunately, this cannot be easily assessed, and the consistency of the obtained values of
ignition temperature will be evaluated by comparison with data obtained from TGA for the
determination of the critical temperature. In any case, values of global heat transfer coefficient, noted
in Table 6, are consistent with the ones observed in the literature [26], with slightly larger values of
convective coefficients herein. The uncertainty in the heat transfer coefficient is, however, tackled by
considering an error region for the emissivity and heat flux, which compensates the likely

overestimation of the convective coefficient.

Table 6. Estimated heat transfer coefficients

Convective, radiative and global heat transfer coefficient / W-m2-K!
PIRa PIRb PIRc PF EPS SW
heonv = 13.2 heonv = 13.4 heonv = 13.7 heonv = 14.1 heonv = 13.2 -13.7
hr=19.1 hr=214 hr = 24.9 hr=323 hr=19.1-26.0 N/A
hr=323 hr=34.8 hr =38.5 hr~46.4 hr~=~32.3-39.7
480
o PIRa Qs
160 | opiRy  Ta= T+ om e ‘
o 440 | © PIRc 453°C
g a PF
o 420
=1
'® 400 -
i 15 kW-m?2-
g 380 ’ 377°C
£ 360 -
& 12 kW-m?2-
i 340 1 337°C
Y -
320 10 kW-m?2 -
300 + 306°C
280 T T T T T T T
5 7.5 10 12,5 15 175 20 22.5 25

Critical Heat Flux q", /kW-m?

Figure 3. Calculated pyrolysis temperature for PIR and PF. Shading indicates sensitivity of the calculated

variable to £ + 0.1 and ¢/ + 0.5 kW - m~2

4.2. Time-to-ignition and thermal inertia correlations

Scattered data of the inverse square root of time-to-ignition versus external heat flux for the three
types of PIR and PF are presented in Figures 4 and 5. In general, results show good repeatability,
although the inverse square root of time-to-ignition data at higher heat fluxes include larger scattering
due to the very short ignition times that insulation materials experience under these conditions. Linear

regressions representing the approach for the range t,/t. — 0, noted in Equation (10), are included in
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the charts from Figure 4a and 5a. Non-linear regressions representing the approach for the

range t,, /t. — o, noted in Equation (11), are included in charts from Figure 4b and 5b.

Linear regressions (t,/t. — 0) for PIR show a very poor agreement for any heat flux. However,
the approach based on a non-linear regression (&, /t, — ©) seems to produce a better fitting, at least for
the range up to 45 kW-m™. For the case of PF, the scatter data shows two clear trends: presented as a
growing function from 22 to 40 kW-m and as a horizontal function from 40 to 65 kW-m™, the latter
representative of the relative importance of the transport/mixing period. The linear regression (t,/t, -
0) for lower ranges of heat flux presents similar result to PIR, with a poor agreement. The fitting
technique based on non-linear regression (t,/t, = o) gives similar agreement, but replicates lower

heat fluxes more accurately.

1 =
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) - o + — SR
‘-’\m ----- fitting PIRc: ti,>® = 0.01308 - g,e’?...‘-@ m O
1n 05 T . rd , ‘0 o
2 L8 .70 O
0.4 OO@ o
0og 8 ~gs~ o
0.3 1 6% o;yg-’-".
(o] o @/ :
0.2 A /Er
¢’7 5
0.1 A X
00[] o (a)
0 \
! ¢ PIRa £205 = (0.80 + 0.1) [1 AT'hj
0.9 ~ - -fitting PIRa: &~ a-qe”
O PIRb o5 [ AT-h
| 25 = (0.75+0.1) - [1 -
0.8 - - fitting PIRb: =~ ® (075-£0 a-qe”
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2
w 05 - o
S
=04 -
0.3
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0.1 ¢
' (b)
0 T T T

0 10 20 30 40 50 60 70
External Heat Flux /kW-m2

Figure 4. Time-to-ignition versus external heat flux of three PIR foams. Regressions based on Eq. (10)
and Eq. (11)
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Figure 5. Time-to-ignition versus external heat flux of PF. Regressions based on Eq. (10) and Eq. (11)

Figure 6 shows the obtained data processed by the function f (tp) = [1 — @] versus ignition

c

times for PIR and PF. A relatively good fitting for ignition times longer than ten seconds is shown,
while the fitting below ten seconds is relatively poor, with dissimilar trends between the fitting and the
experimental data. This disagreement is indicative of pyrolysis times near zero seconds, thus the mixing
and induction time playing an important role; consequently, correlations of thermal inertia near this

region are expected to provide erroneous quantification.
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Figure 6. Time-to-ignition versus external heat flux of (a) three PIR foams and (b) PF based on Eq. (12)

Calculated values of thermal inertia obtained by the three different approaches introduced above
are presented in Table 7. It is shown that the approach established for the domain ¢,/t, — 0 offers
relatively large values of thermal inertia in comparison to the approach usually followed for the domain
tp/tc — oo and the approach proposed by the authors, which present good agreement and have a similar
order of magnitude as the values of thermal inertia at ambient temperature. This confirms that the
regression based on the domain ¢, /t, — 0 is not suitable for materials with low thermal inertia. Values
of thermal inertia for SW are not calculated since no ignition was achieved, while values of thermal
inertia for EPS are not calculated since the material shrinks and melts, becoming a thermally thin

element, therefore, the thermal inertia having no physical meaning for this case.

The calculated values of thermal inertia, as well as the small ignition times, indicate again the
propensity of the insulation materials to ignite quickly and with low energy inputs. This reinforces the

view that the proper design of thermal barriers is imperative to control the onset of pyrolysis.
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Table 7. Nominal values for calculated thermal inertia

kpc /W?s-K2-m*
Range PIRa PIRDb PIRc PF EPS SW
t,/tc =0
p/tc ~55-103 ~66-10° 47107 ~71-106
Eq. (10) 55-10 66-10 47-10 71-10 N/A N/A
tp/te = ~5.1-10° ~6.1-10° ~5.2-10° ~3.0-10° N/A N/A
Eq.(11)
(TP_TOO)
1(tp) = [1_ T, ~4510° | ~6510° | ~5510° | ~4510° N/A N/A
Eq. (12)

4.3. Thermal degradation at material scale

The mass loss experienced by temperature increases for the different insulation materials during
the TGA experiments is presented below. These results are expressed as a normalised variable, being

the ratio between the measured value and the initial sample mass.

Figure 7a presents the normalised mass of SW in a nitrogen atmosphere. The total mass loss for
most of the heating rates is lower than 1 % at the reference temperature of 800 °C. Only one experiment,
run with a heating rate of 2.5 °C-s™!, presents a greater mass loss, totalling approximately 2 % at 800 °C,
probably because the sample was prepared from a region of the insulation with higher binder content,
or due to an erroneous blank subtraction technique. All mass loss curves show a main drop of mass
between 200 °C and 350 °C, which is representative of the pyrolysis of the binder or additives. Figure
7b presents the normalised mass in an air atmosphere. The total mass loss for all the heating rates is
between 1 % and 1.5 % at the reference temperature of 400 °C. Two steps of mass loss are observed
between 200 °C and 450 °C, representing the pyrolysis reaction observed in nitrogen and an additional
oxidation reaction. A plateau in mass is observed between 450 °C and 700 °C, with a slight increase of

mass from 700 °C, which is representative of a crystallisation reaction.
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Figure 7. Thermal degradation of SW under different heating rates in nitrogen (a) and air (b) atmospheres
at 50 ml-min-'

Mass loss results due to thermal degradation processes in a nitrogen atmosphere for four different

heating rates and the three different PIR foams are presented in Figure 8. PIRa, PIRb and PIRc show a

total mass loss of approximately 76 % at a reference temperature of 800 °C. The residues after the

experiments present a typical char structure, black and porous. It is identified that the main mass loss
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step for the three PIR foams is produced between 250 °C and 450 °C, which is representative of the
main pyrolysis process. Lower heating rates present higher mass loss than higher heating rates for the

same reference temperature, with good repeatability between tests with the same heating rate.
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Figure 8. Thermal degradation of (a) PIRa, (b) PIRb and (c) PIRc under different heating rates in a nitrogen
atmosphere (50 ml-min-")

Mass loss due to thermal degradation processes in an air atmosphere for four different heating rates
and the three different PIR foams is presented in Figure 9. The mass loss curves for the three types of
foam mainly consist of two steps. Similarly to the experiments in nitrogen, the first steep drop of mass
is presented between 250 °C and 350 °C approximately, following a gentle drop of mass after 150 °C,
while the second steep drop of mass is presented between 350 °C and 600 — 700 °C, which is
representative of char oxidation. In general, a pattern of curves from lower heating rates being displaced
to lower temperatures is observed. PIRa and PIRb show similar behaviour up to 350°C, presenting the
steepest mass loss steps and achieving an approximate average of remaining mass of 64 % and 59 %,
respectively, at this temperature. On the contrary, PIRc presents a gentler mass loss drop up to 350 °C,

achieving an average remaining mass of 72 %.
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Figure 9. Thermal degradation of (a) PIRa, (b) PIRb and (c) PIRc under different heating rates in an air

atmosphere (50 ml-min-")

Figure 10a presents the mass loss of PF in a nitrogen atmosphere. Two main steps of mass loss can

be identified: the first approximately between 200 °C and 350 °C, and the second and steepest step

between 350 °C and 500 °C, followed by a plateau with low mass loss up to 800 °C. The total mass loss

at a reference temperature of 800 °C is approximately 63 %. Figure 10b shows the mass loss of PF in

an air atmosphere, with two main steps of mass loss being identified: the first between 200 °C and

300 °C, followed by very sharp mass loss from 400 °C up to 500 — 600 °C. The mass is completely

consumed after 600 °C. In general, good agreement is found between different heating rates. Slower

heating rates show steeper mass loss in the second step, although this is not clearly observed for the

first step of mass loss.
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Figure 10. Thermal degradation of PF under different heating rates in nitrogen (a) and air (b) atmospheres

at 50 ml-min-’
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Figure 11a shows the mass of EPS samples in a nitrogen atmosphere. A single main drop in the
mass is observed between 350 °C and 450 — 475 °C, with all mass being consumed at the latter reference
temperature; therefore, no significant residue is found after the tests were ended at 800 °C. Good
repeatability is found between the different tests run at the same heating rate. Figure 11b presents the
loss of mass in an air atmosphere. Apparently a single mass loss drop is observed for all heating rates
from 300 °C to 425 °C, but with non-uniform slope between them. All mass is consumed after this
single mass drop, with no apparent residue observed after 800 °C. The repeatability of the tests is found
to be poor in comparison with the tests run in nitrogen. This is attributed to the diffusion of oxygen
through the surface of the sample, affecting the pyrolysis behaviour, and being dependent on the size

or morphology of the sample.
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Figure 11. Thermal degradation of EPS under different heating rates in nitrogen (a) and air (b)

atmospheres at 50 ml-min-!
5. Discussion

As noted by Hidalgo et al. (2015a), the performance-based methodology requires the definition of
a critical temperature for each particular insulation material, which represents the onset of fire hazard
(heat release contribution, generation of toxic species and breaching of compartmentalisation) [12]. The
use of this parameter with the thermal properties and thickness of the thermal barrier, and a series of
fire scenarios jointly set the optimisation problem for the design of building assemblies which aims at
delivering assemblies with an equivalent level of safety, independent of the insulation material used
[14]. The selection of results presented in the previous section provide the baseline to establish values

of critical temperature for each of the insulation materials studied.

The pyrolysates from plastic foams PIR, PF and EPS have been demonstrated to be flammable and
the materials themselves have been shown to degrade (thermally and mechanically) after the onset of
pyrolysis, therefore a failure criterion based on a critical pyrolysis temperature can be considered valid
for representing the hazard of significant release of pyrolysis gases. The use of this approach towards
establishing a failure criterion for stone wool insulation with low binder content is not so clear. First,

for this material a flammable mixture cannot be obtained, thus it is not possible to establish a critical
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heat flux for ignition. This is supported by the TGA results which indicate a maximum percentage of

mass loss up to 2 % of the total mass for stone wool, which will not sustain a flame.

Whereas it is commonly known that inorganic insulation does not normally ignite and produces
low emissions [30], a larger content of binder could potentially represent a fire hazard. Therefore, it is
advised that the assessment method presented in this work is also pursued for any other type of inorganic
material with different content of binder, to additionally verify that the amount of products generated

by the binder pyrolysis and oxidation do not represent a hazard.

Flammability experiments provide a series of pyrolysis temperatures for rigid plastic that are
indicative of the likely critical temperature representative of the onset of pyrolysis. The obtained
pyrolysis temperatures represent an estimation of the flash point, i.e. the point at which the mass flux
of pyrolysis gases provides sufficient fuel for the a flammable mixture to be attained and thus allow
piloted ignition [34]. This methodology was however shown not to be suitable for determining the

ignition temperature for EPS due to its shrinking behaviour.

An alternative approach is to establish the temperature at which maximum gasification occurs.
This temperature will be unavoidably different to that established from the critical heat flux for ignition,
nevertheless in this study it will be assumed that the difference between both is not significant. Then,
an assessment of the temperature of maximum gasification is necessary, which can be achieved by

evaluating the differential form of the thermo-gravimetric results presented above.

A selection of the obtained rates of mass loss from thermo-gravimetric analyses under nitrogen
and air atmospheres at the slowest heating rate used are presented in Figure 12. Since DTG curves
implicitly carry a low signal-to-noise ratio, these curves have been smoothened by using locally
weighted scatterplot smoothing (LOESS) [35]. The calculated value of pyrolysis temperature and
uncertainty in the calculation are presented in the figure as vertical dashed lines and shadings,
respectively. A good agreement is found between the calculated pyrolysis temperature and those at
which the main peaks of mass loss rate are obtained by thermogravimetry, with the pyrolysis
temperature shifted to higher values of temperature. This provides the necessary validation for the
assumption that maximum gasification temperatures are very similar to the pyrolysis temperatures

estimated from the piloted ignition tests.

It should be noted that since these foams are closed-cell polymers, the solid oxidation is only
expected at the surface after the material has pyrolysed. Additionally, the air is hindered at the surface
of the insulation by the thermal barrier, unless the material shrinks or melts, such as with EPS. Thus,
the thermo-gravimetric results addressed for PIR and PF should refer to purely nitrogen atmospheres,

with absence of oxygen, while results addressed for EPS should refer to air conditions.

Despite the fact that the peak temperature in DTG does not directly indicate a property of the

specific decomposition reaction, since it tends to shift to higher temperatures at higher heating rates, it
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can be used to define the critical temperature. Indeed, if a sufficiently low heating rate is chosen, the
peak temperature in DTG then provides a conservative value of temperature with the highest rate of
mass loss. Therefore, the proposed values of critical temperature considering this approach are
presented in Table 8. The three different PIR foams have shown different pyrolysis behaviour, with
PIRc showing a larger pyrolysis temperature. However, a conservative generic value of the critical
temperature may be indicated by 300 °C, while the proposed conservative critical temperature for PF is

425 °C.

Expanded polystyrene, however, requires a special consideration due to its melting behaviour.
Although a value of 330 °C has been identified as the main peak of DTG in Figure 12, the authors
believe that consideration should also be given to the melting temperature. Indeed, while the hazard
from rigid foams such as PIR and PF may be represented by the direct pyrolysis without experiencing
melting (solid—gas), the hazard from EPS must also be represented by the melt prior to pyrolysis
(solid—melt—gas), which could transport to the compartment. Therefore, a conservative critical
temperature for EPS can be represented by its melting point. Unfortunately values of melting point
could not be obtained directly by the current experimental programme; thus, a value of 240 °C given
by Wunsch [36] is adopted. This consideration is included as an additional criterion for onset of hazard
to further illustrate the limits of the present methodology. The natural complexity of these materials

requires all these considerations if quantitative performance criteria are to be established for designers.

Table 8. Proposed values of critical temperature

T, °C
PIRa PIRD PIRc PF EPS SW
~ 300 ~ 300 ~ 360 ~ 425 ~ 240 N/A

23



0.012 0.012

(a) » PIRa-2.5°C/min - N2 ) = PIRb - 2.5°C/min - N2
+ PIRa-2.5°C/min - Air [ + PIRD - 2.5°C/min - Air
0.010 -=PIRa-Tp 0.010 4 1 --PIRb- Tp
0.008 0.008 22
O O
2 <
& 0-006 & 0-006
: =
0.004 0.004
0.002 0.002
0.000 0.000 4
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Reference Temperature /°C Reference Temperature /°C
0.012 0.012
(¢ = PIRc-2.5°C/min - N2 ) = PF -2.5°C/min - N2
+ PIRc - 2.5°C/min - Air ¢ PF -2.5°C/min - Air
0.010 + - =PIRc- Tp 0.010 4 --PF-Tp
0.008 0.008 -
o 9
E 0.006 g 0.006 -
[=} =]
0.004 0.004 -
0.002 0.002 -
0.000 0.000 = ?
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Reference Temperature /°C Reference Temperature /°C
0.040 - 0.00008 3
©) ! = EPS-2.5°C/min - N2 (f) 1 ":: = SW -2.5°C/min - N2
0.035 - ! + SW - 2.5°C/min - Ai
i - EPS- 10°C/min - Air 0.00006 - SW -25°C/min - Air
0.030 ~ : --EPS-Tp
. q 0.00004 -
~ 0.025 4 ! ° - - -EPS - Melting point [36]
O ! 1 -
S . o -
G 0.020 + ! o 9] 0.00002 ~
= ! k o
R 0.015 | ! . & 000000 ; W~
; : 100 200 300 400 500 6?(“ 700 i 0
0.010 - ! %
' / -0.00002 - §
0.005 - ! (/ °
H ]
. [ I -0.00004 -
0.000 hosulor ’ Y i ¥
100 200 300 400 500 600 700 800 -0.00006
Reference Temperature /°C ’ Reference Temperature /°C

Figure 12. Differential thermo-gravimetric curves of (a) PIRa, (b) PIRb, (c) PIRc, (d) PF, (e) EPS and (f) SW
at nitrogen and air atmosphere at 50 ml-min-'. Shading indicates the range of uncertainty from the

calculated ignition temperature

6. Conclusions

The concept of critical temperature has been proposed so as to represent the onset of hazard for
insulation materials. Coincidence has been found when considering the pyrolysis temperature extracted
from piloted ignition studies (Cone Calorimeter) and when considering the temperature at which the
material experiences maximum gasification. While this approach does not fully reflect the process of
pyrolysis, it provides a conservative and simple condition that can actually be measured, thus allowing

a quantitative design to be performed by using a simplified heat transfer methodology.

An assessment of the critical temperature for a series of insulation materials has been provided and

the approach showed to be valid for insulation that does not experience shrinkage. It was observed that
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the temperature of the main peak of pyrolysis obtained from differential thermal analysis (DTG) under
a nitrogen atmosphere at low heating rates is lower than the piloted ignition temperature in the Cone
Calorimeter. Thus, to remain conservative, the conditions recommended for the critical temperature
selection are a heating rate of 2.5 °C-min! and atmospheric conditions in absence of oxygen. However,
for materials that shrink and melt, it is suggested to consider the melting point as a potentially more
conservative definition of the critical temperature. Arguably this could be replaced by the temperature
of the main peak of pyrolysis obtained from DTG under oxidative conditions, if it is demonstrated that
the transport from the EPS melt to the compartment or the changes of mechanical integrity of the system
do not result in a hazard. Therefore, conservative values of critical temperature proposed are 300 °C for
polyisocyanurate, 425 °C for phenolic foam and 240 °C for expanded polystyrene (to the nearest 5 °C).
The present approach does not apply for the particular low density stone wool studied here because the

release of flammable volatiles from the material are insufficient to achieve a flammable mixture.

Stone wool, polyisocyanurate foam, phenolic foam and expanded polystyrene are the main focus
of this work, but further research would be required in order to identify the critical temperature of other
common insulators, e.g. inorganic insulation based on glass fibre, organic materials such as
polyurethane, cork, sheep-wool and cellulose-based insulation, or combined and new technology

materials.
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