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Abstract

This paper presents an experimental study on the fire performance of two types of plastic charring
insulation materials when covered by a plasterboard lining. The specific insulation materials correspond
to rigid closed-cell plastic foams; a type of polyisocyanurate (foam A) and a type of phenolic foam
(foam B), whose thermal decomposition and flammability were characterised in previous studies. The
assemblies were instrumented with thermocouples. The plasterboard facing was subjected to constant
levels of irradiation of 15, 25 and 65 kW-m™ using the Heat-Transfer Rate Inducing System. These
experiments serve as (1) an assessment of the fire behaviour of these materials studied at the assembly
scale, and (2) an identification of the fire hazards that these systems pose in building construction. The
manifestation of the hazards occurred via initial pyrolysis reactions and release of volatiles followed by
various complex behaviours including char oxidation (smouldering), cracking and expansion of the
foam. Gas-phase conditions may support ignition of the volatiles, sustained burning and ultimately
spread of the flame through the unexposed insulation face. The results presented herein are used to
validate the insulation ‘critical temperature’ concept used for a performance-based methodology
focused on the selection of suitable thermal barriers for flammable insulation.
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1 Introduction

At present, insulation materials are being increasingly adopted in the built environment due to strict
requirements on energy performance’. In the recent decades, energy efficiency has become one of the
primary drivers in building construction aiming at a more sustainable world. These requirements are
pushing towards building envelopes with significantly low thermal transmittance (U-value); thus, larger
insulation thickness is needed in energy-efficient buildings. Given the multi-criteria nature of building
design, this poses a challenge in relation to other design criteria such as space usage, change in
construction techniques, and cost. Closed-cell plastic insulation materials, e.g. rigid polyisocyanurate
and phenolic foams, are characterised by their relatively low thermal conductivity (0.02 —
0.03 W-m™-K™"). Thus, they are often presented as a better solution against other common inorganic
insulation materials, e.g. stone or glass wools (0.03 — 0.04 W-m™-K™"). As a result, thinner walls, and
therefore more efficient space usage, can generally be achieved more easily with plastic foams, if only
energy efficiency is considered as governing design criterion. Nonetheless, the intense use of plastic
foams in buildings introduces a series of fire hazards due to their combustible nature’. This is
particularly relevant given the fact that fire safety is not normally considered as a quantifiable parameter
in the multi-criteria building design problem, but purely as a prescriptive requirement based on material



classification and pass-fail standard testing®*. In order to adequately address the hazards posed by
combustible insulation in the design phase, a performance-based approach is necessary. The
development of design tools for performance-based approaches requires a good understanding of the
material behaviour so that the hazards can be identified and the risks diminished using mitigation
measures.

1.1 Thermal degradation from charring closed-cell plastics

The first step towards a fundamental comprehension of the fire performance of materials is often made
by characterising the thermal decomposition at the material and sample scale. Characterisation of the
thermal decomposition experienced by several types of polyisocyanurate and phenolic foam insulation
at high temperatures has been pursued by several authors>®”*%!%!! Recently, Hidalgo et al.'? presented
thermogravimetric analyses (TGA) and an assessment of flammability parameters (critical heat flux for
ignition and thermal inertia) through Cone Calorimeter testing'? for the specific materials studied within
their research framework. Further work was developed to study the pyrolysis and smouldering processes
of these foams in relation to temperature measurements within the solid phase under constant levels of
nominal irradiation'®. The fire performance was found to be strongly determined by their closed-cell
structure and charring behaviour, i.e. they present resistance to gas diffusion through the porous media
and are characterised by leaving a carbonaceous residue (char) after pyrolysis. The former limits the
smouldering behaviour, while the latter reduces the net heat flux delivered to the pyrolysis zone and,
therefore, the release of flammable gases and resulting heat release rate.

Characteristic TGA results for the specific polyisocyanurate and phenolic foams studied herein with a
heating rate of 10 °C'min™" in different atmospheres (nitrogen, air, and the residue obtained in nitrogen
exposed to air) are presented in Figure 1. In inert atmospheres, the polyisocyanurate foam (foam A) is
shown to leave a residue of (22 + 1) % from its original mass at 800°C, while the residue of the phenolic
foam (foam B) is (45 +4) % (refer to the blue diamond series in Figure 1a/b). This indicates that overall,
in non-oxidative conditions, a larger mass is pyrolysed from the foam A than the foam B; therefore, a
larger release of flammable gases is to be expected for the foam A under these conditions. The
temperature at which the main release of pyrolysis gases is obtained corresponds to approximately 275
—350°C for foam A and 400 — 475°C for foam B. The residue from both foams obtained in the absence
of oxygen (blue diamond series) proceeds to oxidise between 450 — 550°C when exposed to air (green
triangle series in Figure 1). If the foam samples are directly exposed to air (refer to the red square series
in Figure 1), the thermal degradation of foam A proceeds as two main well-differentiated reactions of
a first pyrolysis and a posterior oxidation, while the main pyrolysis and oxidation reactions from foam
B seem to overlap. The latter sequence of reactions is, however, not expected to occur in real end-use
conditions, as the insulation is often covered by a lining or thermal barrier, and the presence of air at
the surface of the foam is expected to be rather limited.
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Figure 1. Thermogravimetric data from (a) foam A and (b) foam B materials in nitrogen and air, with a heating rate
of 10 °C-min"'. Error bars represent deviation from the average value for duplicates. Blue diamonds: test in nitrogen.



Green triangles: Residue of test in nitrogen tested in air. Red squares: test in air.

Then, from a pyrolysis release (flaming) point of view, foam B apparently shows a less hazardous
behaviour, with generally higher pyrolysis temperatures and larger char residue. However, in the
presence of oxygen, foam B presents a worse behaviour as the pyrolysis and oxidation reactions are in
the same temperature domain, as shown in the differential thermogravimetric (DTG) curves presented
in Figure 2. This performance, which was further discussed elsewhere'®, indicates that the char from
foam A is expected to play a more effective role than the char from foam B protecting the virgin
material.

0.012 0.012

(@) (b)

-0.01 +0.01

-0.008 0.008 Oxidation
Pyrolysis Oxidation /g\

.006

b \ 0.004
\ 10.002

300 400 500 600 700 80| [100 200 300 - 400 500 600

Reference Temperature /°C Reference Temperature /°C

0.006

DTG /°C?!
DTG /°C?
T

0.004

0.002

e~ SRR,

00 200 700 800

Figure 2. Differential thermogravimetric curves (DTG) for (a) foam A and (b) foam B obtained in air atmospheres
under a heating rate of 20 °C-min’!. A deconvolution technique'® is used to identify the potential thermal degradation
reactions using a Fraser-Suzuki regression!®!” (red lines).

1.2 Performance-based methodologies for design of flammable insulation

A novel performance-based approach for the fire safe design of assemblies including insulation
materials has recently been proposed'®. This approach is based on the selection of suitable thermal
barriers in order to control the onset of hazard, which for charring insulation materials is directly related
to the release of flammable gases. This design philosophy is based on the control of the pyrolysis onset
in order to guarantee that the insulation does not generate hazardous gases (flammable or toxic) under
specific design fire scenarios. The concept of a ‘critical temperature’ from the insulation was proposed
as a quantifiable variable to conservatively define the occurrence of this event'2. Conservative values
of critical temperatures for polyisocyanurate and phenolic materials were themselves conservatively
selected as 300°C and 425°C, which are consistent with the thermogravimetric results presented in the
previous section. The use of a thermal barrier, i.e. a thermally thick element inserted at the exposed face
of the insulation, acts as thermal buffer delaying when the insulation surface achieves its critical
temperature, which is proposed as the main failure criterion. Thus, this approach may serve to guarantee
the fire safe use of combustible insulation for a certain period of time, which can be applied in
RSET/ASET assessments for the fire safety strategy of the building'’.

The presented philosophy was defined on the basis of a hazards assessment for common insulation
materials consisting of studies of the material behaviour at a small scale (thermogravimetric and Cone
Calorimeter tests). Nevertheless, there is still need for verifying the interaction between insulation and
lining, and further assessing the fundamental behaviour from the insulation at a larger scale.
Additionally, reliable experimental data is needed to carry out validation studies for already proposed
tools focussed on the design and selection of thermal barriers to control the onset of pyrolysis®’. These
tools compile the set of variables that define the heat transfer problem: insulation critical temperature,
fire boundary condition, and barrier thickness and thermal properties.

1.3 Research objectives

An experimental programme is presented to explore the performance of two specific charring plastic
insulation materials while subjected to different conditions of heat exposure, and used in conjunction



with a common lining such as plasterboard in a controlled environment. The aims of this work are (1)
to present a verification of the fire hazards of these insulation materials presented in previous work'*'¥;
(2) validate the concept of ‘critical temperature’ as the primary failure mode for flammable insulation
materials to be used in buildings; (3) assess the evolution of the hazard represented by the rate of
pyrolysates release; and (4) interrelate the fire behaviour of these materials at small and large sample
scales.

To achieve the aforementioned objectives, this paper presents a thermal assessment of these assemblies
and the use of a simplified method for estimating rates of pyrolysis from the insulation material when
exposed to fire conditions®'*2. The goal of this analysis is to support consistency between the ‘critical
temperature’ concept and the consequently observed pyrolysis process experienced by the charring
insulation material.

The quantitative outcomes from this study are limited to the two specific commercial polyisocyanurate
and phenolic foams used within this research, defined as PIRb and PF in previous studies'?. The general
issues associated with sample identification and results generalisation have recently been highlighted
in a letter regarding materials identification sent to fire journal editors®. Specifically, as discussed in
related previous work?*, several formulations may be found for isocyanurate-based and phenolic-based
foams, with a wide range of products offered by multiple manufacturers. Additionally, the formulation
of these materials is generally confidential and not publicly accessible. Thus, the fire performance of
the materials used for this research may not be representative of the whole generic material group.
Extrapolation must be done with great care, and requires an explicit characterisation of the thermal
decomposition and flammability of the specific material'Z. The work presented herein provides an
expansion of the framework for the fire safe use of insulation materials. Application of this framework
to specific products requires developing dedicated data sets.

2  Methodology

2.1 Materials

The types of charring insulation material studied were specifically a commercial rigid closed-cell
polyisocyanurate foam and a commercial rigid closed-cell phenolic foam, identical to the materials
characterised in previous studies'*'*. Noting the concerns regarding a potential inadequate extrapolation
of the fire performance of these specific products to the performance of generic material groups®, the
polyisocyanurate and phenolic foam used within this work are hereafter denoted as foams A and B,
respectively. The insulation materials were supplied as rigid boards with a foil-facing on the surface.
Whereas in previous research the foil was removed to study the performance of the insulation in
isolation, the insulation boards were not modified for this work. The measured density of insulation
foams A and B was approximately 33.0 kg-m™ and 38.1 kg'm™, respectively. A 12.5 mm thick
commercial brand of fire-rated plasterboard was used, rated as type A and F according to BS EN 5207,
The commercial density of the plasterboard was 10 kg.m™.

2.2 Experimental: instrumentation and testing method

The size of the insulation board samples was cut to an approximate size of 450 mm (wide) by 760 mm
(tall), and 100 mm (thick). The insulation was placed within a steel frame with the same internal
dimensions, so that the insulation fitted tightly into the frame. The system frame-insulation was covered
by a plasterboard leaf of dimensions 600 mm by 800 mm, thus the insulation and frame remained
covered during the experiments. The plasterboard was fixed onto the frame with clamps. This system
allowed free expansion or contraction of the plasterboard, since the aim of this work was to explore the
behaviour of the insulation relying on the non-failure (integrity) of the lining.

A representation of the sample holder and set-up is shown in Figure 3a and Figure 4. The test samples
consisting of the plasterboard leaf and the insulation board were exposed to a radiative heat source. The
system used was H-TRIS (Heat-Transfer Rate Inducing System)?, which allows moving the radiant



panels onto different positions in order to represent a different level of irradiation on the surface of the
sample being tested. The calibration process to define the relation between heat flux and panels-sample
distance is done with a water-cooled Schmidt-Boelter gauge, as shown in Figure 3b. The nominal
irradiation exposures for these tests were 15, 25, and 65 kW-m?.
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Figure 3. (a) Experimental set-up with sample, sample holder, H-TRIS, and instrumentation.
(b) H-TRIS system during calibration using a Schmidt-Boelter gauge.

Each insulation sample was instrumented with several 1.5 mm K-type thermocouples. As shown in
Figure 4b/c, the thermocouples were inserted in the core of the insulation material at three different
positions and different depths, and perpendicular to the exposed surface. The thermocouples were
positioned at the plasterboard rear surface, and every 20 mm in-depth from that position up to the back
surface of the insulation. No thermocouples were inserted within the plasterboard so as not to damage
the lining nor induce any initial cracking. Instead, an FLIR® A320 thermal camera was used to estimate
the surface temperature of the plasterboard (Figure 3a). An emissivity of 0.9 £ 0.1 for the
plasterboard®’*** was used to account for the uncertainty in the surface temperature measurement with
the thermal camera.
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Figure 4. (a) Steel frame with embedded insulation board prior to attaching the plasterboard lining.
(b) Schematics of thermocouple positioning. (c) In-depth thermocouples configuration.



2.3  Analysis methodology

To assess the fire hazards related to the use of flammable insulation such closed-cell charring foams A
and B in an assembly of this type, it is necessary to evaluate the pyrolysis onset at the surface of the
insulation and posterior flaming or smouldering combustion processes. The use of thermocouples is
essential to determine the instant at which the insulation starts pyrolysing (‘critical temperature’), and
therefore establish a conservative primary failure mode consistent with previous work'*'®. Given that
the plasterboard is placed at the surface of the insulation, it is expected that pyrolysis gases may not be
able to establish a flame at this surface, but be released by cracks or gaps from the assembly.

Determining the pyrolysates rate released from the insulation is essential to assessing the evolution of
the hazard. A simplified method proposed by Hidalgo et al.?"* to obtain pyrolysis rates from charring
materials based on temperature measurements is applied to the measured temperature obtained in this
experimental programme. The approach consists in assuming that the sample is divided into finite
differences with a bulk temperature obtained by interpolation from the thermocouples’ readings. The
mass of each finite difference during the test is obtained as a function of the TGA data in non-oxidative
conditions with a constant heating rate. This approach was successfully applied for 100 mm thick
samples of foam A with a 3 mm thick metallic plate tested with the Cone Calorimeter, and using TGA
data with 2.5 and 20 °C-min"' heating rates’’. Different heating rates are used to define an uncertainty
region because, although low heating rates are expected for these materials, the heating rate at the
pyrolysis region is not necessary evolving at a constant speed. Although a perfect fitting between model
and experiments was not achieved using this method due to the number of applied simplifications, the
results provided a reasonably good prediction of the pyrolysis process from foam A?. Given the
similarity of conditions in the thermal evolution obtained for this series of experiments, i.e. use of a
thermal barrier on the surface of the insulation, this method is expected to provide an adequate
indication of the pyrolysis process.

In order to address the effectiveness of the thermal barrier used for this set of experiments, the
aforementioned analysis methods are applied: (1) identification of the time to reach the pyrolysis onset
(“critical temperature’) on the surface of the insulation, and (2) identification of the estimated pyrolysis
rate experienced by the insulation.

3 Results
3.1 Thermal evolution and highlighted events for the ‘plasterboard — foam A’ assembly

The time-history of temperatures for ‘plasterboard — foam A’ assemblies under external heat fluxes of
15, 25 and 65 kW-m™ is shown in Figure 5. These temperature measurements correspond to the centre
position, as it represents the region where more uniformity in the external heat flux is obtained. The
temperature range indicating the main pyrolysis domain for foam A is included in the charts as a
horizontal shading region between 300°C and 350°C. A series of patterns can be observed in these
temperature profiles:

- The surface temperature of the plasterboard does not evolve as would be expected from an inert
behaviour, with a change in the curvature as shown in Figure 5a/b, where an inert dotted
baseline is projected. The observed increase in the surface temperature is due to (1) the
oxidation of the back-face render of the plasterboard and (2) the flaming at the surface of the
plasterboard from pyrolysis gases escaping through cracks in the plasterboard.

- A peak on the surface temperature is observed for the experiment at 65 kW-m™ after one to two
minutes of the test (Figure 5¢), with a peak temperature in the range 650 — 750°C. These results
are consistent with the visual observations that verified the oxidation of the front face render
(paper) of the plasterboard.

- A plateau of temperatures around 100°C is observed for the thermocouple at the interface
between the plasterboard and the insulation board, indicating a significant endothermic process
taking place within the plasterboard during the heating. This plateau, likely due to vaporisation



of moisture within the plasterboard, is consistently shorter for larger external heat fluxes.

Figure 5a shows a case study where the surface of the insulation board marginally achieves the critical
temperature of 300°C for foam A. Indeed, the plasterboard surface achieves a temperature of
approximately 330°C during the steady-state. An irregularity is observed at the interface thermocouple
(C1) at 15 min, indicating a bad positioning of the thermocouple which was later corrected. Some small
cracks were observed on the surface of the plasterboard after 70 min of the test, as well as some
expansion of the insulation board after 72 min, which seemed to push the plasterboard out. Some
vapours were observed after 75 min of the test, coinciding with the time when the interface reached

temperatures near the critical temperature. However, it was visually assessed that the release of volatiles
was minor.
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Figure 5b shows a case study where the surface of the insulation board achieves the critical temperature
after 35 min of the test. Consistently, the release of vapours from the edges of the plasterboard was
observed from 36 min to approximately 50 min. Some cracks were observed in the plasterboard with
the release of grey-black smoke, leaving a pattern of soot deposition on the plasterboard surface.
Additionally, the sample was found to expand 10 mm at the centre from the back of the frame, which
was identified by the significant movement of the interface and C2 thermocouples, observed at 49 min.
Eventually, as noted in Figure 5b, a thermal equilibrium was obtained from 60 min.

Figure 5c shows a case study where surface oxidation consumed the plasterboard's exterior render after
1 min of the test. A significant amount of vapours, probably mainly moisture, were released from the
plasterboard during the first 5 min of the test. The release of volatiles through the plasterboard-frame
edges was observed after 17 min, which is consistent with the interface achieving the critical
temperature of 300°C at 16 min. After 20 min, flaming was observed from the cracks of the plasterboard
surface, which was verified by the significant increase of surface temperature (above 900°C) recorded
by the thermal camera between 21 and 33 min. The thermocouple measurement at the interface shows
a drop just after 20 min, suggesting the expansion of the insulation board, which is confirmed by the 40
mm movement of the back face of the board from its original position, and the gap between the



plasterboard and the surface of the insulation. An approximately steady state is observed in the
temperatures between 40 and 80 min, at which point a sudden temperature increase is observed for all
the thermocouples in the core of the insulation. Dark smoke was observed, suggesting that this enhanced
temperature increase was due to smouldering of the char within the frame. After 95 min, flaming was
observed between the edge of the insulation and the top of the frame. The flames finally broke through
the insulation board, and flaming was observed at the back face of the board and top, as shown in Figure
6. These events are represented by the accelerated increase of temperature shown in Figure 5c from 100
min until 110 min. Large pieces of char remained from the board, and they continued to glow (smoulder)
after the end of the experiments.
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Figure 6. Evolution of the back face of the foam A board tested at 65 kW-m at 100-110 min, with
smouldering/flaming breaking through.

3.2 Thermal evolution and events for the ‘plasterboard — foam B’ assembly

The time-history of temperatures for ‘plasterboard — foam B’ assemblies under external heat fluxes of
15,25 and 65 kW-m™ are presented in Figure 7. Most of the events observed from foam A samples, for
instance, the oxidation of the exterior and interior render of the plasterboard, and the plateau of
temperatures at 100°C, were also observed for these cases. The critical temperature proposed in
previous work'? of 425°C for foam B is indicated as a horizontal shading region from 400°C to 450°C.

Figure 7a shows the time-history of temperatures of a case study where the insulation board does not
achieve the critical temperature (15 kW-m™), since the plasterboard surface and plasterboard-insulation
interface achieve a maximum temperature of only 350°C and 386°C, respectively. The temperature
profile within the insulation board achieves an approximately steady state after 80 min, but including a
minor continuing increase in temperature, likely due to oxidation reactions at the interface. This
oxidation is likely related to the back face render of the plasterboard, as shown previously. However,
its longer duration suggests oxidation at the surface of the insulation as well. After the heating is
removed, the temperatures continue to drop, indicating that if smouldering combustion had been
produced at the surface of the insulation, this did not progress any further. No apparent release of
vapours was observed during the experiment, but spalling sounds were recorded from 55 min until the
end of the test when the temperature at the interface is 190°C and the thermocouple C1 records 110°C.
Additionally, a plateau of temperatures at approximately 100°C is observed.
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Figure 7. Time-history of temperatures within the ‘plasterboard — foam B’ assembly tested under external heat fluxes
of (a) 15, (b) 25, and (c) 65 kW-m. Shading in the surface temperature indicates the sensitivity of its quantification in
relation to an emissivity within € = 0.9 £ 0.1.

Figure 7b shows the time-history of temperatures of a case study where the critical temperatures is
attained. Indeed, the interface reaches a temperature of 425°C at 54 min after the initiation of the test.
Similarly to the previous case, spalling sounds were heard from 25 min until the end of the test. The
temperature plateau at 100°C is also identified for the interface. Additionally, positions C2 to C5
experience a clear plateau also around 100°C, likely corresponding to water desorption from the
polymer. Thermocouples C2 (20 mm) and C3 (40 mm) are found to cross the critical temperature at
73 min and 106 min, respectively, which suggests the release of pyrolysates. The temperature at the
interface achieves an approximately steady state from 60 min, but slowly increases to a rate of about
1.7 °C-min’', which is also observed for the temperatures in the core of the insulation. This heating
occurs via smouldering combustion at the surface of the insulation board (interface), which was
confirmed by the release of minor amounts of smoke through the plasterboard cracks formed at the
front. After the radiant panels were turned off at 120 min, the temperatures initially drop, but at 130
min the temperatures start to increase again without the presence of an external heat source. Visual
observations indicate flaming behind the plasterboard at 130 min. Eventually, flaming broke through
the insulation and spread on the back face of the insulation. This is represented by the significant
temperature increase observed between 130 and 160 minutes in Figure 7b. It is thought that this
behaviour resulted from the radiant panels being turned off, which had helped to cool down the
assembly, and therefore caused the pressure to drop and the plasterboard to contract, allowing higher
diffusion of air into the assembly. As a result, the char from the foam B was at sufficient temperatures
to oxidise.

Figure 7c shows a case study under a heat exposure of 65 kW-m™. The critical temperature is achieved
at the interface after 21 min, while thermocouples C2 (20 mm), C3 (40 mm), C4 (60 mm) and C5
(80 mm) reach this temperature after 28, 37, 59 and 82 min, respectively. This qualitatively indicates
an increased release of pyrolysates, which was confirmed by flaming at the surface of the plasterboard
from the cracks formed, shown in Figure 7c when the surface reaches 900°C. Unlike the experiment at
25 kW-m™, the flames break through the insulation board before the radiant heaters are turned off. As
a result, fire spreads at the back surface of the insulation board as shown in Figure 11b below, finally
consuming all the insulation, while the remaining pieces of char were consumed by smouldering.



3.3 Fraction of thermal degradation and pyrolysis rates

The estimated mass per unit area and mass loss rate per unit area (pyrolysis rate) of the sample for the
foam A experiments are presented in Figure 8. It should be noted that since the density of foam A was
calculated as 33.0 kg-m™, and the thickness of the insulation board was 100 mm, the initial mass per
unit area of the insulation board is 3.30 kg-m™. Additionally, the curves are calculated without
considering the oxidation of the char, which is why Figure 8c shows some mass loss remaining after
100 min. Figure 8a confirms that no significant pyrolysates are released during the experiment at 15
kW-m™ (Figure 5a). The minor release of volatiles is calculated between 60 and 80 min of the test, with
a maximum of 0.1 g'm™-s around 74 — 75 min, which is in agreement with the visual observations that
indicated a minor release of volatiles from the insulation. Figure 8b shows that the release of pyrolysates
for the test at 25 kW-m™ (Fig. 3b) is observed from 30 to 50 min, with a maximum rate of 0.8 — 1 g-m’
2.5 from 40 to 47 min. Figure 8c (65 kW-m™) shows a more severe reaction behaviour, with pyrolysates
released from 15 min, and achieving a maximum of 1.3 g-m™-s" approximately at 21 min. The rate of
mass loss decreases until being null at 80 min, after which the rate continues to increase again up to 0.4
g-m?*s”. This increase is explained by the temperature growth in the insulation core due to smouldering
combustion with renewed oxygen, thus displacing the pyrolysis front into the remaining virgin material.
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Figure 8. Estimated mass per unit area (solid line) and pyrolysis rate (dashed line) of foam A for assemblies tested
under external heat fluxes of (a) 15 kW-m, (b) 25 kW-m and (c) 65 KkW-m.

The temporal evolution of the fraction of remaining mass from the experiments at 15 kW-m? and
25 kW-m™ is presented in Figure 9, together with sections from the core of the insulation samples,
which indicates the degree of thermal degradation by the insulation discolouration. The section of the
sample tested at 15 kW-m™ shows significant cracking and a related thickness expansion of up to 10
mm, while the section tested at 25 kW-m™ presents more severe cracks and a final total thickness of
approximately 120 mm.
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Figure 9. Estimated fraction of remaining mass of foam A under external heat fluxes of (al) 15 kW-m and

(b1) 65 kW-m and their residue at the end of the test (a2 and b2).

The estimated mass per unit area and mass loss rate per unit area (pyrolysis rate) of the sample for the
foam B experiments are presented in Figure 10. It should be noted that since the density of foam B was
found to be 38.1 kg'm™ and the thickness of the insulation board was 100 mm, the virgin mass per unit
area of the insulation board is 3.81 kg-m™. Figure 10a/b indicate that the maximum release of
pyrolysates was moderate at 15 and 25 kW-m™, achieving a maximum of 0.10 and 0.20 g'm?-s™" at 67
and 46 min, respectively. Figure 10c shows a maximum between 1.3 and 1.4 g-'m™-s between 29 and
39 min. The times when pyrolysis gases were released are consistent with the visual observations noted
in the previous section.
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Figure 10. Estimated mass per unit area (solid line) and pyrolysis rate (dashed line) of foam B for assemblies tested
under external heat fluxes of (a) 15, (b) 25, and (c) 65 kW-m.

The temporal evolution of the fraction of remaining mass from the experiment at 15 kW-m™ is presented
in Figure 11, together with a section from the core of the insulation sample, which indicates the degree
of thermal degradation by the insulation discolouration. The section of the sample shows limited
cracking and no significant thickness expansion. Figure 11b illustrates the combustion on the back face
for the 65 kW-m™ test after 80 min.
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Figure 11. Estimated fraction of remaining mass of foam B under external heat flux of 15 kW-m™ and the residue at
the end of the test (al and a2), and combustion of foam B from the back face at 65 kW-m after 80 min (b).

4  Discussion
4.1 Comparative performance of foams A and B

As highlighted previously, the critical temperature for foam A (300°C) is significantly lower than for
foam B (425°C). While this difference may appear not significant, especially if the insulation is directly
exposed to the fire, this work has demonstrated the different performance of both foams when protected
by a thermal barrier. As shown in Table 1, the ‘plasterboard-foam B’ assembly takes a significantly
longer time to reach the critical temperature than the ‘plasterboard-foam A’ assembly; 55% and 24%
longer for 25 kW.m™ and 65 kW.m™, respectively, while for 15 kW.m™ the critical temperature is not
achieved for foam B but it is reached for foam A.

In terms of the pyrolysis rate (MLR), it is shown that foam A achieves a larger value than foam B when
tested at 25 kW.m™, which is consistent with the foam A pyrolysis temperature occurring at lower
values compared to foam B (refer to Figure 2). However, at 65 kW.m™>, the MLR for foam B is slightly
larger than for foam A. These results are indicative of the pyrolysis and oxidation reactions for foam B
occurring in broadly the same temperature domain, thus the char being less effective as shown in bench-
scale experiments from previous work'.

Table 1. Time to reach the critical temperature and estimated maximum mass loss rate per unit area for different
assemblies under 12, 25 and 65 kW.m™2.

Sample \ Heat flux 15 kW.m™ 25 kW.m? 65 kKW.m?
Plasterboard-foam A ter = 75 min ter = 35 min ter = 16 min




MLRyax = 0.1 grm2-s!
(75 min)

MLRyx =1 gm?2-s7!
(46 min)

MLRyx =1.3 gm?-s7!
(21 min)

Plasterboard-foam B

ter not achieved

MLRyax = 0.1 grm2-s!
(67 min)

ter = 54 min

MLRyex = 0.3 grm2-s!
(46 min)

ter =21 min

MLRyx = 1.5 grm2-s!
(39 min)

4.2  Effectiveness of the thermal barrier

As previously introduced, the safe use of flammable insulation materials relies on the nature of the
thermal barrier placed on the surface of the insulation; the thermal properties and thickness of the barrier
are critical to controlling the characteristic time of the pyrolysis onset. Therefore, the selection of
suitable thermal barriers is essential to enable the use of these materials. In order to discuss the
effectiveness of the thermal barrier, the MLR experienced by the foam A insulation studied herein is
explored when different surface protections are used (refer to Figure 12). The three cases studied
correspond to an exposure of 65 kW.m™ for (1) an exposed foam A sample tested with the Cone
Calorimeter'? (no protection); (2) a foam A sample with a 6 mm Monel 400 plate on the surface tested

with the Cone Calorimeter®er! Bookmark not defined.. 51,4 (3) 3 foam A board with a plasterboard on the
surface (refer to Figure 8).
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Figure 12. Mass loss rate per unit area for exposed foam A (red solid line)'2, a monel plate-foam A sample (blue
dashed line)*? and plasterboard-foam A (green dashed line) from the present work when exposed to 65 kW.m™.

Figure 12 shows that when exposed, the foam proceeds to pyrolyse instantly after the heat exposure
onset, which is as expected, due to the low thermal inertia of the material. When protected by a thermally
thin element of significant thermal mass (6 mm Monel 400 plate), the pyrolysis onset is not significantly
reduced; however, the time to reach a peak MLR is delayed. For the case studied herein (plasterboard
— foam A), the effect the plasterboard has on delaying the pyrolysis onset is clear, amounting to
approximately 15 min from the heat exposure onset.

Another interesting aspect to consider is the reduction in MLR experienced by different protections. It
is expected that if the protection is a thermally thin element of low thermal mass, the time to reach a
peak MLR would be much faster as shown by Hidalgo et al.'® and Crewe et al’’. In the case of a
thermally thick protection such as the plasterboard, it is clearly shown that the peak MLR is below the
limit of 2 g.m™.s'. At this rate, it is unlikely that self-sustained burning would occur; however, flaming
may be achieved under particular conditions as observed in these experiments.



5 Conclusions

This paper presents a series of experiments that have as objective to characterise the fire hazards that
charring closed-cell insulation materials pose in building construction, thus expanding on the
performance-based framework for the fire safe use of insulation materials. For that purpose, two specific
commercial insulation materials characterised in previous studies'*™, a rigid closed-cell
polyisocyanurate foam (foam A) and a rigid closed-cell phenolic foam (foam B), have been used. The
onset of hazard is defined here as the initial release of pyrolysis gases with other variables such as
further oxidation of the char serving to modulate the potential consequences. Spread of the flame to the

unexposed face of the insulation was given particular attention.

It has been observed that the release of pyrolysates from foams A and B is obtained after the interface
lining-insulation reaches a critical temperature identified in previous work'?. However, it is observed
that the design methodology based on the critical temperature concept is conservative. For conditions
of heat exposure that result in a thermal equilibrium with an interface temperature slightly above the
critical temperature, minor rates of pyrolysis were obtained, which could not allow a flammable
mixture. In contrast, for cases which generated slightly larger rates of pyrolysis (> 2 g.m™.s™), ignition
could be achieved in many different ways, all of them difficult to characterise. This shows the intricacy
of the problem after the onset of pyrolysis has been attained. Flaming conditions of the pyrolysis gas
stream are strongly dependent on the mixing conditions, i.e. concentration of the flammable gases in
the air, and the temperature of the mixture®'**. Establishing these conditions for building design is,
therefore, very complex and not feasible with the context of construction processes. Therefore, the
robustness of the approach based on a critical temperature seems to be justified overall, yet may be
conservative for some particular scenarios. Additionally, a design philosophy based on the control of
the onset of pyrolysis would aid mitigation of other fire risks due to the delay of other related hazards.

The simplified approach to determine pyrolysis rates has been shown to successfully represent the
pyrolysis process at end-use scale, with the insulation covered by a common lining used in building
construction. Given the charring nature of these foams and the constant values of irradiation used as
external heat exposure, the pyrolysis rate patterns show a characteristic increase, maximum rate, and
posterior decay. Nonetheless, if flaming at the plasterboard surface or further oxidation at the insulation
are achieved, thus increasing the heat flux conducted to the insulation, the pyrolysis front suffers further
displacement and further generation of flammable volatiles. Under real conditions, it would be expected
that the pyrolysates released inside the compartment could accumulate and ignite, therefore generating
a higher heat release rate and, consequently, a higher heat flux to the surface of the lining.

The use of a thermally thick barrier, such as a 12.5 mm thick plasterboard, is demonstrated to be
effective in delaying the generation of pyrolysis gases from the plastic insulation, which otherwise
would be almost immediately achieved if directly exposed*’. However, the effectiveness of the thermal
barrier is obviously dependent on parameters such as the external heat flux and the insulation critical
temperature or any form of mechanical failure.

Further work is required to validate the already proposed tools for the selection of thermal barriers®,
and establish guidelines on the selection of common thermal barriers and their effectiveness as a
function of thickness, design fire scenarios, and the insulation material adopted. The presented
experiments represent a valuable set of data to expand the validation on a material such as plasterboard,
and set the baseline for further thermal barrier validations. The methodology presented herein could
contribute to reducing or mitigating the risks posed by combustible insulation in buildings.
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