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Abstract. A series of trials were conducted to investigate the repeatability of furni-
ture-scale calorimetry experiments. Twenty-five identical upholstered chairs were
ignited under the same experimental conditions. Experimental results of heat release
rate (HRR), mass loss rate (MLR), and emission yields (CO, CO,, N,O, NO, CHy,
HCN) are presented. Discrepancies were observed between the time resolved evolu-
tion of the various recorded data. However the development of each fire was
observed to be tied to common events. By accounting for these events, a more consis-
tent representation of the burning behaviour can be expressed. Each experiment dis-
played distinct burning regimes (i.e., pyrolysis, flaming, and smouldering) which were
identified through visual observation and through analysing the emission data. Some
species yields were found to be approximately constant over some burning regimes (e.
g., CO, yield over the flaming regime) while others displayed highly transient beha-
viour (e.g., CO yield was found to be burning regime dependent). Results from
upholstered furniture scale experiments, including HRR and emission yields, are com-
monly used in various engineering applications; this study lends insight into the vari-
ability that can be observed for such data and the implications in applying this data
in further analysis.

Keywords: Flammability, Furniture calorimetry, Polyurethane foam, Heat release rate, Large scale, Sta-
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1. Introduction

Upholstered furniture has been the subject of both regulatory fire testing [1, 2]
and novel experimentation for many decades [3—5]. While bench-scale test meth-
ods, such as the Cone Calorimeter [6], provide valuable insight into material char-
acteristics, complex products and assemblies are often tested at a larger scale to
demonstrate fire performance. As such, furniture-scale calorimetry is a commonly
used method for characterizing metrics such as fire size or species generation of

larger products, including upholstered furniture [4].
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A previous review of the flammability literature reveals that experiments con-
ducted at the bench scale are typically repeated in relatively small trial quantities
(e.g., n < 3) [7]. It was found that even within a controlled testing scenario, such
as the Cone Calorimeter, there can be a substantial degree of statistical variation
for such flammability tests (i.e. upwards of 30% error in instantaneous mass loss
rate data) [7, 8]. A much larger number of trials (e.g. n>10) may be required to
obtain the desired level of statistical certainty. At the furniture-scale, calorimetry
data on heat release rate (HRR) is readily found in the literature for products and
assemblies such as upholstered furniture [4, 9]. It is self-evident that, as the overall
complexity of a system increases, experiments conducted on assemblies and prod-
ucts are likely to result in higher degrees of stochastic variation between trials.
However, in most cases such data are presented for a single trial — or in some
instances, trials conducted in triplicate [9, 10]. The degree of variability between
trials conducted at the furniture-scale is therefore not well-understood.

An understanding of the statistical variation in such large-scale calorimetry data
has direct implications for many engineering analyses which utilise metrics such as
HRR as inputs. To the knowledge of the authors, no study has presented the
results of 25 + repeat trials for upholstered furniture with the explicit aim of char-
acterizing statistical variation. Recognising the utility of commonly reported data,
such as HRR, the aim of this study is to experimentally investigate the variation
and commonality observed across a large sample size of upholstered furniture
experiments (i.e., n = 25).

2. Background

More than half a century of research has been dedicated to mitigating the hazards
presented by upholstered furniture [3]. Babrauskas and co-authors [3, 4, 9, 11, 12]
provide a comprehensive background to furniture flammability; this study will
not, therefore, review the literature in its entirety. Recent studies have presented
results of modern furniture fire performance (e.g., [13, 14]). A difference has been
observed between furniture with high portions of synthetic materials such as poly-
urethane (PU) foam (referred to as “modern” furniture in the literature), com-
pared to “legacy” furniture that contains primarily materials such as wood and
cotton [15]. These studies have suggested that on average, “modern” furnishings
cause faster fire growth and higher peak HRRs. “Modern” furniture therefore
tends to present a greater fire hazard than “legacy” furniture. Additional research
has been dedicated to investigations of PU foam, which is the major component
in many “modern” upholstered furniture items (e.g., [16—18]).

Of particular note in the context of furniture-scale calorimetry is the recent
work of the National Institute of Standards and Technology (NIST) in the US.
This group has produced a series of recent publications that outline the fire per-
formance of upholstered furniture and describe techniques to mitigate the burning
of upholstered chairs [10, 19-23]. These studies have identified various aspects that
influence the growth rate of upholstered furniture fires (e.g., generation of a pool
fire beneath the item) and present a range of solutions to improve furniture safety,
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such as passive fabric barriers within the make-up of the item which can greatly
reduce the peak HRR. The studies presented by researchers at NIST also identify
key physical events that occur over the duration of a given experiment and then
highlight these events within the data [24]. The full-scale experiments in these
studies were primarily conducted in triplicate, which is a higher sample size com-
pared to much of the other literature.

The importance of physical events in the resulting fire behaviour is notable be-
cause it shows that changes in the measured data have origins in observable
events. For example, these studies note a substantial increase in the HRR after
the bottom membrane of the chair fails which then produces a large pool fire.
This suggests that variability in the time resolved data for such trials can be
explained, at least in part, by identifying physical events.

A recent study conducted by Zulmajdi et al. compiled distributions of HRR
results taken from the literature for various fuel packages (e.g., upholstered
chairs) [25]. While these compiled data provide a range of values found in the lit-
erature, the constituent results still focus on a low number of repeat trials and
therefore does not directly address the variability for a single experimental config-
uration.

In general, statistical variability at the furniture-scale has been a subject of min-
imal investigation in the fire safety community. At the bench scale, statistical
uncertainty was illustrated by a previous study [7]. The statistical variation of
commonly reported Cone Calorimeter results (time to ignition and mass loss rate)
was analysed for a sample size of n = 100 trials. It was found that the appropriate
number of repeat trials was dependent on both the experimental conditions and
target degree of certainty defined by the researchers. However, even for the rela-
tively simple experiments of black PMMA in the Cone Calorimeter, it was found
that an appreciable degree of statistical uncertainty remained for low trial quanti-
ties (e.g., <5 — 10) in some cases.

At a larger scale, Melcher et al. conducted compartment scale experiments with
a high number of repeats (e.g., n > 20) [26]. They found high levels of uncertainty
(i.e., variations of 50% to 70% of the mean) in burning rate (MLR) measure-
ments and measurements of gas species (CO and CO,) for even relatively “simple”
compartment fire experiments. These results also highlight that the period of fire
growth and decay showed the highest degree of variability in time. No equivalent
statistical study has been conducted for experiments on the scale of furniture
calorimetry.

2.1. Characterizing Burning Behaviour

Literature most commonly describes the fire size of a burning fuel package using
the metric of HRR measured by oxygen consumption calorimetry [27]. An alter-
native method for obtaining the time resolved fire size is to measure the mass loss
of the fuel and compute the mass loss rate (MLR). This metric captures the rate
at which a fuel pryolyzes (i.e., mass burning rate), but it also captures a range of
other phenomena not directly related to pyrolysis (e.g., moisture loss, char oxida-
tion) [28, 29]. The MLR can then be multiplied by an effective heat of combustion
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(AH..sr) to approximate the HRR. The MLR and HRR capture variations over
time, and can therefore capture the response of the burning rate to various events
during an experiment.

Other aspects of burning behaviour are associated with the generation of com-
bustion products (e.g., CO, HCN). The combustion of solid fuels generates a wide
range of gaseous products through the pyrolysis process, gas-phase oxidation (i.e.,
flaming), and solid-phase oxidation (i.e., smouldering). The generation of different
emission species are dependent on the transition between these regimes of pyroly-
sis, flaming, and smouldering [30]. For example, the pyrolysis of the various mate-
rials found in upholstered furniture produce specific gaseous species (e.g.,
characterized by high production rates of CO). However once ignited, a significant
portion of the pyrolysis gases are oxidized by the flame. In the case of CO, much
of the CO generated from pyrolysis is oxidized by the flame to form CO, once
ignited, resulting in a low CO yield during flaming [30].

Ultimately, flaming ceases as the fire decays and solid-phase char oxidation
(smouldering) becomes increasingly dominant [31, 32]. In the smouldering regime,
the production rate of many species changes. The species yield can be determined
as y; = m;/m, or the mass generation rate of a species (i) divided by the mass loss
rate. The species yield presents a rate of generation per unit mass of fuel con-
sumed and serves as a key result from calorimetry experiments. Species yields are
readily found in literature such as the SFPE handbook [33] and are often assumed
as constant in practical applications (e.g., CFD modelling [34]). Identifying the
rate at which a fuel generates various combustion products is therefore important
in both engineering applications and in the general characterization of material
burning behaviour.

The total uncertainty of any measurement is a combination of both the mea-
surement error and statistical variation between trials. Measurement uncertainty
for large-scale calorimetry is outlined in detail elsewhere [35]; the total combined
uncertainty in metrics such as the HRR are laboratory dependent but at the furni-
ture-scale can be approximated in the range~5% to 10%. It should be noted that
for HRR calorimetry, there is also some uncertainty in the ability to resolve short
duration events. This uncertainty is caused by the time between the release of the
combustion products and the effluent reaching the gas analyser. Therefore captur-
ing transient behaviour over very small intervals in time (i.e., on the order of sec-
onds) introduces further uncertainty. The magnitude of the variation between
trials conducted in this study will be shown to be characteristically greater than
that of the measurement uncertainty alone. Trends in the transient HRR beha-
viour will generally focus on intervals sufficiently long to mitigate the uncertainty
introduced by the gas analyser time delay (i.e., changes in the HRR over intervals
greater than 30 s).
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3. Experimental Methodology

Twenty-five identical chairs were ignited under a 1 MW calorimetry hood. The
subsequent fire behaviour was quantified using a variety of measurements. The
following sections describe the experimental method adopted for all twenty-five
trials conducted.

3.1. The Chair

Twenty-five commercially available, identical, flat-packed upholstered chairs were
acquired for this study. This fuel package was selected as a widely available
upholstered chair in the UK market. Each chair consisted of two rear legs (22 cm
height), two front legs (24 cm height), a seat cushion (47x58 c¢cm) and a backrest
(60%44 cm); the dimensions of the upholstered chair are outlined in Fig. 1. On
inspection, the chair legs were found to be manufactured from wood, and both
the seat cushion and backrest were framed using oriented strand board (OSB).
The soft upholstery was comprised of polyurethane foam (PU foam), and covered
with a polyester cover material (per the manufacture specifications). The total
mass of the chair was approximately 11.65 kg (+1.5%) with approximately 20%
of the mass being synthetic polymers. The relative mass of each constituent com-
ponent can be found in Table 1. Each chair was assembled immediately prior to
each experiment and in accordance with the manufacture’s instructions; therefore
as far as the authors are aware, the composition and assembly of each item is
assumed to be identical.
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Figure 1. A cross section and front view of the chair used in this
study.
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Table 1
Relative Mass Contribution for Each of the Components in the Chair
Used

Component Mass (kg) % Mass
PU foam 1.00 9

Misc. synthetic 1.05 9

OSB frame 8.22 72
Misc. wood 1.10 10

Only a single chair was sampled for components. However given the variation between chair masses was
approximately 1.3% of the total mass, the mass percentages are assumed to be characteristic of all the chairs used in
this study

3.2. The Ignition Source

Previous work on the burning of furniture shows that the choice of ignition
source is of great importance for subsequent fire development [36]. Studies in the
literature typically utilize a relatively large ignition source, such as the commonly
used CA TB 133 18 kW burner [1, 2] with other standard burner sizes ranging
upwards of 100 kW [37]. While such large ignition sources can be beneficial in
standardized applications, a large ignition source dominates the initial phase of
fire growth and masks potential stochastic variations seen with smaller ignition
sources (stochastic variations that are relevant in realistic fire growth).

Therefore a small ignition source was used in this study. A 0.7 kW premixed
propane burner (nominal flow of 0.015 g/s of propane) was selected as the ignition
source for this study. The flow rate was controlled from a mass flow controller,
and the burner flame was adjusted to be 15 cm in length for each trial. Initial
experiments (using additional chairs) were conducted in an attempt to explore dif-
ferent ignition locations. The same burner was used to directly impinge on the
chair at various locations (e.g., front of the seat cushion, base of the backrest
from behind) however, these locations did not result in sustained burning.

It was found that the chair could be consistently ignited if the burner was
placed beneath and in the centre of the seat cushion for 120 s. The burner was
placed on a retractable mount such that the flame directly impinged on the under-
side of the chair. After 120 s, the burner was retracted and the fire allowed to
develop without any other intervention. This ignition method was selected as it
was judged to provide a balance between a reliable ignition process without the
ignition source dominating the growth rate.

3.3. Instrumentation

Time resolved burning rates were captured through both the MLR and HRR.
Gaseous emissions were recorded through two methods of gas analysis and collec-
tively measured O,, CO, CO,, N,O, NO, CHy, and HCN.

All experiments were conducted beneath a 1 MW furniture calorimeter with a
testing area of 2.5x2.5 m. The extraction hood was operated at a nominal flow of
1000 L/s for all experiments and was fitted with instrumentation for Oxygen Con-
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sumption Calorimetry (OCC) measurements. Gas analysis was conducted using a
Servomex 4100 Series gas analyser with CO and CO, measurements using inline
spectroscopic analysis and O, measurements using paramagnetic cells. The intrin-
sic error of the analyser is reported as 0.2%, 0.1%, and 0.01% for O,, CO», and
CO respectively. Sample gases (N,O, NO, CHy4, and HCN) from the calorimetry
exhaust were analysed using Fourier-Transform Infrared Spectroscopy (FT-IR). A
heated sampling line transported exhaust gas from the extraction location to the
FT-IR. Analysis was conducted using a Gasmet DX4000 portable gas analyzer.
Sample mass was recorded over the duration of the experiment using a Mettler
Toledo Model PFK988-C300 load cell with a readout precision of 0.001 kg.
Smoothing filters for the MLR data were chosen to mitigate temporal and magni-
tude distortion effects as identified in previous studies [29, 38]; more detail on
smoothing filter selection can be found in the Appendix.

4. Resvlis

Figure 2 shows the HRR results for each of these 25 trials. In each case the fire
grew to a peak, and then decayed. The time at which the peak occurred varied
between 308 and 745 s. The highest recorded peak HRR was 320 kW, and the
lowest recorded peak HRR was 145 kW. Inspection of Fig. 2 reveals an envelope
of HRR data showing a general increase to a peak HRR followed by a decay.
Interpretation of these data requires understanding of the events associated with
the burning of the chair, and the impact that these events may have on fire devel-
opment. The following sections will systematically identify the events and physical
drivers of each experiment to better contextualize the observed scatter.

4.1. Comparison of Two Trials

The results from two individual trials will first be described in detail to illustrate
the key events and how these events affect the burning rate. While the following
only focuses on two particular trials, the events that have been highlighted are
based on an analysis of all trials conducted. The key events identified in this study
are presented in Table 2, and illustrated in Fig. 3.

Figure 3 illustrates each key event during two different trials. While the key
events are described in more detail within Tables 2 and 3, there are a few key
observations in the data that can be tangibly linked to the occurrence of these
events. The period between the burner being removed and the ignition of the
backrest is characterized by horizontal flame spread along the upper surface of the
cushion. Therefore the rate of growth in the HRR is relatively slow; however,
once the backrest has ignited, the upward flame spread over the surface of the
backrest leads to an increase in the HRR. The final growth to a peak HRR is ini-
tiated once flames are observed to break through the back surface of the chair
which 1) indicated that all of the foam within the backrest was becoming involved
in the fire and 2) allowed for a second surface for upwards flame spread. After the
main peak, there are subsequent local increases in the HRR associated with
mechanical failure of the chair backrest, and collapse of the OSB base. These
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Figure 2. The HRR data recorded across all 25 trials under the same
ignition conditions, presented to illustrate the variation between
trials.

Table 2
Key Events Identified Across each Experiment

Event

Description of event

1.

2.

Burner Removed

Backrest Ignition

. Flame Spread over the

Backrest

. Burn-through of the

Backrest

. Peak HRR

. Collapse of the Backrest

. Collapse of the Base

. Localised Flaming and

Smouldering

Ignition burner removed after 120 s. The flame then spreads horizontally
along the upper surface of the seat cushion

Once the fabric of the backrest ignites, flames spread up the backrest
leading to an increase in HRR

Flames spread upwards along the backrest surface and display an
increasing HRR. In most cases there was a distinct difference between
ignition, flame spread to the top of the backrest, and spread over the
entire backrest. All times identified in the table signify the point at which
flames covered the entire front surface of the backrest

Between the backrest igniting and the peak HRR, flames were observed
to have burned through the outermost cover of the backrest. At this
point, all of the PU foam in the backrest became involved in the fire and
there was rapid growth to the peak HRR

The peak HRR was achieved once all remaining PU foam and synthetic
material became involved

Shortly after the peak, the HRR rapidly decreased as the synthetic com-
bustibles were consumed leaving only the OSB frame of the chair remain-
ing. The OSB frame supporting the chair ultimately chars and weakens
to a point at which the backrest frame collapses. The collapse resulted in
an instantaneous increase in the HRR as virgin OSB material was
exposed and ignited

In many trials, the OSB frame base of the chair remained intact after the
backrest had detached from the remaining frame. Therefore the base
itself collapsed at a later time leading to an additional instantaneous
increase in HRR

After the frame collapses, the chair remains no longer displaying any
resemblance to the original chair and show localised flaming and smoul-
dering
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Figure 3. Outline of key events in time over the duration of the
experiments conducted.

events expose fresh material (i.e., uncharred) which was then able to burn. After
each collapse, the remaining material experienced only localized flaming and
showed signs of smouldering. This analysis shows that Trial 2 cannot be simply
seen as an “outlier” of the data set; instead, each event described in Table 2 can
be linked to a direct influence on the observed HRR. While each event may occur
at different times between trials, the subsequent effects on the HRR are consistent
as seen when comparing Trial 1 and Trial 2 in Fig. 3.

Without knowledge of the events described in Table 2, the behaviours observed
in the HRR data could not be explained. However, identifying these key events
and tying them to the subsequent increase or decrease in HRR provide insight
into the physical processes that governed the burning behaviour of the tested item.
These stochastic events are likely unique to the upholstered chair used in this
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A Comparison of the Times and HRR Values at each Key Event
Between the Two Trials Described in Fig. 3

1. Burner 2. Backrest 3. Flame spread 4. Burn through

removed ignition over the backrest of the backrest
Time HRR Time HRR Time HRR Time HRR
(s) (kW) (s) (kW) (s) (kW) (s) (kW)
Trial 1 120 27.7 165 44.0 252 115.2 340 109.5
Trial 2 120 5.5 266 23.3 500 124.5 665 143.1

6. Collapse of 7. Collapse
5. Peak HRR the backrest of the base 8. Smouldering

Time HRR Time HRR Time HRR Time HRR

(s) (kW) (s) (kW) (s) (kW) (s) (kW)
Trial 1 386 206.5 659 81.0 1004 42.5 > 1200 51 to 21
Trial 2 745 216.9 838 97.7 900 85.4 > 1200 52 to 35

study. Other assemblies and products will express different observable events that
influence the burning rate. However, these events illustrate the need for the time
resolved burning rate of complex fuel items to be carefully tied to observed events
to better interpret the recorded data. As noted above, every event identified was
observed in every trial; while the observed HRR trends between trials may vary,
the physical drivers for the resulting HRR were consistent across each trial.

4.1.1. Burning Regimes The key events identified above are important for inter-
pretation of the burning rate data. Further insight into the generation of gaseous
emissions can be gained by considering the burning regimes identified previously
(i.e., pyrolysis, flaming, smouldering). These regimes of burning can be seen in
Fig. 4, showing the MLR and CO results from an individual trial. Each burning
regime can be characterised as follows:

® Pyrolysis regime: Indicated by a significant release of pyrolysis gas, but rela-
tively little flaming. This was reflected by the increasing mass loss rate, and
increasing concentrations of CO within the exhaust gases.

® Flaming regime: Indicated by a decrease in the measured concentrations of CO
due to the oxidation of CO to CO,.

® Smouldering regime: Indicated by the decline in the burning rate, but a contin-
ued increase in CO yield.
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Figure 4. The global burning regimes for an experiment. (1) high
rates of pyrolysis with minimal flaming, (2) flaming combustion, and
(3) localized flaming and smouldering combustion.

How the eight key events fit within and precipitate these regimes is of interest in
characterizing the burning behaviour of this fuel package. Events 1 to 3 are typi-
cally found in the pyrolysis regime, with the process of flame spread up the back-
rest as a transition to the flaming regime. Similarly, the backrest collapse marks
the transition to the smouldering regime with events 6 to 8§ mainly occurring dur-
ing this latter period. The following sections will present the results across all tri-
als using the events and global regimes to characterize the burning behaviour.

4.2. Results Across All Trials

The combined mass loss rate (MLR) and heat release rate (HRR) result of each
individual trial are presented in Fig. 5 as a median, interquartile range, and total
range. Given the relationship between HRR and MLR, they exhibit similar trends
in time. Of particular note from these plots is that the widest scatter is observed
during the flaming regime (approximately 200 s to 600 s); this period is associated
with the maximum of visually observed flaming, and the occurrence of the peak
HRR. It is also notable that the interquartile range reduces during the smoulder-
ing regime.

Although presenting the data in this way can be useful for visualising the scat-
ter, the presented median value for HRR obscures the transient influence of the
key events. For example, when considering only the median in time, the rapid
growth rate associated with the burn-through of the backrest is smeared across
the 25 different trials. The median time series therefore gives a peak HRR of only
160 kW, compared to a mean peak of 215 kW across all trials. As such the med-
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Figure 5. HRR and MLR data for each of the 25 trials conducted.

Figures show the total ranges, interquartile ranges, and medians for
each data set.

ian of the time series does not accurately portray key characteristics of any indi-
vidual trial. The median of the time series data is not, therefore, a useful metric
by which to represent the burning behaviour of the upholstered chair used in this
study.

5. Analysis

The results from all 25 trials indicate that linking recorded data to key events is
vital in characterizing the relevant physical drivers of the burning process. The
following section will explore the results in more detail and present further analy-
ses of both the events and recorded data.

5.1. Emission Yields and AH .y

As described previously, the yield for any given species can be calculated taking
the mass generation of that species, m; divided by the time resolved MLR. Fig-
ure 6 presents the CO, and CO yield, for each trial. The effective heat of combus-
tion (AH..sr) is also determined using the MLR time series — in this case, the
numerator being the HRR.

Data for the CO, yield and AH ./ show growth in the early phase of each trial
and a transition to relatively steady behaviour throughout most of the remaining
duration. The transition to a steady CO, yield and AH. s is due to the similar
trends in the HRR, MLR, and CO, data. During the period of steady flaming (i.
e., approximately 350 s to 1500 s) the CO, yield and AH ..+ was approximately
1.52 g/g £ 0.50 g/g and 14.20 kJ/g + 4.55 kJ/g where the £+ range is determined
from the interquartile range. These values are comparable to those found in litera-
ture for PU foam and wood [33].

The CO yield, however, follows a characteristically different behaviour. The
observed transience can be directly linked to the three burning regimes identified
in Sect. 4.1. The initial increase in CO yield is associated with the initial period of
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Figure 6. Time resolved €O, yield, CO yield, and AH, .4 presented
both as individual time series.

high rates of pyrolysis without significant flaming. This period is followed by a
decline in CO yield as more of the gaseous species are oxidized in the flame (i.e.
the flaming regime). The CO yield then increases as the remaining debris smoul-
ders. The anticipated CO yield of PU foams based on standardized test methods
range from 0.01 g/g to 0.05 g/g (depending on the composition of the foam) [33];
the results from the upholstered chairs in this study, however, highlight the tran-
sience in CO yield over the duration of the experiment. The use of the CO yields
presented in literature (e.g., 0.01 g/g to 0.05 g/g) would result in a significant
under-prediction in the CO generation of these experiments. Therefore, a constant
CO yield value cannot accurately characterize the CO generation observed in
these experiments.

Figure 7 shows the yields for methane (CH,4) and the nitrogen containing spe-
cies likely to be present in the generated emissions; nitrogen monoxide, nitrogen
dioxide and hydrogen cyanide (NO, NO, and HCN). No single specie presented
in Fig. 7 displays a steady yield. Each yield was found to be transient and the
trends shown by the yields reported in Fig. 7 largely mirror the transition between
global burning regimes as discussed in Sect. 4.1.

Each of the four species presented Fig. 7 show an initial peak during the pyrol-
ysis stage, followed by a decline during flaming, mirroring the trends previously
seen for CO. In the case of NO,, CHy, and HCN, the yields approach zero during
flaming. The decrease of each yield during flaming is driven by the oxidisation of
each species by the flame (as discussed previously with CO). The NO yields con-
sistently displays a non-zero value in the yield data during the flaming regime.
This is due to the high temperatures required to further oxidize NO [39, 40],
resulting in large quantities of NO escaping the flame sheet.

HCN is a commonly tracked species due to the hazard it poses to building
occupants [41, 42]. Some individual trials displayed instantaneous HCN yields as
high as 0.02 g/g during the pyrolysis regime. However on average, the initial HCN
yield obtained during the pyrolysis presented align with the HCN yields obtained
from small scale studies on the combustion of foams (~0.006 g/g to 0.007 g/g)
[43]. HCN was detected during the pyrolysis stage of the experiments and again,
to a lesser degree, during the smouldering regime; HCN was not seen in large
quantities during flaming.
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Figure 7. Time resolved yields for NO, NO,, CH;, and HCN for each
trial.

As the experiments transition from flaming to smouldering, both the NO and
CHy, yields were found to increase. CHy has been used in previous studies as a
surrogate for inefficient pyrolysis or the presence of smouldering in biomass
[44, 45]; as such the increase in CHy yield is expected both in the pyrolysis regime
and as the experiments transition to the smouldering regime.

5.2. Key Events

As previously described, key events throughout the each trial were found to drive
trends in the recorded data. The time of these events was recorded for each trial
(Fig. 8). These results show that, as the fire progresses, the time history of the
burning behaviour is increasingly influenced by past events. On average, the range
of observed times increases with each subsequent event (i.e. a delay to the back-
rest burn-through, will also delay the collapse of the base). Figure 8 also illus-
trates the distribution of the HRR at the moment of each event. This allows the
median HRR at each event to be identified.
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Figure 8. Time of each event, and corresponding HRR at each event.

5.3. Normalized Heat Release Rate

Analysis of the HRR data showed that the median value in time obscured chan-
ges associated with stochastic events (see Fig. 5). No single trial is expected to
burn in a manner reflected by the median in time. The median presented in this
way, therefore, becomes meaningless in describing the transient behaviours that
occur during the burning of a complex fuel package.

To generate a more physically relevant understanding of the burning behaviour,
the idea of “normalizing” the heat release rate is introduced. The normalization
process used here incorporates the time at which specific events occur, thereby
aligning each dataset to align with key events instead of time. This process gener-
ates a “fictional” data series that is useful in identifying the causal relationship
between key events and fire behaviour.

To create these “event resolved HRR curves”, the time of each event is used to
separate each dataset into sections. These separated curves were then normalised
with respect to the time elapsed between each event. This produces a set of HRR
curves where the events occur in synchrony along the x-axis (Fig. 9). In this plot,
the median curve is much more representative of each individual HRR curve
observed in this study than the time resolved median (as seen in Fig. 5). The
interquartile range is also significantly reduced compared to the data presented in
Fig. 5. Within the interval between removal of the burner and backrest collapse,
the interquartile range reduced from an average of 66 kW (Fig. 5) to approxi-
mately 34 kW (Fig. 9)—a reduction of nearly 50%. While presenting the data in
this way significantly reduces the variability in the HRR data, the data is no
longer presented as a time series and therefore loses direct applicability in many
fire engineering analyses. A user could, however, use the time distributions of each
key event to probabilistically determine HRR curves to be used in analysis
(notwithstanding potential issues with conservation of mass and energy). It should
be noted that only a select number of events from Table 2 are used in Fig. 9; this
was done to highlight some of the key mechanisms controlling the fire behaviour,
however this process could be done with more or less key events so long as the
relevant physical drivers are identified.
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Figure 9. Normalized heat release rate based on key events. Each
period of time between key events is dictated by different physical
phenomena. Median times for each event are also presented with +
values approximate the range in event time seen previously in Fig. 8.
It should be noted that each distribution of times is non-uniform (i.e.,
non-Gaussian); the use of a uniform range is an approximation for
visuvalization purposes.

The core value of this normalization exercise lies in the ability to collapse data
based on physical events; behaviour that would otherwise be seen as random vari-
ation can be attributed explicitly to key physical processes. Presented as a normal-
ized curve, the periods of HRR between key events can be linked to the
phenomena driving the burning rate. Between the start of the experiment and the
ignition of the backrest, the growth in HRR is controlled by the process of hori-
zontal flame spread along the seat cushion. After the backrest ignited, fire growth
is then controlled primarily by upward flame spread along the backrest. Beyond
the peak HRR, the burning rate is controlled by the rate of burning into the
depth of the chair assembly instead of flame spread. Eventually the foam then
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begins to burn out and the remaining HRR behaviour is dictated by the mechani-
cal collapse (resulting in a local maximum in HRR) and smouldering of the OSB
frame. The exact onset of smouldering can prove difficult to define on this scale,
therefore the transition of > 1200 s indicated in Fig. 9 represents an approximate
transition to primarily smouldering observed across all trials.

Characterizing the HRR using the key mechanism of growth/decay (e.g., hori-
zontal spread, upward spread) provides context to generalizing the HRR results of
any fire test. For the results seen in Fig. 9, the growth from the start of the exper-
iment to the peak HRR is dictated by two distinct regimes of flame spread. These
two forms of flame spread display characteristically different rates of spread
[46, 47], and therefore two characteristically different effects on the HRR growth.
To describe these two stages using the same mathematical model would ignore the
transition between the two processes; the HRR would be more accurately descri-
bed by separating these distinct regimes. Identifying these mechanisms of growth
(e.g., horizontal vs upward spread) is critical in meaningfully generalizing the
HRR of any complex fuel package such as vehicle fires or compartment fires (e.g.,

[48]).

6. Discussion

These results highlight the range of variability in time resolved data even under a
well-constrained fire testing scenario. The normalized burning rate data presented
in Fig. 9 shows that insight can be gained by identifying key events and physical
process that dictate the time resolved burning rate. While this normalized curve
presents an interesting theoretical discussion (i.e., illustrates the cause and effect of
physical occurrences), the reality is that data must often be practically applied as
a time series.

Therefore if an engineer wishes to use experimentally determined HRR data as
an input to further analysis (e.g., CFD modelling), then a decision must be made
regarding the best way to characterize the observed variation. The use of a mean
or median value across multiple trials in time has been shown to create an unreal-
istic picture of the transient burning rate — and under-predict the peak behaviour
and growth rates (Fig. 5). A user could alternatively envelope the entire curve
with the maximum time between each event; this would likely be conservative (i.e.,
more energy would be released), but would result in an approximation which also
no longer resembled the reality of the item burned. Alternatively, one could use
time and HRR data seen in Fig. 8 input distributions for probabilistic analysis or
as bounds for structural design optimization (e.g., [49—51]). The development of
large data sets for other fire safety experiments (e.g., compartment fires, ceiling
jets, heat fluxes from fires) would therefore better capture the relevant bounds of
certainty for such optimization techniques.

Species emissions and yields are often presented in experimental studies and
used in engineering applications (e.g., CO yields, soot yicelds). As mentioned previ-
ously, yields for a variety of species are often presented as a constant (e.g., a CO
yield of 0.024 g/g for PMMA [33]). While yield results for CO, and AH . in this
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study display a relatively constant behaviour over much of the experiment, each
showed a transient behaviour early on in the experiment during the pyrolysis
phase. Even when considering the periods over which these yields show a constant
behaviour, there remains a large degree of scatter around the mean. Neither the
early transience nor large degree of scatter are captured by the use of an average,
constant yield.

Other species yields (CO, NO, NO,, CH,4, and HCN) exhibited more variable
behaviour. The CO yield displayed a highly transient behaviour with a high yield
during pyrolysis and smouldering and a decrease in yield during flaming. The CO
yield began to rise even while flaming was still occurring over large areas of the
chair (i.e., while the HRR remained relatively high); this indicates that the transi-
tion between the flaming and smouldering regime is gradual and cannot be
defined by a single instant in time. To use a constant CO yield within a model
would not reflect the behaviour observed in these experiments. It is therefore sug-
gested that when applying yields in practical scenarios the use consider the differ-
ent regimes that may occur in the scenario being simulated (i.e., pyrolysis,
flaming, smouldering) to avoid an underestimation of species such as CO.

7. Conclusions

A total of 25 repeat trials were conducted using a commercially available uphol-
stered chair to compare the variation in burning rate and gaseous emissions. Data
presented as a time series across the 25 trials illustrated a substantial degree of
scatter. Nevertheless, there was a high degree of commonality between the trials in
terms of the key physical events and the regimes of burning. In summary, it was
found that:

1. Conventional averaging (i.e., median in time) techniques masked the common-
ality between the trials. Close examination revealed notable similarity in terms
of the progression of each fire, but this insight is lost if relying only on a med-
ian value in time. Careful consideration is required when characterizing average
behaviour for complex fuel packages.

2. The time resolved burning behaviour of upholstered furniture is tied to physi-
cal drivers and that these events were common to all the experiments.

3. Three regimes of burning were observed—pyrolysis, flaming, and smouldering.
Emissions data can be used to characterize these regimes.

4. The generation of gaseous species is often modelled using a constant yield; spe-
cies yields are not constant over the duration of each trial and are strongly
linked to the identified burning regimes.

Findings from this work are inherently limited to both the upholstered chair
and the ignition method used. Changes in the experimental procedure will result
in different burning behaviour; the influence of such changes on the fuel package
studied here will be the subject of future publications. However, the general obser-
vations regarding the observed burning regimes and the process of linking physi-
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cal events to burning behaviour are applicable beyond the conditions studied here.
The burning of complex fuel systems such as upholstered furniture will inevitably
display stochastic variation as complexity and scale increases. When studying such
systems, it is useful to consider key physical events and the influence of these
events on the burning behaviour. The number of trials performed in this study has
allowed this link to be made and analysed. It is recommended that those who may
apply such data as an input to engineering applications also consider the intrinsic
variability in such data to fully understand the range of possible error in subse-
quent analysis. The results presented in this work can be used to provide context
to the range of variation possible for researchers developing experimental pro-
grams or practitioners using such data in engineering applications.
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Appendix: Selection of MLR Smoothing Filters

Previous studies have shown that the method used to process MLR data, namely
the smoothing technique used, can significantly skew the smoothed MLR data.
High degrees of smoothing have been shown to result in significant reductions in
localized peak values and can result in temporal shifts [29, 38]. In order to miti-
gate these effects in this study, the following analysis was conducted in the selec-
tion of a smoothing filter. Further information of the filters used in this section
can be found elsewhere [29, 38, 52-54].

Morrisset et al. present a method based on the conservation of mass to deter-
mine the most appropriate representation of the MLR based on the recorded
mass time history [29]. The approach is described in Eq. 1 and Fig. 10. The prin-
ciple of this method being based comparing the difference in recorded mass
between ¢, and t,, Am = m, —m,, to the integrated MLR over the same time

interval, [/mdt. A smoothing filter can then be chosen by comparing Am to
S Znhdt over the duration of the experiment (i.e., finding a filter with minimal vari-
ation from the actual observed mass loss).

n ty
m, —m, = Am ~ lim H%At:/ mdt (1)
At—0 pa t

Am — [7'mdt
[=———* 2
A ()

All raw MLR data in this study was differentiated using a forward difference then
smoothed with a filter. As seen in previous studies, high smoothing windows result
in the truncation of localized peaks in the MLR data. While low filter windows,
display noise on the scale of the raw MLR data and therefore does not provide a
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Figure 10. A graphical representation of the integral goodness-of-fit
method, where the integrated MLR data between f, and f, should be
approximately equal to m, — m,,.
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Figure 11. The chosen smoothing filter used in this study for MLR
data (a Saviztky-Golay filter with a frame width of 25 and a 3rd
order polynomial) presented alongside the raw MLR data taken from
the time derivative of the recorded mass.

2 T T

Measured Mass
= — = -Integrated from MLR

Mass Loss (kg)

I I
0 500 1000 1500 2000 2500

Time (s)

Figure 12. Both the experimentally measured mass loss curve from
the experiment and the reconstructed mass loss from the integration
of the MLR as seen in Eq. 1 and Fig. 10.
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continuous representation of the MLR. The filter can be selected based on the
integration technique seen in Fig. 10.

The selected filter for this study (Savitzky—Golay with a frame width of 25 and
a third order polynomial) can be seen along with the raw MLR data in Fig. 11.
This smoothing filter to optomize maintiang a I'<1% while providing enough
smoothing to produce species yields that displayed meaningful trends without fur-
ther smoothing. The degree to which the smoothed curve represents the true mass
loss behaviour is further captured in Fig. 12 which compares the experimentally
measured mass loss and a reconstructed mass loss from the integrated smoothed
MLR.
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