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Abstract

In our previous work, the fire performance of seven upholstery materials combinations -
including six barrier fabrics, one cover fabric and one flexible polyurethane foam - was
assessed by (1) full-scale chair mock-up tests and (2) a newly developed bench-scale test,
referred to as the “Cube test”.

Herein, we investigate the correlation between the fire performance observed in the Cube tests
and in the full-scale chair mock-ups. Two performance parameters are considered for the Cube
test: (1) time to wetting, tw (i.e., time elapsed between test start and the time at which flammable
liquid products become first visible on the bottom surface of the Cube test specimen), and (2)
heat release rate at wetting, HRRw (i.e., value of heat release rate measured at t = ty). Three
performance parameters are used for full scale chair mock-ups: (1) peak of heat release rate,
PHRR, (2) time to peak heat release rate, trrrr, and (3) average heat release rate measured
between test start and the so-called “bottom ignition”, AHRRgi, where bottom ignition is
defined as the appearance of prolonged and localized flaming underneath the chair mock-up.

Data analysis revels that there is a strong linear correlation (coefficient of determination
R2> 0.9) between tprrr and tw, PHRR and ty and AHRRg and HRRw.
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1. Introduction

1.1. Background

Fires involving residential upholstered furniture (RUF) persist as the leading cause of civilian
home fire deaths in the United States. RUF fires caused an estimated annual average of 570
deaths (22 %), as well as 900 civilian injuries (8 %)”, and $357 million (5 %)" in direct
property damage for the period between 2013 and 2017; RUF fires are not very frequent
(7100/year) but are about fourteen times (14 x) more likely to result in fire deaths than home
fires where RUF is not a dominant contributor [1]. As a comparison, cooking equipment (the
second largest cause of home fire deaths) account for an estimated annual average of 172900
fires and 560 deaths (21 %)" [2].

There are two alternative ways to decrease RUF fire risk: (1) by fire prevention, i.e., by
increasing the resistance to flaming and smoldering ignition, or; (2) by fire mitigation, i.e., by
reducing fire growth and decreasing the likelihood of an undesirable consequence, such as
flashover [3].

To enhance ignition resistance in presence of smoldering ignition sources, tests like
Upholstered Furniture Action Council (UFAC) methodology, ASTM E1353, National Fire
Protection Association (NFPA) 260 and California Technical Bulletin 117 2013 (TB 117-
2013) [4-7], have been adopted. TB 117-2013 has been adopted as a federal regulation in 2021
[8]. Compliance with TB 117-2013 can be met without using chemical fire retardants (FRs)

[9].

To enhance fire prevention and fire mitigation in the presence of flaming ignition, fire retardant
chemicals (FRs) have been used in the past, however, severe restrictions on the use of FRs in
RUF have been recently introduced or are under consideration in the USA. At the Federal level,
the Consumer Product Safety Commission recommended refraining from intentionally adding
hazardous additives such as nonpolymeric organo-halogen fire retardants and has an ongoing
project to evaluate additive organo-halogenated flame retardants [10, 11]. At the state level,
stricter restrictions for RUF applications have been enacted. For example, in 2017 the state of
Maine (LD 182) banned any chemical compound for which "fire retardant” appears on the
material safety data sheet [12]; in 2018 California passed a law (AB2998) that banned
halogenated, organo-phosphorous, organo-nitrogen chemicals and nanofillers [13]. Among all
state regulations, AB2998 is expected to have the most significant impact on RUF due to the
size of the California market.

More generally, driven by restrictions and concerns on the use of FRs, fire safety researchers
have been looking for alternative approaches to improve fire safety [14, 15]. In this regard, fire
barriers, i.e., protective layers designed to separate the flame from a combustible substrate to
limit its flame involvement, offer a potential solution. In the context of RUF, fire barriers
(referred to as “barriers” in the remainder of this work) are usually fabrics placed between the
padding materials, like flexible polyurethane foam (FPUF) or polyester fiber fill, and the cover
fabric. Barriers have been shown to mitigate the RUF fire hazard by reducing the fire growth
and limiting the fire size [16-26].

*Percentage of the home fire loss due to RUF fires.



Based on their mechanisms of action, barriers can be classified as “passive” barriers and
“active” barriers. Passive barriers operate by physical mechanisms of action including
heat/mass transfer reduction, endothermic decomposition and dilution effects associated to the
release of non-flammable gases (e.g., water vapor) during the decomposition of the barrier [27,
28]. Active barriers operate by both physical and chemical mechanisms. Chemical mechanisms
include flame quenching in the gas phase and charring in condensed phase. Passive barriers
adopt intrinsically fire resistant fibers (e.g., glass, carbon, polysilicic acid/rayon fibers); active
barriers use combinations of fibers and/or coatings with gas-phase-active flame retardants for
flame inhibition [29]. Because active barriers might be subject to restrictions in RUF
depending on the type of fire retardant they adopt, research at the National Institute of
Standards and Technology (NIST) is mainly focused on passive barriers.

The performance validation of products incorporating barriers and the
development/optimization of barrier solutions heavily relies on expensive and time-consuming
full-scale tests due to the lack of reduced-scale tests that can provide a robust prediction of
full-scale performance. Besides scaling issues [30], there is a fundamental issue with existing
reduced scale-tests. To date, reduced-scale test methodologies have been developed to measure
barrier’s effect on heat transfer or flame penetration, but neglect (or do not realistically capture)
barrier’s effects on mass transfer of gaseous products (GPs) and liquid products (LPs),
generated either by melting or pyrolysis of the specimen, that are key factors in the
performance of passive barriers [31-35]. Measurements based on cone calorimetry (such as the
methodology developed by the European Combustion Behavior of Upholstered Furniture,
CBUF, or equivalent ASTM E1474-14) have been used as a reduced-scale test with some
predictive ability of RUF flaming behavior [36]. However, the ability of the CBUF-based tests
to predict the performance of a barrier in full-scale products is affected by edge effects
(associated to leak of pyrolyzates, flame spread and heat transfer), and lack of information
about the mass transfer of LPs through the barrier. This is a major limitation because mass
transfer controls bottom ignition and pool fire formation [27].

In a burning item in which the main fuel load (e.g., padding material in RUF) is fully enclosed
by a barrier, reduced mass transport of GPs and LPs through the barrier can decrease the heat
release rate of the item compared to the case without barrier [27]. In this scenario, the pressure
inside the barrier is expected to rapidly increase until the flow rate of GPs through the barrier
equals its generation rate due to pyrolysis, or the barrier fails due to pressure build-up. Within
a pressurized barrier enclosure, the GPs are redirected towards a path of least resistance (e.g.,
through a leak in a barrier seam). Concurrently, LPs are retained and accumulate inside the
barrier until the liquid phase percolates through the bottom of the enclosure or the barrier splits
open (due to a combination of stress induced by LPs accumulation, pressure build-up, and
thermal degradation). At this stage, LPs are released under the burning item and can be ignited
(LPs are now outside the barrier enclosure and potentially exposed to flames and radiation
produced by the burning item) to produce a flaming liquid. Prolonged dripping and consequent
accumulation of flaming liquid under the item can lead to the generation of a pool fire and an
increase in heat release rate [37-40]. In this scenario, the barrier can delay or prevent pool fire
formation and dramatically decrease the fire growth by suppressing LPs mass transfer.
Therefore, it is of paramount importance to evaluate the ability of a barrier to suppress LPs
generation and mass transfer; new tools are needed to treat complex, multi-component, multi-
layer specimens in a realistic and reliable manner.



Recently, a bench-scale fire test methodology based on the cone-calorimeter has been designed
to characterize the aforementioned mass and heat transfer phenomena in multi-component
products containing a flammable material (core) and superficial layers that may act as barriers;
a detailed description of the methodology, hereafter referred to as the "Cube Test", has been
previously reported [27]. Briefly, specimens were assembled in a custom holder and placed
beneath the conical heater of the cone calorimeter; a cube shaped specimen of flexible
polyurethane foam with a nominal side length of 108 mm?® was used as the specimen core,
barriers/cover fabrics covered the top and base of the foam, whereas the lateral surface of the
foam was insulated and sealed to minimize heat/mass transfer. The Cube test was designed to
assess the propensity of a material or an ensemble of materials to produce a pool fire by
measuring the so-called “time to wetting”, i.e., the time at which LPs appear at the bottom of
the Cube test specimen.

The performance of six upholstery materials combinations (including six passive barriers, one
cover fabric and one flexible polyurethane foam) was assessed by the Cube test and by full-
scale chair mock-up tests [27]. In the full scale test, polyurethane foam and polyester fiber fill
were used as the padding materials for the chair mock-ups, and each chair component was fully
wrapped with the barrier of choice and a polypropylene cover fabric [25]. The ignition source
was an 18 kW square propane burner, impinging on the top surface of the seat cushion for 80 s
[41]. Sustained and localized flaming on the bottom of the seat cushion in areas where the
cover fabric was already consumed (hereafter referred to as “bottom ignition”) played a key
role on the fire growth of chair mock-ups. The heat release rate remained at a relatively low
plateau level until bottom ignition, then flaming liquid products dripped and quickly formed a
pool fire under the chair and the peak heat release rate occurred shortly thereafter (about 2 min
on average). Bottom ignition was attributed to the ignition and burning of a liquid product
generated by FPUF pyrolysis (regenerated polyols) [42], which percolated through the barrier
at the bottom of the seat cushion while the fire barrier was apparently intact. Bottom ignition
is extremely important in RUF because regenerated polyols account for about 70 % of the
FPUF heat released [43]. Ultimately, bottom ignition was identified as the mechanism
triggering the barrier failure and causing a rapid increase in heat release rate after an initial low
plateau in heat release rate.

Results showed that, depending on the barrier, a reduction between about 22 % and 64 % in
peak heat release rate and a delay in time to peak heat release rate between 8 min and 19 min
was observed compared to the control chair mock-ups without barrier. It is expected that fire
responders would likely be able to intervene before flashover and prevent flashover occurrence
with a proper barrier selection [25]; hence, the selection of a proper barrier is critical to the fire
performance of RUF and the reduction in RUF fire deaths.

1.2.  Scope and Objectives

The selection of barriers currently relies on labor intensive and time consuming full-scale tests.
The Cube test might prove to be a useful bench-scale tool for assessing the performance of
barriers. Herein, we investigate the possible correlations between the fire performance
measured in the Cube test and the fire performance measured in full-scale chair mock-up tests
for upholstery materials combinations including the same cover fabrics, padding materials and
barriers.



2. Experimental

2.1.  Materials

Unless otherwise indicated, all materials were used as-received. Materials were detailed in
previous publications [25, 27]. Briefly, the flexible polyurethane foam (FPUF) was compliant
with requirements for the standard foam specified in California TB-117 2013 [4]. One
polypropylene cover fabric (C0) and six commercial barriers (B1 to B6) were used. B1 was a
bi-layer nonwoven fabric using polyester fibers as binder where the outer layer (in contact with
the cover fabric) was made of regenerated cellulose/polysilicic acid fibers, and the inner layer
(in contact with the padding material) was made of cotton fibers; B2 was a woven (plain weave)
fabric made of E-glass fibers without sizing, developed for fiber-reinforced composites; B3
was a nonwoven fabric made of oxidized polyacrylonitrile fibers and using regenerated
cellulose (5 % by mass) as binder; B4 was identical to B2 but had a lower areal density; B5
was a woven fabric with a core spun yarn where para-aramid fibers were twisted around a
fiberglass core, and; B6 was a bilayer fabric with an outer layer made of a needle - punched
hybrid yarn (regenerated cellulose/polysilicic acid), and an inner layer of woven glass.



3. Test Setup and Procedure

3.1. Cube test

The original cone calorimeter apparatus, which was developed at NIST, was used in all tests
except for the specimen holder [44]. A detailed description of the specimen holder, specimen
preparation and experimental procedure was previously reported [27]. Briefly, specimens were
assembled in a custom holder and placed beneath the conical heater of the cone calorimeter
(supported in the horizontal configuration) with a spark igniter near their top surface (see
Figure 1). A cube shaped specimen of flexible polyurethane foam with a nominal side length
of 108 mm was used as the specimen core. The top of the foam was covered by a barrier and a
cover fabric, the bottom of the foam was covered by a barrier, whereas the lateral surfaces of
the foam were insulated by ceramic panels and sealed by a metal liner to minimize heat/mass
transfer.

A load cell measured the mass of the specimen and the specimen holder, including the catch
pan and its contents. Three video cameras were used to record top, bottom and side views of
all tests (see Figure 1). Tests were run in triplicates for each of the seven RUF material
combinations. Specimens CO were control specimens (including the foam, a cover fabric on
the top face of the foam and no barrier); specimens B1 to B6 included the foam, one barrier
(selected among B1 to B6) on the top and bottom face of the foam, and the cover fabric (on
the top face of the foam only). Data spreadsheets and videos of the test are available for
download [45].
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Figure 1. Pictures showing the setup used in the Cube test: A, wide view; B, top view, and,;
C, bottom view. A detailed description of Cube test components is reported elsewhere [27].



3.2.  Full-scale chair mock-ups

A detailed description of the chair mock-up preparation and test procedure was previously
reported [25]. Briefly, the chair mock-ups were composed of four cushions: a seat cushion, a
back cushion, and two armrest cushions. The nominal dimensions of the cushions were: 1000
mm x 1000 mm x 149 mm for seat and back cushions and 1010 mm x 359 mm x 10 mm for
armrests (knife edge cushion). The padding materials were: polyester fiber fill (nominal mass
of 4 kg) for the back cushion, FPUF (nominal mass of 5.2 kg) for the seat cushion, and FPUF
(nominal mass of 0.3 kg per cushion) combined with a plywood sheet (950 mm x 300 mm x
5 mm positioned on the outside of the arm) for the armrest cushions.

The control chair mock-ups (chair CO) included only the cover fabric CO, whereas all other
chairs (chair B1 to B6) added a barrier (B1 to B6) as an interliner between the cover fabric and
the padding materials. Metal staples were used to close the barrier seams to prevent seam
failure.

The padding material encased within the barrier was inserted inside the cover-fabric cushions
through an open zipper. Shear between the barrier and the cover fabric was strong enough to
cause tearing of barrier B3. Any obvious torn areas of barrier B3 were patched by removing
the cover fabric and applying an extra layer of barrier, which was stapled over the original
barrier layer. The padding material encased within the patched barrier was then reinserted
again into the cover-fabric with extra care. However, the possible presence of residual tears
could not be excluded.

Tests were conducted at NIST’s National Fire Research Laboratory under a 6.1 m by 6.1 m
exhaust hood. Three video cameras were positioned to provide a visual record of the front,
rear, and bottom of the chair mock-ups during the experiments (see Figure 2).

An 18 kW propane burner was used as ignition source [46]. The burner was ignited with a
handheld butane torch (this time was selected as t = 0 s), and the burner was turned off 80 s
following its ignition and promptly removed. Tests were run until complete combustion of the
chair mock-ups was observed, or no additional burning was evident.



Figure 2. Pictures showing the setup used in the full-scale chair mock-ups: A, front view; B,
bottom view, and; C, rear view.



4. Uncertainties and data fitting

All reported measurements uncertainties are Type A uncertainties [47]. Uncertainties for all
data are reported as one standard deviation of the mean (omean), calculated as:

Omean = O-/‘/E

where:

o is the standard deviation calculated over n independent observations. Unless otherwise
stated, n = 3.

Least squares linear fits and the Pearson’s correlation coefficient (R%) between the data and the
fit were calculated using Origin Pro software (OriginLab Corporation, USA). The linear fits
and a 95 % confidence band for the fit were calculated accounting for data uncertainties using
the method described by York and assuming no correlation between x and y error [48].



5. Results and Discussion

5.1.  Selected performance parameters for the Cube test
Two parameters were selected to characterize the fire performance in the Cube test:

e the time to wetting (tw), and;
e the heat release rate at wetting (HRRw)

ty is defined as the time at which flammable liquid products (LPs) were first observed on the
bottom of the specimen (see Figure 3). From a physical point of view, ty, indicates the time
required for (1) the FPUF pyrolysis front to reach the bottom of the foam [42, 43] and (2) LPs
to percolate through the barrier on the bottom of the specimen. HRRw is the heat release rate
measured at t = tw; at this stage, the heat release rate is mainly supported by the flaming
combustion of gaseous products (GPs) (such as by-products of toluene diisocyanate) [42] with
very little involvement of LPs.

For each material combination, Figure 4 shows representative heat release rate curves in the
Cube test and the so-called “wetting point”, which is defined as (tw, HRRw).

Barriers can increase ty, by delaying FPUF collapse (due to heat transfer reduction) and LPs
percolation (due to mass transfer reduction); barriers can also decrease HRRw by reducing the
FPUF pyrolysis rate (due to heat transfer reduction) and, to a certain extent, the release rate of
pyrolyzates into the flame (due to mass transfer reduction) [27].

Hence, the more effective the barrier the further right and down the wetting point is expected
to move compared to the control CO in the plot of Figure 4. This criterion provides a simple
and immediate way to compare the performance of barriers in the Cube test.

10
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Figure 3. Composite picture showing a multi-view of the specimen (i.e., wide view on the left,
top view on the top right and bottom view on the bottom right) and heat release rate overlay
for a specimen with barrier B2 at: A, time to wetting, tw, when liquid products were first
observed on the bottom surface of the specimen (see red circled area), and; B, about 10 s after
tw when extended wetting of the barrier due to the percolating liquid products is obvious. The
full video is available at the following link: https://www.nist.gov/video/polypropylene-cover-
fabric-and-flexible-polyurethane-foam-woven-barrier-fabric-made-glass-0
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Figure 4. Representative heat release rate curves measured in the Cube test for the specimens
with no barrier (C0) and the specimens containing barriers (B1 - B6). For each test, the wetting
point (tw, HRRw) is also shown.
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5.2.  Selected performance parameters for the full-scale chair mock-up tests

Three parameters were selected to characterize the fire performance of the full-scale chair
mock-up tests:

e the peak of heat release rate (PHRR).

e the time to peak of heat release rate (tpHrr).

e the average heat release rate measured between test start and bottom ignition
(AHRRg)

Bottom ignition is defined as the appearance of prolonged and localized flaming on the bottom
surface of the the chair mock-up. This phenomenon is illustrated in Figure 5 for a chair with
barrier B6. The full video with heat release overlay for the same chair type is available at the
following link:

https://www.nist.qov/el/fcd/fire-barriers-full-scale-chair-mock-ups/b6-1

The elapsed time between test start (i.e., ignition burner application) and the time at which
bottom ignition occurs is referred to as time to bottom ignition, tg;; similarly, the heat release
measured at bottom ignition is referred to as HRRg,. Figure 6 shows representative heat release
rate curves for a chair mock-up with no barrier (C0) and chair mock-ups containing barriers
(B1 - B6). For each test, the bottom ignition point (ts;, HRRg)) is also shown. Noticeably, in
presence of a barrier the heat release rate stabilizes at relatively low value until bottom ignition
occurs.

At bottom ignition, the barrier appeared still intact. After bottom ignition the heat release rate
increased abruptly reaching its peak value within a couple of minutes without any obvious sign
of physical failure of the barrier. This is a strong indication that barrier failures were triggered
by bottom ignition [25]. Bottom ignition led to an increase in incident heat flux over the bottom
of the cushion, which in turn led to an increase in barrier degradation and in the pyrolysis rate
of residual foam and liquid products; as a result, the percolation rate of liquid products
increased, and more fuel was available to feed flaming underneath the cushion and increase
the heat release rate.

The average heat release rate measured between test start and bottom ignition, AHRRg), as
compared to mock-ups without a barrier is a good indicator of the barrier performance before
bottom ignition. For a compartment containing only the burning chair during the period when
t < tgi, the lower AHRRg), the higher the likelihood of maintaining tenable conditions within
the compartment, and the lower the likelihood of observing flame spread to surrounding items
or to areas outside the compartment [26, 49]. Similarly, PHRR and trHrr are considered key
parameters affecting fire hazard [50].

The above considerations support the selection of AHRRg|, PHRR and terrr as performance
parameters for the full-scale chair mock-ups.

13
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Figure 5. Video frame grabs for a representative chair mock-up with barrier B6 illustrating:
A, “wetting” of the barrier due to the percolation of liquid products through the barrier (see
circled area); B, “bottom ignition” due to the ignition of liquid products percolating through
the barrier (see circled area).
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Figure 6. Representative heat release rate curves for a chair mock-ups with no barrier (C0)
and chair mock-ups containing barriers (B1 - B6). For each test, the bottom ignition point (tgI,

HRRg)) is also shown.

5.3.  Full-scale to Cube test correlation

For the selected upholstery material combinations (CO and B1 to B6), the values of the fire
performance parameters measured in the Cube tests and in the chair mock-up tests were
previously reported [25, 27]. For convenience, all data are summarized in Table 1.
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Table 1. Time to wetting (tw) and heat release at wetting (HRRw) measured in the Cube tests,
and; time to peak of heat release rate (trHrr), PHRR and average heat release rate measured
between test start and bottom ignition (AHRRsg) in the chair mock-up tests. The number of
independent observations n was equal to 3 for all data except for full-scale data relative to

chair B3 where n = 2. Shown uncertainties are equal to + cmean.

Bench-scale: Full-scale:
Cube Tests Chair Mock-up Tests
tw HRRw tPHRR PHRR AHRRg;
(min) (kW) (min) (kW) (kW)
Co 1.50 £ 0.03 2.80+0.06 33+0.1 2610 + 89 308 £ 20
Bl 3.92+£0.16 0.62 £0.02 22.2 £1.3 888 £ 91 118 +5
B2 2.56 £ 0.02 0.96 £ 0.02 115+1.0 2025 + 233 154 +12
B3 4.30 £ 0.06 0.48 £0.01 14103 1030 = 197 183 + 16
B4 2.39+£0.01 1.51 £ 0.05 10.9+0.2 1817 £ 128 178+ 6
B5 2.73+£0.04 0.90 £0.05 126 0.3 1648 £ 77 135+ 10
B6 3.70 £ 0.02 0.56 £0.03 22.7+2.0 991 + 184 108 +13

Scatter plots of trHrr VS. tw, PHRR vs. tw, and AHRRg vs. HRRw are shown in Figure 7, Figure
8 and Figure 9, respectively. For each plot, a mock-up performance parameter is plotted as a
function of a Cube test performance parameter in order to reveal possible relationships between
full-scale and bench-scale data. Measurement error bars represents the uncertainties defined
earlier, i.e., £ omean. Average data points B3, plotted in red, are considered as outliers in all
three plots. Noticeably, barrier B3 had the best performance in the Cube test (i.e., highest tw
and lowest HRRw) but its performance was negatively affected at full-scale by barrier tearing
during mock-up construction [25]. The remaining average data points shown in black (CO, B1,
B2, B4, B5 and B6) are used to calculate the linear fit (black line), confidence limits (dashed
blue and red lines) and R? for each plot. The lower and upper limits delimit 95 % confidence
bands.
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Figure 7. Scatter plot of trrrr VS. tw. Data point B3 is considered an outlier. The lower and
upper confidence limits delimit a 95 % confidence band. Linear fit, confidence limits and R?
are calculated using the method described by York and assuming no correlation between x and
y error [48]. Shown uncertainties are equal to = Gmean.
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Figure 8. Scatter plot of PHRR vs. tw. Data point B3 is considered an outlier. The lower and
upper confidence limits delimit a 95 % confidence band. Linear fit, confidence limits and R?
are calculated using the method described by York and assuming no correlation between x and
y error [48]. Shown uncertainties are equal to £ omean.
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Figure 9. Scatter plot of AHRRg; vs. HRRw. Data point B3 is considered an outlier. The lower
and upper confidence limits delimit a 95 % confidence band. Linear fit, confidence limits and
R? are calculated using the method described by York and assuming no correlation between x
and y error [48]. Shown uncertainties are equal to £ Gmean.

All three plots reveal strong linear correlation with R?>0.97 between the mock-up
performance parameter and the Cube test performance parameter. This finding is somewhat
surprising, in fact, full scale fire growth is always affected by flame spread, which the Cube
test is not designed to capture. However, when an effective barrier is adopted, flame spread
over the cover fabric can occur without significant involvement of the padding material, hence,
its effect on fire growth might be marginal (except for its ability to act as an ignition source
underneath the chair and trigger bottom ignition [25]).

The Cube test has been designed to mimic FPUF pyrolysis and liquid products percolation
through the barrier in a cross section of the seat cushion; these phenomena have been shown
to trigger bottom ignition and consequent rapid fire growth in the chair mock-ups after bottom
ignition.

Ultimately, the strong correlations between Cube test and chair mock-ups performance
parameters in this limited set of data support the fundamental hypothesis at the basis of the

Cube test design, i.e., fire growth in the chair mock-up is largely controlled by FPUF pyrolysis
and liquid products percolation through the barrier.
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6. Summary and Conclusions

The performance validation of products adopting barrier and the development/optimization of
barrier solutions heavily relies on expensive and time-consuming full-scale tests due to the
lack of reduced-scale tests that can provide a robust prediction of full-scale performance.
Besides scaling issues, existing reduced scale-tests do not realistically capture barrier’s effects
on mass transfer and heat transfer that are key factors in the performance of passive barriers.

NIST has recently developed a bench-scale fire test methodology based on the cone
calorimeter, referred to as the "Cube Test", to characterize mass and heat transfer phenomena
in multi-component products containing a flammable core and superficial layers that may act
as barriers. These mass/heat transfer phenomena have been shown to trigger bottom ignition
and consequent rapid fire growth in full-scale chair mock-ups.

As a case study, seven upholstery materials combinations — including six barrier fabrics, one
cover fabric and one flexible polyurethane foam — were tested by the newly developed Cube
test and full-scale chair mock-up tests in previous studies.

Herein, we discussed the correlation between the flaming performance observed in the Cube
tests and in the full-scale chair mock-ups. Two performance parameters were adopted for the
Cube test: (1) the time to wetting (i.e., time elapsed between test start and the time at which
flammable liquid products become first visible on the bottom surface of the Cube test
specimen), and (2) heat release at wetting. Three performance parameters were adopted for full
scale chair mock-ups: (1) peak of heat release rate, (2) time to peak of heat release rate and (3)
average heat release rate measured between test start and the so-called “bottom ignition”,
where bottom ignition is defined as the appearance of prolonged and localized flaming
underneath the chair mock-up.

Data analysis results showed that:

e Barrier B3 was the best performing barrier in the Cube test but its performance was
negatively affected at full-scale by barrier tearing during mock-up construction; thus,
the data points associated to barriers B3 were considered outliers and excluded from
the regression analysis.

e Astrong linear correlation with R? > 0.97 was revealed for the remaining six specimen
types between: (a) the time to wetting in the Cube test and the time to peak heat release
rate in the chair mock-up; (b) the time to wetting in the Cube test and the peak heat
release rate in the chair mock-up, and; (c) the heat release at wetting in the Cube test
and the average heat release rate measured between test start and bottom ignition in the
chair mock-up.

This limited set of data indicated that a simple bench-scale test like the Cube test, designed to
mimic FPUF pyrolysis and liquid products percolation in the chair seat cushion without
accounting for flame spread, might prove to be useful as a predictive tool for RUF fire
performance incorporating barriers. Further testing with different upholstery materials and
chair types is required to validate these findings.
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