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A B S T R A C T

Upholstered furniture persists as the leading item in deadly US home fires. New state regulations that restrict
the use of flame retardants have been introduced across the nation, and the development of flaming tests for
upholstered furniture (e.g., National Fire Protection Agency 266) has been halted. In this work, the ability of
an open-flame barrier fabric to suppress fire growth initiated from an upholstered sofa in a fully furnished
living room-like compartment is demonstrated. The open-flame barrier was specifically developed for this
application based on ASTM E 3367 test protocol. The barrier did not contain flame retardants and was made
of intrinsically fire-resistant fibers and a para-aramid scrim. No other component of the sofa contained flame
retardants. Experiments were conducted under a 10 MW exhaust hood equipped with an oxygen consumption
calorimetry system that provides real-time heat release rate measurements. The room was instrumented with
various temperature, heat flux, and gas analyzing sensors. Gas analysis of species, such as oxygen, carbon
monoxide, and hydrogen cyanide, was carried out on gas samples extracted from the room to determine
tenability and the exhaust duct of the hood to estimate species yields. The experiment with full-barrier coverage
on the sofa showed no flashover and reduced the total heat release by approximately 44%, compared to the
no-barrier coverage experiment. Based on the fractional effective dose, tenability time in the room increased
from about 4 min for the no-barrier to 19 min for the partial-barrier and 25 min for the full-barrier. Overall,
the application of the barrier fabric extended the tenability and delayed or suppressed flashover, giving more
time in any life threatening fire scenario hence remarkably increasing egress time and survival rate without
potential health or environmental hazards associated with the use of flame retardants.
1. Introduction

Upholstered furniture persists as the leading item in deadly US home
fires. According to the National Fire Protection Agency (NFPA [1]),
fires in which residential upholstered furniture (RUF) was the first item
ignited accounted for 16% of US residential fire deaths (an average
of 408 deaths/year between 2015 and 2019). The RUF death toll
increases by about 35% and leads to an estimated average of 551
deaths/year when accounting for fires in which RUF is the ‘‘primary
item contributing to fire growth but not the first item ignited’’ [2].

RUF ignition can occur via smoldering or flaming ignition sources.
Smoking materials are the most common ignition source in deadly RUF
fires [3]. In 2022, a federal flammability standard for RUF - 16 CFR
1640 – was introduced in the US [4]. The standard is a cigarette ignition
resistance test based on California Technical Bulletin 117-2013 (TB
117-2013) that is intended to address smoldering ignition of RUF [5].
According to the Consumer Product Safety Commission (CPSC) [6],
conformance with the UFAC cigarette ignition test was already over
90% in 2008. Thus, the adoption of 16 CFR 1640 in 2021 as a federal
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regulation is not expected to result in a significant reduction in fire
losses [6]. Furthermore, most fire deaths (about 95%) occur when a
fire spreads beyond the RUF item, and about two-thirds of fire deaths
happen when a fire spreads beyond the room of origin, presumably
after flashover [7]. These scenarios imply the occurrence of flaming
combustion either by direct open flame ignition or transition from
smoldering to flaming of the RUF item [8]. Hence, independent of the
type of ignition source (i.e., smoldering vs. flaming), it is likely that
most fire deaths occur due to flaming rather than smoldering.

Despite this evidence, there is no open flame test requirement for
RUF in the US. A similar situation is observed in Eruope [9]. United
Kingdom (UK) BS 5852 test [10] is the only open-flame ignition fire
safety test for RUF still in use and is currently under scrutiny in the
UK for the use of flame retardants in BS 5852-compliant furniture.
Regulations that impose severe limitations on using fire retardants
(FRs) in RUF have been introduced worldwide. In 2018, California en-
acted Assembly Bill 2998 [11], which banned most FRs or FRs systems
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while only a few inorganic FRs, such as ammonium polyphosphate and
aluminum hydroxide, are still allowed. Due to the size of the California
market and the rising number of states banning the use of FRs, furniture
manufacturers have a strong incentive to avoid the use of FRs in the
entire US.

Open-flame barrier fabrics (hereafter referred to simply as barriers)
are specialty fabrics used in soft furnishings to prevent ignition of
the padding material or delay its contribution to the overall heat
release rate after ignition. The so-called ‘‘passive’’ barriers are barri-
ers that do not contain FRs, and thus, their use is not restricted by
regulations banning the use of FRs. Passive barriers act by physical
mechanisms of action, namely heat/mass transfer reduction, and have
proved extremely effective in reducing RUF fire growth [12].

NIST recently developed a test that uses a cone calorimeter to
evaluate the performance of passive barriers [13,14], referred to as the
‘‘Cube test’’. The test has been recently standardized as ASTM E 3367-
23. A robust correlation was found between the performance of passive
barriers in the Cube tests and full-scale chair mockups [15]. The Cube
test was used to screen about 100 commercial passive barriers. One of
the best-performing passive barrier was selected for this study to inves-
tigate its effect on fire growth in a furnished compartment intended to
mimic a living room where a sectional sofa was the main fuel load.

The effect of barriers on flame spread to surrounding items and ten-
ability were examined. Using thermal and gas analysis instrumentation,
the fire dynamics and species generation for the entire structure are
captured. The comparison between experiments with varying amounts
of barrier fabric coverage will demonstrate their impact on toxicity and
other fire risk elements in a practical environment. The results showed
that the passive barrier was not only able to reduce the fire growth
drastically but also fully suppress flashover without using any FR.

2. Experimental setup

Full-scale compartment fires were conducted and allowed to con-
tinue until complete burnout of furnishings in purpose-built rooms
located under an 8.4 m × 12.4 m canopy hood with a 10 MW ca-
pacity, providing real-time heat release rate measurements via oxygen
consumption calorimetry [16]. The calorimetry system utilizes a gas
analyzer to obtain 𝑋O2

, 𝑋CO2
, and 𝑋CO measurements by continuously

sampling from the exhaust duct at a well-mixed downstream position.
The geometry and contents of each room were the same except for the
investigated item of residential upholstered furniture, i.e., the sofa.

Three identical sectional sofas were procured. They were 16 CFR
1640 compliant with approximate masses of 107.5 kg, 111.5 kg, and
112.6 kg for the no-barrier, partial-barrier, and full-barrier tests,
respectively. The sectional sofa was covered by a polyester fabric and,
underneath the cover, by a thermoplastic non-woven fabric (polyester
batting), which acts as a ‘‘smoldering barrier’’ inhibiting cigarette
ignition. The padding material was made of polyester fibers for the
back cushions and a combination of flexible polyurethane foam (FPUF)
layer (about 7 cm thick) and pocket springs (10 cm thick and 25 mm
in diameter) for the seat cushions.

Three experiments were carried out in which the amount of barrier
fabric coverage of the sectional sofa was modified. One experiment
utilized a sectional sofa as received where no barrier fabric was applied,
hereafter, referred to as ‘‘no-barrier’’. In the other experiments, the
sectional sofas were modified by inserting a passive barrier underneath
the polyester batting. In one of those experiments, all surfaces of the
sofa were protected by a barrier, hereafter, referred to as ‘‘full-barrier’’.

The remaining experiment (hereafter, referred to as ‘‘partial-barrier’’
had a barrier protecting the padding material (i.e., polyurethane foam
and polyester fibers in the cushions and frame) but certain areas of the
frame were not protected (e.g., the back of the frame [17]). The barrier
was made by a combination of intrinsically fire-retardant fibers with a
para-aramid fire-retardant scrim.
2

Fig. 1. Image of the furnished compartment room with various instrumentation
labeled.

Before each open-flame experiment, a cigarette ignition test was
conducted. Three cigarettes (NIST SRM 1196) were simultaneously lit
and immediately placed at the centers of the three crevices formed by
the seat cushions with the back cushions. After putting the cigarettes
in place, they were covered with a cotton sheet (100% cotton bed
sheeting material, 127 × 127 mm2, 125 ± 28 g∕m2). Tests were run until
the complete combustion of the cigarettes and showed no significant
smoldering involvement of the upholstered furniture in all three test
configurations (no barrier, partial-barrier, and full-barrier).

At the start of each open-flame experiment, the throw pillow on the
right arm of the sectional sofa was ignited by an approximately 25 mm
long propane diffusion flame applied under the center of the pillow.
The propane flame was removed when the combustion of the cushion
appeared to be sustained after about 30 s of flame impingement. The
time at which the propane flame was removed was selected as the
start of the experiment (𝑡 = 0 s). Noticeably, the pillow (100 %
polyester) promptly ignited generating a peak heat release rate of about
40 kW [18] and acted as the actual ignition source. Water suppression
was used once the heat release rate fell under 200 kW to extinguish any
remaining smoldering. The experiment was concluded when no flaming
or smoldering was observed (𝑡out).

2.1. Instrumentation

Plate thermocouples (Pentronic Model 59280601) were used for
each experiment to calculate the incident heat flux [19]. Plate ther-
mocouples were positioned on the compartment walls (PTC1 to PTC3),
sectional sofa (PTC4 and PTC5), and chair (PTC6) with bare-bead
thermocouples (Omega GG-K-24-SLE1) providing the temperature near
each plate thermocouple. Additional temperature measurements were
made using a thermocouple tree placed near the center of the room at
various heights spanning 30 cm to 236 cm (T30 cm to T236 cm) from the
floor.

Fig. 1 shows a picture of the compartment (3.6 m × 3.6 m × 2.42 m)
and Fig. 2 shows the layout and the instrumentation location. Not
shown are small decorative items placed throughout the room. Three
framed pictures were hung on the walls, magazines on the coffee table,
a table lamp centered over the side table, and three candles, two vases,
and one book on the bookshelf.

An approximately 168 cm long, multi-port gas-sampling probe,
with seven sampling ports spaced approximately 28 cm apart, was
positioned nominally 150 cm high in the center of the room, 180 cm
from the opening. The multiport probe was connected to a gas sampling

1 Certain commercial products are identified in this report to specify
adequately the equipment used. Such identification does not imply a recom-
mendation by the National Institute of Standards and Technology, nor does it
imply that this equipment is the best available for the purpose.
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Fig. 2. Schematic of the compartment showing: (1) the sofa; (2) additional
furnishing items (bookshelf, coffee table, chair, side table, throw pillows),
and; (3) instrumentation including a photoelectric smoke alarm, under-sofa
cameras, thermocouples (T30 cm to T236 cm), plate thermocouples (PTC1 to
PTC5) with associated bare bead TC measuring relative gas temperature.

line that exited the left-facing wall of the room and then divided into
two separate sampling lines. One of the sampling lines fed into a
gas analyzer that measured oxygen, 𝑋O2

, carbon dioxide, 𝑋CO2
, and

carbon monoxide, 𝑋CO, molar fractions via internal paramagnetic and
nondispersive infrared sensors. Another sampling line was connected to
an MKS Multigas™ Fourier transform infrared gas analyzer1 (FTIR) with
a 5 m path length and custom-built gas analysis method, specifically
designed to quantify combustion products. All gas analysis systems
included a vacuum pump and mass flow controller to maintain a
consistent gas extraction stream for the duration of each experiment.

In this work, a Thermo Scientific Antaris IGS FTIR Gas Analyzer1

tapped into the calorimetry system’s sampling line to determine yields
of trace gas species, particularly hydrogen cyanide. Here, yield of a
given species, 𝑌𝑖 is defined by the ratio of the total mass generated of
a given species, 𝑚𝑖, over the total mass loss, 𝑚loss, from the point of
ignition, 𝑡ign, to fire out, 𝑡out , as shown in Eq. (1). The total mass loss
for the no-barrier and partial-barrier experiments was calculated from
the initial and final masses of all components in the room.

𝑌𝑖 =
𝑚𝑖
𝑚loss

where

𝑚𝑖 =
(

𝑊𝑖
𝑊air

) 𝑡out
∑

𝑡ign

[𝑋𝑖(𝑡) −𝑋𝑜
𝑖 ] 𝑚̇𝑒 𝛥𝑡

(1)

The total mass generated of a given species is estimated from the sum
of the difference between the concentration of the given species at
any given time, 𝑋𝑖(𝑡), and the initial concentration, 𝑋𝑜

𝑖 , multiplied by
the mass flow of the exhaust, 𝑚̇𝑒, measured using an annubar near
the gas sampling location in the duct [16]. Eq. (1) incorporates a
molecular weight ratio of given species, 𝑊𝑖 relative to air, 𝑊air since the
mass flow of the exhaust is assumed to be air. Extracted duct sample
concentrations for the gas analyzer and FTIR were measured at 1 Hz
(𝛥𝑡 = 1). The FTIR concentration measurements were averaged over an
approximately 24 s period to account for the sample’s residence time
within the gas cell.

To complement the FTIR’s HCN concentration measurements, a por-
tion of the extracted gas from the duct was sampled through three soda
lime tubes placed in series. The soda lime tubes provided time-averaged
hydrogen cyanide measurements, following NIOSH 6010 [20]. A mass
flow meter was aligned with the soda lime tubes to determine the flow
ratio between the gas extraction and duct flows.
3

Table 1
Total Heat Release, mass loss, peak heat release rate, time to peak heat release rate,
and time to flashover for experiments with no, partial and full-barrier coverage.

Coverage THR (kJ) 𝑚loss (kg) HRRpeak (kW) 𝑡HRRpeak
(min) 𝑡f lash (min)

None 2339 ± 145 114.1 ± 11.4 9063 ± 541 5.3 ± 0.2 5.7 ± 0.2
Partial 2269 ± 148 113.2 ± 11.3 6076 ± 361 20.3 ± 0.2 18.72 ± 0.2
Full 1310 ± 92 64.6 ± 5.3a 929 ± 59 40.3 ± 0.2 –

a Estimated assuming an effective heat of combustion of 20.25 MJ∕kg.

2.2. Uncertainty analysis and repeatability

The uncertainty of the measurements presented in this work is
calculated from a combined uncertainty with a coverage factor of 2,
representing a 95% confidence level. The uncertainty of temperature
and species concentration measurements were estimated from the Type
B evaluation of uncertainty, determined from the reported instrumen-
tation error. Calculated measurement uncertainties were calculated
from the law of propagation of uncertainty. Ref [18] provides further
discussion on the uncertainty of this work’s measurements.

A repeat test was conducted for the no-barrier case. Peak heat
release rate, time to peak, total heat released, and CO generation were
within the reported experimental uncertainty (Tables 1 and 3) of the
repeated cases. The consistency of these measurements supports the
repeatability of these large scale tests. The calorimetry system has a
nominal uncertainty of 8% in this range of heat release rates. Further
details of the calorimetry methods and uncertainty calculations can be
found in Bryant [16].

3. Results and discussion

3.1. Room burn characteristics

The progression of events for each experiment is shown in Fig. 3.
The piloted ignition of the throw pillow initiated the fire. As the
flame spreads, more of the sofa burns simultaneously. The growing fire
induces a flow through the compartment opening [21,22] where fresh
air is entrained through the bottom half of the opening, and hot exhaust
gases exit the compartment along the top half. As the fire grows, a
larger proportion of the room is filled with exhaust gases. Together
with the flame, the exhaust gas contributes radiative heating to the rest
of the compartment. If the heating occurs quickly enough, a majority
of the exposed surfaces in the room ignite, causing flashover [21,23].
Flashover is characterized as a rapid transition in the flame dynamics in
which all of the exposed combustibles in the compartment are involved
in the fire and the fire distinctly grows bigger [23].

A summary of the total heat released, THR, the total mass loss,
𝑚tot , the value and time of the peak heat release rate, HRRpeak and
𝑡HRRpeak

, and the time flashover was observed, 𝑡f lash, for each experiment
is provided in Table 1. Due to floor damage, the mass loss for the full-
barrier experiment could not be measured and was therefore calculated
from the quotient of the total heat released and an estimated heat of
combustion of 20.25 MJ/kg. The estimated heat of combustion was
calculated from the average of the effective heat of combustion calcu-
lated for the no-barrier and partial-barrier experiments, determined to
be 20.5 MJ∕kg ± 0.3 MJ∕kg and 20.0 MJ∕kg ± 0.3 MJ∕kg, respectively.

Compared to the no-barrier experiment, the THR and mass loss did
not change significantly with the application of a partial-barrier but
decreased by about 43 to 44% with a full-barrier applied because none
of the items surrounding the sectional sofa ignited (Fig. 3). The partial-
barrier was found to slow down the flame spread, delaying flashover
from approximately 5 min to 18 min (Fig. 3) and reducing the time and
value of the peak heat release rate.

The heat release rate for each experiment, starting from ignition,
is displayed as a function of time in Fig. 4. The most intense spikes
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Fig. 3. Image sequence showing the compartment fire progression for the three experimental cases. The full-barrier case never exhibits flashover.
Table 2
Peak Heat Flux measured by the plate thermocouples.

None Partial Full
(kW∕m2) (kW∕m2) (kW∕m2)

PTC1 84.29 70.60 7.63
PTC2 104.28 56.97 7.43
PTC3 153.71 79.61 37.49
PTC4 147.08 115.84 26.03
PTC5 167.42 130.84 35.92
PTC6 90.51 89.27 3.80

in heat release rate in the no-barrier and partial-barrier results closely
follow flashover. The heat release rate is attenuated, decreasing the
peak from approximately 9.1 MW ± 0.5 MW in the no-barrier to
6.1 MW ± 0.4 MW with a partial-barrier applied. The full application
of a barrier fabric slowed the flame spread across the sectional sofa,
lowered heat release rate, and prevented the onset of flashover alto-
gether. The lower heat release rate and absence of flashover prevented
ignition of the furniture surrounding the sofa, including an upholstered
chair placed at a distance of about 0.5 m from the sofa. The measured
heat flux on the center of the upholstered chair reached a maximum
value of approximately 3.8 kW∕m2 as shown in Table 2. Table 2 also
shows the peak heat fluxes were substantially reduced in the full-barrier
experiment.

The temperature profiles obtained from the thermocouple tree
placed vertically in the center of the room are presented in Fig. 5. Peak
temperatures for the no-barrier and partial-barrier experiments are
observed during flashover. After flashover occurred, the temperature
profiles were observed to decline uniformly.
4

Fig. 4. Heat release rates of the three experiments.

3.2. Species generation

The mass generation rates of CO and HCN, based on FTIR measure-
ments in the duct, are shown in Fig. 6. The maximum generation rates
of CO and HCN are 12.86 g∕min and 7.52 g∕min, for the no-barrier,
5.19 g∕min and 3.52 g∕min for partial-barrier, and 1.71 g∕min and
1.33 g∕min for the full barrier cases, respectively. The presence of the
barrier decreases the generation rates. The partial and full-barrier cases
have similar generation rates until the partial-barrier case experiences
flashover.

The cumulative mass of CO and HCN at a given time are shown in
Fig. 7 for the three cases. Throughout the test duration of the no-barrier
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Fig. 5. Temperatures from the thermocouple tree in the center of the room for
the three experiments. The time shown is after ignition and the heights shown
are measured from the floor.

case (about 38 min.), the cumulative mass of CO and HCN is the highest
in comparison to the other cases. However, the cumulative mass of HCN
for the partial- and full-barrier cases surpasses the no-barrier total after
approximately 58 min and 53 min, respectively.

Table 3 reports the values of CO yield, 𝑌CO, and HCN yield based on
FTIR, 𝑌HCN,F, and soda lime tube, 𝑌HCN,SL measurements. In comparison
to the experiment with no-barrier, the total yields of CO and HCN
increased by about 56% and 12%, respectively, in the partial-barrier
experiment and by about 38% and 172% in the full-barrier. However,
the higher HCN yields in the full-barrier case are mainly due to a
decrease in the total mass burned (𝑚loss, Table 1).

3.3. Tenability

Tenability describes the conditions that impair or limit escape and
survival. ISO 13571 [24] outlines carbon monoxide and hydrogen
5

Fig. 6. Mass generation rates of CO (top) and HCN (bottom) for the three
experiments plotted as a function of time.

Fig. 7. Cumulative mass of CO (top) and HCN (bottom) generated for each
experiment plotted as a function of time.

cyanide as the main asphyxiant gases and their effects are quantified
through the Fractional Effective Dose, 𝐹𝐸𝐷, calculated using Eq. (2).
The 𝐹𝐸𝐷 can be interpreted as the cumulative effects of asphyxiant
gases. An 𝐹𝐸𝐷 of 1 corresponds to a probability that 50% of people
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Table 3
CO and HCN yield based on FTIR and soda lime tube measurements.

Coverage 𝑌CO (kg/kg) 𝑌HCN,F ⋅ 10−3 (kg/kg) 𝑌HCN,SL ⋅ 10−3 (kg/kg)

None 0.032 ± 0.001 0.275 ± 0.061 0.252 ± 0.700
Partial 0.050 ± 0.011 0.309 ± 0.012 0.292 ± 0.073
Full 0.044 ± 0.013 0.749 ± 0.142 0.607 ± 0.137

Table 4
Tenability times for various conditions in minutes. The uncertainty of the tenability
times in the room is estimated to be ± 0.2 minutes.

Coverage 𝑡𝐹𝐸𝐷1
𝑡120 ◦C 𝑡2.5 kW∕m2

None 4.4 2.9–3.7 2.3–3.1
Partial 19.3 16.3–18.5 13.6–16.9
Full 25.4 21.5–∞ 18.0–36.9

will be incapacitated at that exposure level.

𝐹𝐸𝐷 =
𝑡2
∑

𝑡1

[𝑋CO]
35000

𝛥𝑡

⏟⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏟
CO term

+
𝑡2
∑

𝑡1

[𝑋HCN]2.36

1.2 × 106
𝛥𝑡

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
HCN Term

(2)

Here, 𝑋CO and 𝑋HCN are the gas concentrations (μmol∕mol) of
carbon monoxide and hydrogen cyanide, respectively, and 𝛥𝑡 is the
time interval expressed in minutes. In-room carbon monoxide gas
concentrations obtained from the FTIR were validated via gas analyzer
measurements. Fig. 8 shows the 𝐹𝐸𝐷 for the three experiments from
ignition up to an 𝐹𝐸𝐷 of 2.

Applying the barrier fabric to the sofa provided additional time
before incapacitation. For the partial-barrier experiment, the time to
an 𝐹𝐸𝐷 of 1, 𝑡𝐹𝐸𝐷1

increased from 4 min in the no-barrier experiment
to approximately 20 min with the partial-barrier sofa. Similarly, with
full-barrier experiment, 𝑡𝐹𝐸𝐷1

increased from 20 min to approximately
25 min. Although there was only a small increase in 𝑡𝐹𝐸𝐷1

for the
full-barrier experiment compared to the partial-barrier, the full-barrier
coverage was conducive to preventing flashover.

In addition to exposure to effluent gases, tenability can also be
determined for the thermal exposure from the fire. Purser [25] de-
fined temperature and heat flux thresholds of 120 °C and 2.5 kW∕m2,
respectively, at which people become incapacitated due to thermal
exposure. Table 4 provides the time ranges of when these thresholds
(𝑡T=120&𝑡𝑞̇=2.5) are reached for each experiment, including 𝑡𝐹𝐸𝐷1

. The
𝑡120 ◦C range was determined by taking the minimum and maximum
times at which the thermocouples T30 cm to T236 cm reached 120 °C.
Likewise, for 𝑡2.5 kW∕m2 , a range is given for the time at which the
first and the last plate thermocouples reach 2.5 kW∕m2 since they are
placed throughout the walls and furniture of the compartment. The
three tenability criteria of Table 4 show comparable results. It is worth
noting that the thermocouples at 30 cm and 60 cm from the floor never
reached 120 °C for the full-barrier experiment.

4. Conclusion

The study demonstrates how to mitigate upholstered furniture fire
hazards in a fully-furnished living-room scenario without using any
flame retardant with a combination of an open-flame and smolder-
ing barrier. When the sofa is tested without the open-flame barrier,
flashover occurs after about 6 min and the room becomes untenable
within about 3 min. When the sofa is modified by partially adding
a barrier (only on the padding material), the fire growth is delayed
with a time to peak of heat release rate shifting from about 6 min
to 20 min; however, flame spread on the unprotected back of the sofa
promotes a gradual increase in burning rate that leads to untenable
conditions in the room after about 16 min and flashover after about
19 min. When the sofa is fully protected by the barrier, the burning
rate of the sofa is further reduced and the room remains tenable for
6

Fig. 8. FED for the three barrier coverage experiments up to an FED of 2.
The gray shaded region represents the uncertainty of Eq. (2) from Ref. [24].
Markers indicate when the 151 cm thermocouple reaches 120 °C (𝑇150 cm
tenability), and the region where heat flux measurements reach 2.5 kW∕m2

(Heat Flux tenability).

about 22 min. Furthermore, the full-barrier shows that the surrounding
furniture items are exposed to a measured incident heat flux below
5 kW∕m2, hence, they do not ignite and do not contribute to heat
release.

In summary, these data show that the implementation of open-
flame barriers in upholstered furniture could lead to a significant and
measurable reduction in fire deaths without the drawbacks and limi-
tations associated with the use of flame retardants. Cigarette ignition
resistance is also retained by adding a smoldering barrier as shown
by the cigarette ignition resistance tests. It has been demonstrated
that when implementing full-barrier coverage, fire responders may
rescue potential fire victims because they are likely to intervene before
untenable conditions or flashover occur. When combining the reduction
in fire hazards associated with this fire scenario with the extended time
available to first responders, the reduction in fire deaths can be remark-
able. Barrier technology is already largely available as demonstrated by
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mattresses and aircraft seat cushions which already meet very stringent
fire regulations adopting this barrier technology. The main hurdle
to implementing barrier technology is the cost associated with the
installation of the barrier. However, because smoldering barrier fabrics
are already commonly used, this issue could be largely addressed by
laminating an open-flame barrier fabric to a smoldering barrier fabric.

Novelty and Significance Statement

The novelty of this work is the demonstration of fire-safe upholstered-
furniture items that can be manufactured without using flame retar-
dants by properly selecting and combining a flaming barrier fabric with
a smoldering barrier fabric. Such a designed item can resist cigarette
ignition (leading ignition source in deadly upholstered furniture fires)
and allow a drastic reduction in fire growth to an extent that second
item ignition and flashover does not occur despite the large fuel load
provided by the sectional sofa used in these experiments. The barriers
were selected using a novel test method (ASTM E 3367) and the effect
of the barriers on toxic gas evolution in the compartment was also
investigated. The research is significant because it provides a viable
technical solution to mitigate upholstered furniture fires – the leading
cause of residential fire deaths - while complying with a rising number
of stringent regulations limiting the use of flame retardants.
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