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Abstract. The wide variety in country specific fire codes can dramatically affect the
fire safety of home furnishings resulting in more or less escape time from structure

fires. This study uses three replicates of identical rooms for each of the countries tes-
ted (France, United Kingdom, US) to increase reliability of data for a more reliable
comparison. France and the US rely on smolder only furniture flammability stan-
dards while the United Kingdom relies on a combination of smolder and open flame

ignition test. Each test room contained a 3 cushion couch, chair and flat panel televi-
sion of identical models/manufacturers purchased from the respective countries.
Additionally, each room was fitted with an identical coffee table, end table, curtain,

and bookcase obtained from Walmart in the United States and 12 kg of books. All
rooms were meticulously set-up to ensure comparability of results. Flat panel televi-
sions were purchased from electronic stores in the three countries, all were 1.4 m (55

inch) Samsung FPD LED models of as similar design as possible in the markets pur-
chased. The couches and chairs were the same Ektorp furniture line of identical color
purchased from Ikea. All FPD TVs and furniture appeared to be identical. All room
burns were conducted in a standard ISO 9705 room. Heat release was measured by

oxygen consumption calorimetry and smoke development by light dispersion in the
ventilation duct. Acute toxicity measurements were made using FTIR at two collec-
tion points, the door way and at crawling height in the center of the room. Other

smoke constituents were measured for concentration of PAH, VOC, SVOCs and
chlorinated and brominated dioxins and furans. Two separate collection events were
performed, before and after white smoke transitioned to black smoke. The time to

transition from white to black smoke for the British furnishings was five times as
long as that observed for the French and US models. The same is true of the time to
flashover. The average pHHR for the British rooms was 200 KW less than the US
and 400 KW less than the French rooms. All rooms had pHHR between 2.5 MW

and 3.3 MW. Total smoke produced for the British rooms was half that of the
French and US and the Peak Smoke was delayed for the British rooms by approxi-
mately 12 min. This study illustrated that the UK standard does provide a signifi-

cantly better performance for an identical size and shaped couch based on time to
pHHR, pHHR, time to peak smoke, and total smoke. In addition, the chemical com-
position of the smoke generated in the room burns featuring UK furniture were less
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acutely toxic based on HCN and CO emission. The time to toxic levels for these

gases was delayed 15 min. The French and US rooms reached 1200 and 1600 ppm
for HCN at the doorway in 6 min. The chronic toxicity of the UK rooms also
appears to be less based on the lower molecular weight and lower concentration of

PAH produced. These results directly contradict results published by Stec and Hull.
The condition of the test do affect the results. It is critical to test under realistic con-
ditions to be able to predict the performance of materials in home fires.

Keywords: Furnishing fire testing, Couches, Flat panel televisions, Chairs, Acute toxicity, Heat release,

Smoke measurement, Fully furnished room burns

1. Introduction

Controversy surrounds fire codes associated with home furnishings and electron-
ics. Significant fire risk is associated with large flat panel televisions (FPT) and
well-padded furniture; couches, loveseats and chairs [1, 2]. Fires where the furnish-
ings in living rooms are the first item ignited are a leading cause of fire deaths [3].
Fire safety codes for furnishings and electronics vary widely from country to
country. How do we make items safe from fire loss while at the same time
addressing concerns of potential health risks associated with the inclusion of fire
retardants [4]?

Examples of varied fire codes can be highlighted by the comparison of furniture
standards in United Kingdom [5], France [6] and the United states [7]. The British
have what is probably the most demanding fire standard for furniture in the
world. BS 5852 uses a series of seven different ignition sources ranging in size
from a smoldering cigarette to a large crib equaling a 2 kW open flame ignition
source [8]. The United States does not have a national code but does have state
driven codes that are in the process of changing. California drives the furniture
standards in the United States as the largest market in the US. Cal TB 117 regu-
lates the furniture fire performance for home furnishings. The changes to this
standard in 2013 eliminated the open flame ignition test and rely on smoldering
ignition sources to demonstrate fire safety. In France furniture must comply with
FR EN 1021-1 [6] which is also a smolder only standard.

Another area of concern is the acute and chronic toxicity of smoke generated in
fires. Numerous claims suggest that fire retardants increase the toxicity of smoke
by generating high levels of acid gases and that the products of incomplete com-
bustion (PICs) are increased [9–11]. Other fire scientists have published rebuttals
to this concept [12, 13].

Due to the variable standards of fire resistance for furniture across countries, a
study looking at multiple replicates of identical furniture from 3 different coun-
tries was conducted. The purpose being to determine if differences in fire stan-
dards resulted in different performance in fire under realistic conditions. Testing
was performed in a standard room in general accordance with ISO 9705 [14] using
3 progressively larger ignition sources as described in British standard BS 5852.
The open flame ignition sources crib 4, 5, and 6 [8] were chosen to bracket the BS
5852 passing standard of no progressive burning when subjected to crib 5.
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Smoke generation from fires varies extensively from one phase of fire to another
[15]. In early stages of a structure fire the oxygen concentration in the burn room
is near normal and smoke contains fewer products of incomplete combustion. As
the fire grows, it becomes progressively less oxygenated, resulting in an increase in
PICs [16]. This usually coincides with a change in the color of the smoke from
light or white smoke to dark or near black smoke. The most dark/black smoke is
usually generated just prior to or during flashover of the room where supper
heated PICs exit the room and partially combust in a more oxygenated environ-
ment. Flashover is defined as the point in a fire where the flames exit the room
door and heat release rate of the fire exceeds 1 MW.

In this study, extensive sampling and analysis of smoke was performed by col-
lecting separate samples for the early stages of the fire, white smoke, and Black
smoke, collected just prior to or during flashover. Smoke was analyzed via: Four-
ier Transform Infra-red spectroscopy (FTIR), for Volatile Organic Compounds
(VOC) via Summa Canister, for semi-volatile organic compound (SVOC) and for
polycyclic aromatic hydrocarbons (PAH) via XAD sorbent samplers, and chlori-
nated and brominated dioxins and furans via XAD sorbent samplers. Previous
work on couches and flat panel televisions has shown that we can successfully per-
form these analyses using an ISO 9705 room or SBI calorimetry apparatus [1, 2].
This experiment also captured heat release and smoke generation data.

2. Experimental

A total of 9 room burns were performed for three different furniture configura-
tions, each configuration corresponding to the source of the furnishings (France,
United Kingdom, US). The ISO 9705 rooms have interior dimensions of 2.44 m
wide by 3.66 m deep and 2.44 m high with interior surfaces lined with type x gyp-
sum board. The test matrix in Table 1 shows the specific condition for each burn
experiment detailing the source of the furniture and television and the ignition
source size for the experiment. In addition to the 3 cushion couch, chair and flat
panel television, each room was fitted with an identical coffee table, end table,
curtain, and bookcase obtained from Walmart plus 12 kg of books. Figure 1 is a
Solid Works� scale model of the room layout. All of the furniture is to scale and
represent exact locations of each item. All rooms were meticulously set-up to
ensure comparability of results. The furniture arrangement in the room was not
based on a specific standard but was selected to conveniently fit the contents. The
lab technicians were allowed to place the furniture in what they thought was the
best functional arrangement. Once selected, all subsequent rooms were set up
identically with location of items within ± 1 cm of the original setting. Dimen-
sions of furniture and room layout are provided in the supplemental information.

Couches were identical models purchased at IKEA stores in the countries of
France, United Kingdom and US. All were purchased in September of 2018 and
were the identical model but manufactured to the requirements of the markets
where purchased. All of the couches and chairs were the Ektorp 3 seat couch and
chair, both Lafollette Beige. Flat panel televisions (FPD) were purchased from
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electronic stores in the three countries, all were 1.4 m (55 inch) Samsung FPD
LED models of as similar design as possible. All appeared to be identical. A sam-
ple picture of the couch, chair and television can be seen in Figure 2. Table 2
shows the potential fire retardant elemental analysis. Samples were excised from
test article; samples were taken from the plastic casing of the FPD and from all
cushion fill materials. Samples were microwave digested with nitric acid, then ana-
lyzed via inductively coupled plasma –atomic emission spectroscopy (ICP-AES)
for phosphorus (P), and antimony (Sb). Ion Chromatography was used to analyze
for Cl and Br. All of the television cases appear to contain phosphorus-based Fire
Retardants.

Table 1
Testing Matrix for the Nine Room Burns Listing Room Configurations
And Ignition Sources with Assigned Test Number and Label for All
Subsequent Data and Mass of Test Items

Test

number

Country

source

Ignition

source

Data

labels

Couch

weight (kg)

Chair

weight (kg)

FPD TV

weight (kg)

1 United Kingdom (GB) Crib 4 GB-1 60.6 35.8 17.2

2 France (FR) Crib 4 FR-1 61.5 36.5 14.7

3 Unite States (US) Crib 4 US-1 59.6 34.5 17.2

4 GB Crib 5 GB-2 60.8 35.2 17.2

5 FR Crib 5 FR-2 61.0 37.0 14.7

6 US Crib 5 US-2 59.9 34.2 17.5

7 GB Crib 6 GB-3 60.8 35.4 17.2

8 FR Crib 6 FR-3 60.8 36.5 14.7

9 US Crib 6 US-3 60.5 34.7 17.5

Figure 1. Solidworks drawing of room configuration with the specific
layout of furniture, room dimensions shown. The door dimensions are
0.91 m by 1.98 m.
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Ignition sources used were purchased from Carr Wood Tech, Mesa Arizona
and isopropyl alcohol was purchased as technical grade from Fischer Chemicals.

All experiments were performed in a large oxygen consumption calorimeter that
was calibrated before this program. The precision of measurement for the heat
release rate (HRR) is ± 7%. Smoke density was measured with a laser light
source and a photo multiplier tube mounted to the ventilation hood exhaust duct.
This method gave a precision of measurement 0.1% reported as an opacity in m2/
s as the cross section area and linear flow of the duct. All rooms were equipped
with a thermocouple tree located with thermocouples at 0.5, 1.0, 1.5, 2.0 and
2.5 m in height in the center of the room.

Each burn was started with the ignition source placed in the center of the mid-
dle seat cushion with the vertical surface of the source in contact with vertical
back cushion. Orientation of the ignition source was the same in all tests. The iso-
propyl alcohol, 1.4 ml, was applied to the crib 30 s before being placed on the
couch and ignited with a propane lighter.

There were two gas sample collection points for each room burn. Each was
attached to a separate 4 m, 150�C heated sample transfer lines constructed of
4.6 mm ID PTFE tubing and a Thermo Fischer 2 m path length gas cell. Analysis
was performed by a Thermo Fischer iS50 FTIR using a liquid nitrogen cooled
DTGS detector. Sampling probes were SS316 stainless steel, 4.6 mm ID tubing.
Sample flow rate was 1.688 Pa*m3/s. The first collection point was from the door-
way center at a height of 1.52 m. The second collection point was from the center
of the room at a height of 0.457 m. Calibration of the instruments was performed
using NIST traceable analytical standards to achieve lower than a 10 ppm limit of
detection with an analytical precision of ± 5 ppm for most gases. Carbon Dioxide
had a detection limit of 500 ppm ± 250 ppm. The lower precision of carbon diox-
ide is driven by the extreme range of detection of 500 to 200,000 ppm plus a nor-
mal background of 343 ppm. The error of measurement for carbon monoxide
(CO) is ± 20 ppm at 4998 ppm, the highest NIST traceable calibration standard

Table 2
ICP-AES-the LOQ for Sb was 4.9 mg/kg and P was 189 mg/kg with a
Precision of ± 25% RSD at the Detection Limit. Cl and Br were
Analyzed by Ion Chromatography and had LOQ of 58 ppm

Sample mg/kg Cl mg/kg Br mg/kg P mg/kg Sb

French TV plastic casing ND 98.9 8610 10.4

French couch cushion loose filling 135 ND ND 189

French couch cushion foam 1880 ND ND ND

British TV plastic casing ND ND 11,600 ND

British couch cushion loose filling 168 ND ND 191

British couch cushion foam 831 ND 6160 ND

US TV plastic casing ND ND 13,800 ND

US couch cushion loose filling 2760 ND ND ND

US couch cushion foam ND ND ND ND
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used. Actual values seen for CO are 6 to 12 times higher than the highest stan-
dard and therefore have greater error. As a result CO values were only reported
to 3 significant figures. All of the FTIR data in this study that exceeds the highest
calibration standard are reported to 3 significant figures to account for potential
greater measurement error.

Start of ignition corresponds with the zero time of the calorimeter and the
2 min time of the FTIR data. FTIR data have an additional 20 s offset with the
time of the data from the calorimeter. The FTIR captured a summed scan of 7
spectra every 9 s over the duration of the test.

Sampling for volatile organic compounds (VOC) was performed using EPA
method TO-15. Collection was performed using Summa canisters which collected
6.0 L of gas over a period of 30 s through a 4 m, 150�C heated sample line. All
VOC samples were collected via sampling probes that were SS316 stainless steel,
4.6 mm ID tubing. Probes were located at 1.52 m in the center of the doorway.
Two Summa� canisters were collected for each test. The first sample was collected
when the white smoke started to exit the door frame, and the second was col-
lected when the dark smoke exited the door frame. Samples were sent to an ISO
17025 and NELAC certified analytical laboratory and analyzed within 24 h. Con-
centration is reported as parts per billion volume/volume (ppb).

Semi-volatile organic compounds (SVOC), and chlorinated and brominated
dioxins and furans were collected through the same sampling lines as the VOC
using XAD resin solid sorbent collectors. EPA method 8290a was used for PAH/
SVOC and Method 23 was used for Dioxins and Furans. Continuous sampling
with the XAD trains was performed from ignition till extinguishment of the first

Table 3
Heat, Smoke and Flashover Data Summary for All 9 Burn Test of the
Three Different Country Configurations

Test

pHRR

kW

Time to

pHRR

Total

heat MJ

Max smoke

m2/s

Time to

max smoke

Total

smoke m2
Flashover

min:s

Summary smoke and heat data from all 9 tests

US1 2890 6:24 2134 191.5 9:36 62,975 5:00

US2 2922 7:49 2107 204.6 9:54 70,517 5:00

US3 2811 6:21 1800 216.1 9:00 85,362 4:20

US Average

%RSD

2874

2.0%

6:51 2014

9.2%

204.1

6.0%

9:30 72,951

15.6%

4:46

GB1 2690 24:19 1892 189 27:44 33,734 22:37

GB2 2822 21:09 1899 204.1 21:09 45,196 17:10

GB3 2499 21:00 1909 181 20:25 24,061 19:07

GB Average

%RSD

2670

6.1%

21:04 1900

0.45%

191.4

6.1%

21:09 34,330

30.8%

19:38

FR1 2941 6:29 2300 197.6 9:22 72,561 5:00

FR2 3307 5:56 2278 209.3 9:11 79,664 4:49

FR3 2848 7:34 2011 202.8 8:20 72,101 5:00

FR Average

%RSD

3032

8.0%

6:39 2196

7.3%

203.2

2.9%

8:57 74,775

5.7%

4:56

494 Fire Technology 2020



test for each country’s configuration. Subsequent tests for each country had the
XAD sampling run from ignition to the appearance of black smoke. The collec-
tion was then switched to a second sampling train that collected from the appear-
ance of black smoke till the end of the test. Sampling rate was 3.376 Pa*m3/s.
Analysis of all samples was performed by an EPA certified analytical laboratory,
the Analytical and Environmental Chemistry Laboratory of Southwest Research
Institute.

The study was originally designed to do incremental ignition on each couch
starting with crib 4. If the couch failed to ignite then crib 5 would be applied to
the couch with the middle seat and back cushions inverted. If the couch failed to
ignite then a fresh location (un-scorched) would be ignited with crib 6. However,
all couch types ignited with crib 4. As a result each country configuration was ini-
tiated with crib 4 for the first three experiment. Crib 5 was used for the second
three experiments and crib 6 for the third three experiments. This allowed for a
direct comparison of each country to a specific ignition source and the impact on
ignition source size on the rate at which an individual country furniture type
burned. Crib 4 approximately equals 125 W, crib 5 is approximately 250 W, and
crib 6 is approximately 900 W. As a reference to a real-life source, Crib 6 equals 2
pages of double sheet full-size newspaper [7]. Cribs 4, 5 and 6 can be seen in the
Figure 3.

Table 4
Summary of FTIR Data for the Two Sampling Locations for Each Type of
Room Ignited with Crib 4; ND = Non-detect

Chemical/

test and

location

GB-1 cent

Rm/time to

peak

GB-1

door/time

to peak

FR-1 cent

Rm/time to

peak

FR-1 door/-

time to

peak

US-1 cent

Rm/time to

peak

US-1 door/

to peak

HCN ND 1030 ppm

21.1 min

ND 1230 ppm

6.1 min

ND 1600 ppm

6.0 min

SO2 510 ppm

29.9 min

646 ppm

29.9 min

588 ppm

13.9 min

2300 ppm

13.5 min

639 ppm

13.5 min

3300 ppm

13.2 min

CO 18,200 ppm

23.9 min

18,000 ppm

23.0 min

31,000 ppm

12.2 min

28,000 ppm

6.2 min

60,800 ppm

8.2 min

38,200 ppm

8.8 min

NH3 ND ND ND 2500 ppm

8.0 min

ND 2740 ppm

8.4 min

Methane 1090 ppm

23.7 min

1700 ppm

23.3 min

1330 ppm

9.7 min

31,800 ppm

8.0 min

1430 ppm

10.1 min

1930 ppm

7.8 min

Ethylene 378 ppm

23.7 min

818 ppm

23.3 min

693 ppm

9.4 min

1890 ppm

8.0 min

990 ppm

9.8 min

2030 ppm

7.8 min

CO2 13,300 ppm

23.7 min

87,900 ppm

27.4 min

12,500 ppm

7.8 min

33,600 ppm

11.1 min

14,700 ppm

9.9 min

95,200 ppm

15.2 min

HCl 65 ppm

23.9 min

ND ND ND ND ND
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3. Results and Discussion

3.1. Qualitative Observations

The couch ignition on the British configuration was very different from the
French and US configuration for all three ignition sources. Very rapid fire growth
occurred for the French and US configurations at approximately 3 min into the
burn with very little difference between the three ignition sources. All of the
French and US configuration burns produced white smoke for a very short period
of time. The transition to black smoke stated at the same time as the rapid fire
growth, roughly 3 min. Ignition of the second item, the Ektorp Chair, in these
room burns was concurrent with flashover at between 4 min and 5 min. The Bri-
tish configuration required in excess of 15 min for the fire growth rate to visibly
increase. The time between 15 min to 18 min showed moderate growth and the
post 18 min showing very rapid growth. At the 18 min time frame the smoke in
the room transitioned from white to black. As with the French and US rooms,
the second item ignited was the Ektorp chair followed immediately by the wooden
coffee table. The second items ignited a few seconds prior to the transition to
flashover. There was a difference in the timing of the fire growth for the British
configuration room burns based on the ignition source.

3.2. Heat Release Rate Data

Two different sets of comparisons were performed on smoke and heat release
data. The order of events for each country configuration was similar for the tim-
ing of flashover and relative intensity of pHHR for each of the three ignition
sources. The oxygen consumption calorimetry measurement of HRR rose more
slowly for the British configuration compared to both the US and French configu-
rations for all three ignition sources. The measured values of HRR show a mini-
mum of a 15 min delay for the British configurations as seen in Figures 4, 5, and
6. The three configurations versus the ignition size used are shown in separate
graphs with: Figure 4 being the crib 4, Figure 5 being the crib 5 and Figure 6
being the crib 6. To interpret these graphs, the - 2 min start time represents the
baseline measurements for each test till time zero. All ignition sources were ignited
at time zero. Peak heat release rate (PHRR) was highest for the French configura-
tion with crib 5 producing 3.3 MW at 5.9 min. Overall, the US and French con-
figurations were very similar for each ignition source with the largest ignition
source, crib 6, resulting in the lowest pHRR. The crib 5 ignition source did show

Figure 2. Sample chair, couch and 55 inch television.
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the same timing for the rapid rise of HRR for the US and French rooms but the
pHRR was 400 kW higher for the French room. The British configuration pro-
duced a pHRR 320 kW larger for crib 5 than crib 6. The data appear to indicate
that the crib 5 ignition source may be a more severe exposure than crib 6 based

Figure 3. Cribs 4; 5.1 3 5.1 3 3.8 cm, crib 5: 3.8 3 3.8 3 7.6 cm,
and crib 6: 8.9 3 8.9 3 5.1 cm arranged from left to right constructed
from light weight Scots Pine wood.

Figure 4. Heat release for all three country configurations using crib
4 ignition source in an oxygen consumption calorimeter measured in
kW over the duration of the each burn.
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on both the time to flashover and the intensity of pHRR. Another important
observation is that any fire protection present in the French and US configura-
tions is overcome by a 125 W ignition source resulting in flashover in 4 to 5 min.
Also noted is that the British furniture failed to meet the standards set in BS
5852. Cribs 4, 5 and 6 caused the couch to achieve progressive burning and the
room to reach flashover. According to BS 5852, the British couch was supposed
to resist progressive burning for crib 5. The British couches failed this standard
for both cribs 4 and 5. However, the time delay to reach flashover of 22.5 min
does increase the escape time. The wood cribs used were compliant with specifica-
tion in Section 9.3 of BS 5852-2006.

Examining the HRR data for the British configuration room burns, it appears
that the crib 5 used in the test labeled GB-2 in Figure 7 shows a faster ignition
and fire growth than for the crib 6 used in GB-3. This phenomenon was also
noted in the US configured rooms but the differences were much smaller and the
plots are nearly identical. The French configured rooms, however, did not follow
this order but again were almost indistinguishable and nearly overlaid each other.
The US and French configuration rooms showed little to no sensitivity to the igni-
tion source size. The British couch showed a clear difference in ignition behavior

Figure 5. Heat release for all three country configurations using crib
5 ignition source in an oxygen consumption calorimeter measured in
kW over the duration of the each burn.
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with the different ignition sources with the order of crib 5 and 6 reversed. This
may be due to the vertical design of crib 5 and wider design of crib 6. The energy
of crib 5 is applied to a narrow vertical column possibly leading to faster breach-
ing of the cover and access to the foam filling in the cushion and greater convec-
tive flow fire spread.

Table 3 summarizes the heat release and smoke data for all 9 of the tests. The
pHRR data were very repeatable for each country and significantly different from
country to country. Even though progressive ignition sources were used, the
pHHR variability between tests of the same configuration was between 2.0% and
8.0% relative standard deviation (%RSD). The total heat for all configurations
and ignition sources ranged from 1800 MJ to 2300 MJ with variabilities for each
country configuration of 0.4% to 9.2% RSD.

3.3. Smoke Generation Data

The total smoke produced for the most fire resistant configuration, the British,
was approximately half of that seen for the US and French which were nearly
identical. Smoke was measured as opacity in m2/sec integrated overtime to give

Figure 6. Heat release for all three country configurations using crib
6 ignition source in an oxygen consumption calorimeter measured in
kW over the duration of the each burn.
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unit of m2. The smoke data mimic the results of the heat release rate. Figures 8, 9
and 10 show the comparison of the three country configurations for each crib
source. The overall smoke production in the French and US rooms was so high
that it overwhelmed the hood draft for the calorimeter and filled the entire 300 m3

laboratory in under 8 min creating near zero visibility (see Figure 11). The British
room required between 20 min and 30 min to achieve the same level of smoke in
the laboratory. The total smoke measurement was not affected by the smoke
escaping the ventilation hood because all of the smoke was eventually vented
through the hood as shown by the long tails in each of the smoke plots in Fig-
ures 8, 9 and 10. However the total smoke measured for French and US configu-
rations was twice that measures for the British configuration, as shown in Table 3.
The step like function seen for the US and French rooms in Figures 8, 9, and 10
was caused by over ranging of the smoke detector and is an artifact of the soft-
ware. The drop in the smoke data for the British room in Figure 8 is a real event.

Figure 7. Comparison of HRR for the crib 4, 5, and 6 ignition sources
for the British configuration couches with GB-1 using crib 4, GB-2
using crib 5, and GB-3 using crib 6.
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The room was observed to be opaque from 22 min to 23 min then burned clear
from between 23 min and 25 min. The smoke then transitioned back to opaque.

All of the rooms initially produced white smoke as shown in Figure 12 but
transitioned to dense black smoke shown in Figure 11. Transition to black smoke
occurred prior to reaching flashover as the oxygen level in the room dropped
coincident to the higher heat release rate. Figure 12 also shows the exact location
of all of the sample collection points and the thermocouple tree. The white smoke
is difficult to see in Figure 12 if viewed in black and white but clearly visible in
color. The white smoke is stratified approximately 0.5 m above the top of the
couch.

3.4. Chemical Composition of Smoke

The chemical composition of the smoke varied widely with the phase of the fire.
FTIR data were acquired for all 9 of the room burns. Data were acquired for
2 min prior to ignition to provide a pre-testing background. At the 2 min mark of
each series collection, the room was ignited resulting in an immediate detection of
carbon dioxide (CO2), confirming that the system was functioning properly. There

Figure 8. Smoke generation for French, US and British room
configurations using crib 4 ignition. Smoke is measured in m2/s over
the duration of the test.
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was an approximate 20 s delay from sample collection to the read out on the
spectrometer due to the length of the sampling line and volume of the 2 m gas
cell. The time delay and the 2 min baseline are already subtracted in the time data
shown in Table 4. Summary of the FTIR data is shown in Table 4 for the crib 4
burns of each configuration. The FTIR data for the remaining crib tests is very
similar and can be found in the supplemental materials.

All of the rooms produced hydrogen cyanide (HCN) which has an immediately
dangerous to life and health (IDLH) value of 50 ppm [17] and was detected at the
door but not in the center of the room. The room center is measured at a height
of 0.457 m from the floor below the smoke layer which may account for this dif-
ference. The British configuration produced a peak of 1030 ppm at 21 min 6 s;
this was the lowest concentration of HCN collected in any of the three room con-
figurations. The French configuration produced 1230 ppm at 6 min 6 s and the
US room produced 1600 ppm at 6 min. Another interesting result was that sulfur
dioxide (SO2) which has an IDLH of 100 ppm [17] was produced in all 9 room

Figure 9. Smoke generation for French, US and British room
configurations using crib 5 ignition. Smoke is measured in m2/s over
the duration of the test.
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burns and was detectable in the center of the room and at the doorway. The
detection of SO2 occurred after the foam of the furniture had been consumed and
the wooden composition of furniture was the primary fuel. Ammonia (NH3)
which has an IDLH of 300 ppm, was only detected in the French and US room
burns at the doorway with values of 2500 and 2740 ppm, respectively. Ammonia
detection also occurred after transition to flashover.

Figure 13 shows the full spectrum of the French configuration FR-1 room burn
measured at 1.52 m height in the doorway. In the spectra, HCN and carbon
monoxide (CO) were clearly visible at high concentration. This is the gas measure-
ment at approximately 1 min after flashover or 6.5 min after ignition of the crib 4.
CO2 and water represent the majority of the peaks; however, chain scission frag-
ments of the polymers were present with the ethylene (C2H4) and methane (CH4)
peaks. Ammonia (NH3) was also seen around the ethylene peak between 900 cm-

1 and 1000 cm-1. Figure 14 shows the only detection of hydrogen chloride (HCl)
as well as detection of SO2 in a room burn, occurring at 30 min into the GB-1

Figure 10. Smoke generation for French, US and British room
configurations using crib 6 ignition. Smoke is measured in m2/s over
the duration of the test.
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room burn. The high concentration of HCl indicated earlier in the trace was due
to interference from the ethylene peak. Only the smaller peaks at time 32.9 and
35.4 min were authenticated as HCl by manual examination of each spectra in the
series. Corrected for the elevated baseline, the concentration in both cases was
approximately 65 ppm for HCl which is near its IDLH value of 50 ppm [17].
Hydrogen Bromide (HBr) was not detected in any of the room burns.

Also in Figure 14 is the confirmation of SO2 in the spectra with resonances cen-
tered on 2500 cm-1. The main resonances for SO2 are found between 1300 cm-1

and 1400 cm-1, but these peaks were often buried in the water peaks and other
organic molecules making quantitation in that region more difficult.

The 22 min run up to the flashover for the GB-1 burns produced very little or
no narcotic gases such as CO and HCN. At 22 min into the burn, shown as
approximately 24 min on the time scale in Figure 14, high concentrations of CO,
HCN and organic vapors were detected at the doorway. Conversely, the burns of
both the French and US configurations produced these toxic emissions very early
in the fire. High levels of HCN (1234 ppm and 1600 ppm) and CO (28,000 ppm
and 38,200 ppm) were detected between 6 min and 8 min at the doorway of the
burn room. Comparison of the gas concentration plots in the top pane of Fig-
ures 13 and 14 show the significant time difference for fire gas production. There
is a shift from 3 min to 23 min between the French and the British configurations.

For the VOC collection and analysis, the British configuration rooms had a suf-
ficient period of white smoke, 17 min or longer, to ensure that the samples were
clearly separated white from black. The French and US rooms had less than
3 min where white smoke was produced followed by rapid transition to black
smoke and flashover. For the shorter duration white smoke periods some of the
transition to black smoke may have been trapped in the white smoke samples. Of
the 65 compounds that are calibrated for the VOC analysis, 24 were detected in at

Figure 11. US-2 Room at 8:28, 300 m3 laboratory has filled with
smoke. Room is in flashover with all contents burning and PICs
escaping the room faster than the ventilation hood could capture.
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least one of the 18 samples collected. After conversion to black smoke, the num-
ber of analytes and their concentrations of analytes increased significantly. Chlori-
nated hydrocarbons were detected in all room configurations and all tests.
However, only the British configurations produced 1, 2-dichloro-propane, a
decomposition product associated with some phosphorus containing fire retar-
dants.

Acrolein was detected in both white and black smoke above acutely toxic levels.
Levels increase 10 fold when transition to black smoke occurred. The highest
detected concentration of acrolein was detected post-flashover in the US room
configuration. Benzene was also present in the white smoke at about 1 ppm; how-
ever, the black smoke contained 20 to 509 that of the white smoke. The OSHA
Short Term exposure limit is 5 ppm for Benzene [17]. The highest values of ben-
zene where found post-flashover in the French configured rooms in Test FR-1 at
50 ppm with a limit of quantification (LOQ) of 0.001 ppm.

In conjunction with the VOC analysis, a list of tentatively identified compounds
(TIC) was generated with approximate concentrations. Allyl chloride was detected
in two of the samples for the British rooms at about 100 ppb, ST equals 2 ppm
[17]. This may indicate the presence of one of the tris-chloropropyl-phosphonate
FRs. Most of the chemicals detected were monomers and break down product of
poly-isocyanate foams or acrylonitrile–butadiene–styrene polymers (ABS). The
highest detected TICs were siloxanes with small quantities detected in the British
room configurations but up to 41,000 ppb were detected post-flashover in the
French furnished rooms. The most likely source of the siloxanes was the 55 inch
flat panel televisions in the room [1]. The VOC data can be found in the supple-
mental information.

Semi-volatile organic compounds (SVOC) were collected for the total fire for
burns GB-1, FR-1 and US-1 where XAD cartridges were collected at

Figure 12. GB-2 at 8:30, white smoke stratified at 1 m no leakage
from hood. This is the same time as that shown in Fig. 11 and
highlights the difference between British and French rooms.
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3.376 Pa*m3/s over the duration of the tests. For the second and third burn of
each configuration, two XAD cartridges were collected pre and post flashover.
The first cartridge for the period of white smoke was initiated with the start of the
FTIR collection and terminated at the transition to black smoke. The second car-
tridge was initiated at the point of heavy black smoke emission. Some carryover,
especially in the FR2 and FR3 rooms, may have occurred because the transition
time. Table 5 summarizes the data produced in the tests where white and black
smoke where measured separately. The only chemicals included in Table 5 are
those detected in at least one of the samples in each country configuration. Sam-
ples were measured in micrograms of material captured on the cartridge and con-
verted to concentrations by using flow rate and time of collection. The British
configuration rooms (GB-2 and 3) had fewer types of PAH, at lower concentra-
tion, and of lower molecular weight for both white and black smoke. The US and
French rooms contained higher molecular weight and greater toxicity PAH at
orders of magnitude higher concentration. The PAH shown in Table 5 are itali-
cized.

The white smoke contains considerably less SVOC than the black smoke with
the exception of the French rooms. The French rooms transitioned to black
smoke very quickly and some of the black smoke was collected on the white
smoke XAD collector for Experiment FR-3. The lower production of high molec-
ular weight PAH in fire retardant protected materials was first reported by
Blomqvist [18] and is consistent with the data obtained in these experiments. In
addition to the standard SVOC chemicals analyzed on the XAD cartridges, these
were also analyzed for TICs. The chemicals detected are similar to those detected

Figure 13. French configuration FR-1 burn FTIR spectrum
representing 6 min into the burn and 1 min after flashover. Sampling
location was the doorway and key signals are labeled with compound
identity.
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in the VOC and VOC TIC analysis. All of the SVOC and TIC data is provided in
the supplemental materials.

Chlorinated dioxins and furans were also collected using XAD collectors from
the same sample lines used to collect SVOC. Table 6 lists only those chlorinated
dioxins and furans detected during the respective room burns. All other values
were below the limit of detection. Of the concentrations that were detected, how-
ever, all were below the level of quantitation. All three of the French configured
rooms produced chlorinated dioxins. One out of three British burns produced a
chlorinated furan. The one detection for the British room occurred in the black
smoke collected after the transition to flashover.

The detection in the white smoke may have been caused by some of the black
smoke being captured as a result of the very rapid transition from white to black
smoke in these rooms. Brominated dioxins and furans were also measured for all
burns. Very low levels of brominated dioxins and furans were detected during all
9 tests. All of the detections are below the level of quantitation except for the GB-
2 Black smoke sample which had 1,2,3,4,6,7,8-HpBDF at 15.96 pg. Table 7 shows
only those tests where the brominated dioxins and furans were measured. All
other values were non-detect. All of the Chlorinated and brominated dioxin and
furan data is available in the supplemental materials.

The concentration and variety of chemical components of smoke was higher in
the French and US rooms then the British rooms. This is evident in Table 4 for
the narcotic gases HCN and CO collected in the doorway. The PAHs in Table 5
show higher concentrations for the higher molecular weight and more chronically
toxic compounds like benzo[a]pyrene and chrysene for the French and US rooms.

Figure 14. British configuration GB-1 burn at 30.9 min from ignition
and 6 min after flashover. This is an expansion and amplification of
the region where HCl and SO2 signals are quantitated. This sample
was collected from the middle of the room.
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Table 5
SVOC Data for Room Burns of British, French, and US Room
Configurations with White and Black Smoke Comparison; ND = Non-
detect. The Limit of Detection was 5 Micrograms per XAD Cartridge
for All Analytes

Sample ID

GB-2 SVOC

White

GB-3 SVOC

White

GB-2 SVOC

Black

GB-3 SVOC

Black

Compound micrograms/m3 micrograms/m3 micrograms/m3 micrograms/m3

Phenol ND 421 500 155

Naphthalene ND 1684 10,400 6667

2-Methylnaphthalene ND ND 106 ND

Acenaphthylene ND 189 1800 1176

Dibenzofuran ND ND 78 ND

Fluorene ND ND 68 ND

Phenanthrene ND ND 520 145

Anthracene ND ND 62 ND

Fluoranthene ND ND 194 67

Pyrene ND ND 260 143

Acetophenone ND 97 174 63

Sample ID

US-2 SVOC

White

US-3 SVOC

White

US-2 SVOC

black

US-3 SVOC

Black*

Compound micrograms/m3 micrograms/m3 micrograms/m3 micrograms/m3

Pyridine ND ND 949 471

Phenol ND 590 385 276

Naphthalene ND 6800 69,231 16,176

2-Methylnaphthalene ND ND 1256 106

Acenaphthylene ND 460 4615 824

Dibenzofuran ND ND 564 126

Fluorene ND ND 410 ND

Phenanthrene ND ND 2821 ND

Anthracene ND ND 513 ND

Fluoranthene ND ND 1103 ND

Pyrene ND ND 1179 ND

Benzo[a]anthracene ND ND 190 ND

Chrysene ND ND 241 ND

Benzo(b)fluoranthene ND ND 231 ND

Benzo[a]pyrene ND ND 238 ND

Indeno[1,2,3-cd]pyrene ND ND 156 ND

Benzo[g,h,i]perylene ND ND 185 ND

Sample ID

FR-2 SVOC

Black

FR-3 SVOC

black

FR-2 SVOC

White

FR-3 SVOC

White**

Compound micrograms/m3 micrograms/m3 micrograms/m3 micrograms/m3

Pyridine 3167 767 ND 1438

Aniline 400 ND ND 171

Phenol 4833 6333 ND 375

m-cresol & p-cresol 317 533 ND –
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Both the chlorinated and brominated dioxins and furans were very low across the
board with no significant levels detected. The measured values for all black smoke
far exceed those detected in white smoke. As a result the French and US configu-
ration, which produced almost twice the quantity of total smoke, produced the
highest quantities of toxic components much earlier in the combustion process.
The concentration data by themselves, however, do not enable prediction of toxic-
ity to humans. Synergistic, additive, and/or antagonistic effects make prediction of
toxicity highly uncertain without actual toxicity testing.

4. Conclusions

In this study the most fire retarded furniture burned more slowly and produced
less acutely toxic smoke and less total smoke than the furnishings with poor pro-
tection from fire. This is logical as more mass is consumed during the oxygen defi-
cient period of the burn when highly toxic black smoke is produced as a result of
incomplete combustion. Low levels of oxygen are indicated by the high concentra-
tions of CO and HCN, produced in significantly higher yields during under venti-
lated flaming. The French and US room configurations were less fire retarded and
produced more total black smoke containing more and higher molecular weight
PAH, as shown in the SVOC data. The VOC data also supported this trend for
benzene, toluene and acrolein. The smoke from the British configuration was less

Table 5
continued

Sample ID

FR-2 SVOC

Black

FR-3 SVOC

black

FR-2 SVOC

White

FR-3 SVOC

White**

Compound micrograms/m3 micrograms/m3 micrograms/m3 micrograms/m3

Naphthalene 141,667 18,333 173 35,417

2-Methylnaphthalene 1917 500 ND 396

Acenaphthylene 16,667 3500 ND 2500

Dibenzofuran 492 ND ND 229

Fluorene 700 ND ND 185

Phenanthrene 4500 2000 ND 1854

Anthracene 700 ND ND 333

Fluoranthene 1667 2000 ND 875

Pyrene 1917 2167 ND 1104

Benzo[a]anthracene 208 600 ND 115

Chrysene 242 717 ND 156

Benzo(b)fluoranthene 292 867 ND 138

Benzo[a]pyrene 342 750 ND 125

Indeno[1,2,3-cd]pyrene 233 600 ND 73

Benzo[g,h,i]perylene 292 583 ND 110

Acetophenone 267 ND ND ND

*Line blockage occurred during sample collection and numbers are likely lower than actual concentration

**Some black smoke was sampled due to late switching of samplers and very fast transition to black smoke
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acutely toxic than the US and French configurations for at least 20 min into the
burn, Table 3. This also was true for PAHs and chlorinated dioxins and furans
for chronic toxicity, Tables 5 and 6. The British configuration rooms also pro-
duced approximately half of total smoke, Table 3, compared to the French and
US configuration rooms. However, the chronic toxicity of the smoke is outside of
the scope of this paper.

Comparison of the heat release data showed that the British configuration is
significantly less flammable than either the French or US configurations, which
appear to be nearly identical in performance, Figures 4, 5 and 6, and Table 2. The
work of Steinhage and Mierlo at Efectis supports this conclusion reporting the
high heat release of individual sofas from United Kingdom is delayed by 15 to
20 min [19]. The British configuration produced less energy, had a lower pHRR,

Table 7
Detection of Brominated Dioxins and Furans Only Those Detected are
Reported Here, ND = Non-detect, J = Detected but Concentration
Below the Limit of Quantification. Those not Listed were Not Detected
(ND) in Any Samples. LOQs Ranged from 0.1 pg to 1.2 pg depending
on analytes

Smoke source

US-3 DIOXIN

White smoke US-2 DIOXIN

US1 DIOXIN

Total Smoke

US3 DIOXIN

Black Smoke

Total pg Conc Qual Conc Qual Conc Qual Conc Qual

1234678-HpBDD 8.98 J 11.66 J 11.56 J ND ND

2468-TBDF ND ND ND ND 1.012 J ND ND

123478-HxBDF 3.78 J 3.48 J ND ND ND ND

1234678-HpBDF 7.82 J ND ND ND ND 6.66 J

Smoke source

GB-2

DIOXIN

Black Smoke

GB-2

DIOXIN

White Smoke

GB-3

DIOXIN

Black Smoke

GB-3

DIOXIN

White Smoke

Total pg Conc Qual Conc Qual Conc Qual Conc Qual

123478/123678-HxBDD 4.02 J ND ND 4.1 J ND ND

1234678-HpBDD 12.2 J ND ND 10.6 J ND ND

23478-PeBDF ND ND 1.752 J ND ND ND ND

123478-HxBDF 4.54 J ND ND ND ND ND ND

1234678-HpBDF 15.96 8.6 J ND ND 4.84 J

Smoke source

FR2-DIOXIN White

Smoke

FR-2 DIOXIN Black

Smoke

Total pg Conc Qual Conc Qual

1234678-HpBDD 7.48 J ND ND

OBDD ND ND ND ND

2468-TBDF ND ND 1.26 J

1234678-HpBDF 3.42 J 5.02 J
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and delayed the pHRR by a factor of 5. This affords as much as 5 times the
escape time for a fire in this configuration as well as time for the fire department/
brigade to respond. Based on fire department response standards in the US [20], it
is likely that a fire with this much delay could be extinguished before the structure
is lost as well as allowing additional time for occupants to evacuate.

France and the United States currently require smolder only fire test standards
for home furniture. The United Kingdom requires testing to a series of ignition
sources, both smoldering and open flame. This study illustrated that the UK stan-
dard does provide a significantly better performance for an identical size and
shaped couch based on pHHR, time to pHHR, time to peak smoke, and total
smoke. In addition, the chemical composition of the smoke generated in the room
burns featuring UK furniture were less acutely toxic based on HCN and CO emis-
sion and the chronic toxicity appears to be less based on the lower molecular
weight and lower concentration of PAH produced. These results directly contra-
dict results published by McKenna et al. [9]. The condition of the test do affect
the results. It is critical to test under realistic conditions to be able to predict the
performance of materials in home fires. Future research needs to focus on more
realistic room designs that mimic ventilation conditions seen in real homes.
Rooms with less ventilation as seen in a closed door room and better ventilation
as seen in rooms with windows that may shatter represent possible examples.

The results obtained in this study are dependent on the room size and ignition
sources selected. The amount of fuel in these studies while fairly realistic result in
much lower oxygen levels and greater pHRR. UL performed a study where only a
chair was tested in a similar sized room using a smaller ignition source and
obtaining much lower pHRR and smoke as well as very different toxicity results
[21].
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