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FOREWORD

This report was prepared by the Fire Research Section, National Bureau

of Standards for the Federal Aviation Administration. The work effort

was part of a program of the Engineering and Safety Division, Aircraft
Development Service, Washington, D. C. Engineering liaison and technical
review for this project were furnished by the Propulsion Section, Aircraft
Branch, Test and Evaluation Division, National Aviation Facilities
Experimental Center, Atlantic City, New Jersey.

Certain commercial materials and equipment are identified in this paper
in order to adequately specify the experimental procedure. 1In no case
does such identification imply recommendation or endorsement by the
Federal Aviation Administration or the National Bureau of Standards, nor
does it imply that the material or equipment identified is necessarily
the best available for the purpose.
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ABSTRACT

Measurements are reported of the smoke produced during both flaming and
smoldering exposures on 141 aircraft interior materials. Smoke
is reported in terms of specific optical density, a dimensionless
attenuation coefficient which defines the photometric obscuration
produced by a quantity of smoke accumulated from a specimen of given
thickness and unit surface area within a chamber of unit volume. A very
wide range in the maximum specific optical density was observed. For
the majority of materials, more smoke was produced during the flaming
exposure test. However, certain materials produced significantly more
smoke in the absence of open flaming.

During the smoke chamber tests, indications of the maximum concentrations
of CO, HCL, HCN and other selected potentially toxic combustion products
were obtained using commercial colorimetric detector tubes. A study was
made of the operation, accuracy and limitations of the detector tubes
used. Measurements of the concentrations of HC{ were also made using
specific ion electrode techniques. ' -

The elevated temperature thermal degradation of selected materials was
- studied in a number of ways including thermogravimetry and differential
scanning calorimetry.

Qualiiative identification of the major components of the original test
materials was accomplished primarily by infrared absorption spectro-
photometry. o o

Of the materials tested, a number were found to possess good heat
stability properties, and did not generate large quantities of smoke or
high concentrations of the combustion products selected for analysis,
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INTRODUCTION

Purgose

This series of laboratory studies was undertaken to measure certain
combustible characteristics of cabin interior materials used in aircraft.
The scope of this work includes (a) measurement of the smoke and con-
centrations of certain potentially toxic gases produced by cabin furnish-
ing materials under fire conditions, and (b) characterization of the
thermal degradation of these materials at elevated temperatures. These
studies are designed to help in understanding the incidence and propaga-
tion of fire and smoke in air transports, and to assist in providing a
technical basis for defining criteria for fire safety standards.

Background

Regulatory safeguards for limiting the fire hazard of transport
aircraft interior materials are contained in the Federal Aviation
Regulations (FAR-Part 25, amended October 24, 1967) of the Federal
Aviation Administration (FAA), which specify the use of flame-resistant
materials. However, no requirements exist relating to the production of
smoke and potentially toxic products.

Recent accidents involving fire, and the development of new materials
and test methods, suggested that additional technical information should
be assembled. Accordingly, the FAA obtained information based on labora-
tory tests of the flammability and smoke characteristics of over 100
representative interior materials [1], as well as by means of full-scale
fire tests within an airplane fuselage with complete cabin furnishings
and interior decor under conditions simulating normal operation [2].

The present laboratory studies are a part of FAA Project No. 510-001-11X,
"Hazardous Combustible Characteristics of Cabin Materials,'" and were
undertaken with the objectives of (1) providing measurements on the
generation of smoke and decomposition products using a recently developed
smoke test chamber [3], and (2) providing basic information on the thermal
degradation and heat release properties of selected aircraft interior
materials at elevated temperatures.

DISCUSSION

Material Identification

Qualitative identification of the major components of the materials
prior to test was accomplished primarily by infrared absorption tech-
niques using a Beckman Model IR-8 Infrared Spectrophotometer. This
involved preparing a specimen in either film or solid pellet form, with
or without potassium bromide, suitable for obtaining an infrared absorp-
tion spectrum. In some cases, solvent extraction and separation were
necessary in order to obtain a suitable film. Except for wools, which



were identified by nitration tests, and other spot tests which were
employed for cellulosic materials, most materials were identified by
comparison of their infrared absorption spectra with reference spectra

of known compositions. When some estimate of the percentage composition
of blends or mixtures was possible, this was included and listed in
order of major to minor components. For fabric blends, valid quantita-
tive estimates are usually very difficult to make. Poly (vinyl chloride)
and poly ¢inylidene chloride) polymers are difficult to detect speci-
fically by infrared techniques because they have weak absorption bands
and because pigments, fillers and polymer components with which they are
mixed generally have overlapping spectral bands. As much as 20 to

40 percent of PVC or poly (vinylidene chloride) could go undetected.

Generic names are given in all cases, even though the spectra for
some materials were so similar to reference spectra identified by trade

name from the literature that very little doubt existed as to source,

Smoke Measurements

The smoke level was determined by measuring the progressive attenua-
tion of a light beam passed through the smoke aerosol within an enclosed
smoke chamber (see Figs. 1 and 2). Smoke is reported in terms of specific
optical density, a dimensionless attenuation coefficient which defines
the quantity of smoke accumulated from a specimen of unit surface area
in terms of its photometric obscuration over unit path length within a
chamber of unit volume. For the typical application in which the
material is to be used as an interior finish (e.g. on walls, ceilings,
floors), the fire-exposed surface area of the specimen governs its smoke-
production behavior. Specimen thickness (unit weight) correspond to the
materials as supplied and used. The basis and limitation of the method
were described in detail in a recent paper [3], which also discussed the
general relationship between the measured specific optical density and
the level of smoke through which a light (or lighted exit sign) may be
seen.

The tests involved a thermal irradiation exposure of 2.5 watts per
square centimeter (2.2 Btu/ft® -s)* normal to the exterior surface of a
3 x 3 inch specimen and were performed under both flaming and nonflaming
(smoldering) exposure. To induce open flaming in the former case, a small
pilot (0.35 SCFH natural gas diffusion flame in a 1/16 inch i.d. tube) was
applied at the base of the specimen. These conditions were selected to
provide a wide range of smoke levels for different types of materials.
The size of the specimen and the volume of the chamber were such that
complete oxidation of practically all materials could occur without
appreciable decrease in oxygen content. Materials were furnished by the
sponsor and were tested using a typical section in the thickness supplied.

* 1 British thermal unit (Btu) = 1055 watt-second (W-s)
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Fig. 1 Smoke Test Chamber
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FIG.2-SMOKE CHAMBER ASSEMBLY

A-Chamber

B-Exhaust blower
C-Photometer light source
D-Blowout panel

E-Hinged door with window
F-Air pressure gage

G-Gas flowmeter

H-Blower and damper lever
I-Photometer

J-Pilot burner laver
K-Service openingsa
L-Support frame
M-Temperature controller
N-Main power switch
O-Internal light switch
P-Autotransformers

Q-Gas, air shut-off valves
R-Electric ignitor switch
S-Gas, air control valves
T-Gas sampling port



Optical density, defined as D = log l%g (where T = percent light

transmission), is the single most characteristic measure of the obscuring
quality of a smoke. Specific optical density, D , is a property of a
specimen of given thickness, and represents the optical density measured
over unit path length (L), within a chamber of unit volume (V), produced
from a specimen of unit surface area (A). Thus, ) Vv 100

DS=DE=Elog T

For the test chamber, V = 18 ft®, A = 0.0456 ft°, and L = 3 ft.
Ideally, the change in D with time during the smoke accumulation pro-
cess will depend only upgn the thickness of the specimen, its chemical
and physical properties, and the exposure conditions. The results are
reported in terms of (a) maximum (total) smoke accumulation, D , (b)
maximum rate of smoke accumulation (over a 2-minute period), Rm, and
(c) the time period, t_, to reach a "critical" specific opticaT density
of 16, under the test conditions.

However, there are definite limitations to the use of specific
optical density for extrapolation and comparison with other box volumes,
specimen areas and photometric systems, and for extension to human
visibility. The degree to which such extensions are valid depend upon a
number of major assumptions: the smoke generated is uniformly distrib-
uted and is independent of the amount of excess air available and of any
specimen edge effects; coagulation and deposition of smoke is similar
regardless of the specimen size, or the size and shape of the chamber;
for any given smoke the optical density is linearly related to concen-
tration; and human and photometric vision through light-scattering smoke
aerosols, expressed in terms of optical density, are similar.

Gas Measurement

Indications of the concentrations of gaseous products were obtained
by drawing a sample of the gas mixture in the smoke test chamber through
commercial colorimetric gas detector tubes and reporting results on the
basis of the manufacturers calibrations for the selected gases [4].
Where HCL was one of the products, in many cases the gas was also ab-
sorbed in water and analyzed by a chloride ion electrode. Essentially,
a colorimetric tube is a small-bore glass tube containing a chemical
packing which changes color when exposed to a specific component of a
gas mixture, and the length of color stain is related to the concentra-
tion of that component for a given quantity and rate of flow of gas.
Layers of precleaning granules and a plug to absorb interfering gases
and to control the sample flow rate are generally provided. Sampling
was done several times during each smoke test using a small syringe or
bellows pump designed to aspirate a measured volume of gas each stroke.
The gas detector tube was inserted into the smoke chamber from the top,and
was situated 3 inches below the top surface of the chamber (approxima-
tely 25 inches above the level of the specimen). 1In some instances an
attempt was made to extend the range of these indicators by drawing less

5



than the recommended gas volume through them and reporting results on the
basis of individual laboratory calibrations, as reported in a later
section. More detailed discussion of product gas analysis by colorime-
tric detector tubes and by specific ion electrode are presented in
Appendix 1.

Indicator tubes were used to search for CO, HCN, HCL, HF, SO2,
NO+NO,, NHB’ C£2 and COC{,, since these gases have generally been con-

sidered toxicologically hazardous compared with other possible components.
However, these are not necessarily the only potentially toxic components
released. No attempts were made to measure high concentrations of COp

or low concentrations of 0y, or to consider the type, size or concentra-
tion of smoke particles in toxicological terms. Information on the
measuring range limits for the tubes used, and references to the toxic
"hazard limits of these gases are discussed in Appendix 1. For all
materials which produced high concentrations of HC{ (greater than 500 ppm),
a specific ion electrode was also used to provide a more accurate
indication.

Thermogravimetry and Differential Calorimetry

Two complementary methods were explored for characterizing the
elevated temperature thermal decomposition of materials: thermogravi-
metry, in which a specimen is continuously weighed as it is heated, and
differential calorimetry, in which the magnitudes of exothermic and
endothermic processes are measured as a function of increasing temperature.
In this report reference is made to thermogravimetric analysis (designated
TGA), differential thermogravimetric analysis (DTGA) and differential
scanning calorimetry (DSC).

To measure weight loss as a function of temperature, an aluminum
pan containing the specimen was suspended within an electrically-heated
furnace by means of a wire attached to a sensitive weight transducer.
See Fig. 3. The heating rate of the furnace was controlled at about
10 °C/min (18 °F/min) to provide sufficient time for the reactions on a
1-inch square specimen to be stabilized. The transducer, Statham Type UC 2
with Type UL 5 microscale accessory, had weight ranges of 3, 6, and 15 g
and was accurate to withint0.15percent of full scale. It was mounted
within an air-purged enclosure to protect it from the heat and gaseous
decomposition products. Thermocouples, of No. 24 gage (0.020 inch) chromel-
alumel wires, were placed immediately below the specimen pan to provide
temperature measurement and control without affecting the weight
determination. 1In addition to a record of weight as a function of time
(and temperature), a simple differentiation circuit [5] was used to
obtain a simultaneous continuous record of the derivative of the weight-
time record.
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Fig. 3 ‘Schematic of Thermogravimetric Analysis Apparatus
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Calorimetric measurements were made on selected materials using a
Perkin-Elmer Model DSC-1B Differential Scanning Calorimeter. A record
of the exothermic and endothermic reactions occurring during physical
or chemical changes in inert (N,) atmospheres up to 500 °C (932 °F) were
obtained at selected heating ra%es on samples weighing up to 20 mg.

Heat Release

As requested by the sponsor, a measure of the total heat release
during flaming combustion of these materials was derived from the stack
temperature rise data during radiant panel flammability tests [6] per-
formed by FAA, This data was assembled to explore possible relation-
ships between the total heat released in the radiant panel test and the
growth of fires in cabins containing such materials. The radiant panel
method involves the determination of the temperature rise within a stack
placed over a 6 x 18 inch test specimenwhich is subjected to a 15-minute
surface flammability test exposure, as compared to a completely noncom-
bustible asbestos-cement specimen. 1In the standard flammability test,
only the peak temperature rise is used in calculating a flame spread
index. 1In this instance, the total area under the stack temperature
versus time curve was also measured and was taken to be representative
of the total heat release during flaming combustion.

TEST RESULTS AND ANALYSIS

Material Identification

Table I (Appendix 3) is a list of materials, showing numerical desig-
nation, thickness, unit weight, type, use and approximate chemical compo-
sition of the major components. Of the 141 materials studied, these may
be divided into the following groups:

Sheet materials 46
Laminates 21
Fabrics 38
Rugs 10
Pads, Insulation and Assemblies 24
Films 2

Identification of the materials was based almost entirely upon
infrared absorption spectrophotometry with the following results:

Of the 38 fabrics composed of woven fibers, only a few were essen-
tially natural fibers (cotton and wool), a few were composed of a mix-
ture of natural and artificial fibers, but the bulk of the fabrics were
made from 100% artificial fibers, including acrylics, modacrylics, poly-
esters, polyamides (nylon-type), vinyl and glass.



Of the sheet and laminate materials, approximately one-half were
composed entirely or predominantly of poly vinyl chloride (PVC)},and

the remaining sheet and laminate materials were composed of acrylonitrile-
butadiene-styrene (ABS), methyl methacrylate, and other copolymers,
blends and varieties of polymers. The tested rugs included wool,
modacrylics, polyamide (nylon and aromatic types) and polypropylene. Of
the pads used for seats, there were several urethane foam materials and
one rubber (chloroprene). The materials used as ceiling or bulkhead
insulation included mainly glass fiber materials or a paper honeycomb
sandwich.

Smoke Measurements

Smoke measurements are summarized in Table II (Appendix 4) in terms
of the maximum smoke accumulation (Dp),the maximum rate of smoke accumu-
lation (Ry,) and the time (t.) to reach a specific optical density of 16
for both flaming and smoldering exposure. These results represent
averages of duplicate tests (with few exceptions) and were fairly repro-
ducible. Smoke buildup curves for typical flaming and smoldering tests on
selected types of materials are shown in Appendix 2.

A very wide range of D values was measured. Slightly more than
15 percent of the materialsmproduced smoke corresponding to a D_ = 16
or less, for both flaming and smoldering exposures. These inc1lded
materials composed of glass, asbestos, aromatic polyamide, polyimide
plus others, but many of these materials were very thin (lightweight).
Dm values in excess of 200 were recorded for flaming and smoldering
exposures on approximately 20 percent of the materials.

For flaming exposure of 140 materials, frequency distribution histo-
grams of the maximum smoke values are shown in Fig. 4 for all materials,
and in Fig. 5 within the classification groups: (a) fabrics, (b) rugs,
(c) sheets, films and laminates, and (d) pads, insulations and assemblies.
Of the materials in the D = 16 category, 16 were fabrics, 6 were sheets
or films and 4 were glassmor asbestos fiber insulations. However, of

the 22 fabrics, sheets and films, only 3 weighed more than 20 ozfytf3
(0.068 g/cn?). With one exception, all materials in the Dmf_ 16 category
under flaming conditions were also Dﬁi 16 under nonflaming conditions.

Figures 6A, 6B and 6C comprise a complete histogram showing smoke
and toxic gas concentrations for flaming and nonflaming exposures on
each material based on the data in Table II (Appendix 4). Materials have
been arranged according to classification by groups, by composition, and
by generally increasing weight within each subgroup.
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It should be noted that only the "front" side of a material was
exposed, and that specimens exhibited a very wide range in their physical
and thermal behavior during flaming and nonflaming exposure. Materials
which melted at fairly low temperatures, including nylon, polysulfone
and polyethylene, flowed to the bottom or dripped off the sample holder
in varying degrees, resulting in less smoke. Some materials evaporated
fairly rapidly before extensive decomposition or combustion took place.
All urethane foam materials produced more smoke under smoldering exposure
than with flaming exposure, except in one instance where the material
was noted to shrink into a corner of the holder and was, therefore,
subjected to less radiation. Rubber (chloroprene), ABS, methacrylate and
PYC m-'erials nearly always produced more smoke under flaming exposure.
Under thermal radiation exposure alone, elastomers generally formed a
bell-shaped protrusion at their center through which gaseous products
streamed out rapidly. The maximum smoke level naturally depends upon
the thickness (and density) of the specimen, and for some materials D
may be expected to increase with thickness but not always in direct
proportion [3].

Gas Measurements

"Maximum'" indicated concentrations of gases are listed in Table II
(Appendix 4) along with the smoke data. These values are based on the
average of two separate determinations, except that additional tests were
made where large discrepancies (greated than a factor of 2) between
duplicate values were obtained. Unlike the measurement of optical density
of smoke, which is recorded continuously to obtain a maximum, gas concen-
tration was measured periodically. Particularly for components which
change rapidly, therefore, the indicated gas concentration values may
not necessarily be the true maximum values. For the materials tested,
the highest indicated concentrations were 2200 ppm CO, 2500 ppm HCL,
and 90 ppm HCN. These concentrations refer to the same exposed area of
specimen and chamber volume used, but to a wide range of specimen weights.

Since the primary objective of this study was to ascertain order
of magnitude values, no extensive efforts were made to improve repro-
ducibility. As a test of reproducibility for a PVC material (specimen
No. 44), 5 separate smoldering exposure tests were conducted with the
results shown in Fig. 7. This figure shows the 5 replicate smoke curves
and a tabulation of indicated gas concentrations at specific times during
each test. The measurement ranges were on the order of +207% for CO and
HCN and +30% for HCZ, and such variations may be considered typical of
the maximum indicated concentration values under the test conditions.
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Because the plastic materials studied were from many manufacturers
and generally contained plasticizers, fillers and other additives, it
is difficult to relate quantitatively gaseous product concentrations
with polymer composition. In general, HC{ was produced by polyvinyl
chloride and modacrylic materials, HF from polyvinyl fluoride, HCN from
wool, urethane, ABS, and modacrylics, and SO, from polysulfone and
rubber materials. CO was produced by almost all the samples in varying
amounts depending on the type of material.

It has been shown[7] that the amount of a given gas produced during
pyrolysis and its rate of generation are strongly temperature dependent.
Thus, any materials or processes which affect the temperature profile
across the specimen (e.g. fillers and plasticizers which produce surface
crusting, intumescence, etc.), could readily influence the concentration
of gaseous products. For certain materials, higher concentrations of some
gases may be produced under conditions of insufficient air, e.g. 10 percent
oxygen [8].

Sampling was performed sequentially, proceeding generally from
HCL{ and HF to HCN to CO, and was initiated when optical density of the
smoke approached its peak. This procedure was followed because of the
fairly rapid decay in halogen acid concentration resulting from
adsorption on (and reaction with) moisture, smoke particles and chamber
surfaces. To facilitate subsequent data comparison, sampling for HCL
and HF was generally initiated at the beginning of the minute close to
the maximum smoke level, and at two-minute intervals thereafter for
other gases.

Gas temperature at the sampling tube inlet generally ranged from
46 to 52 °C (115 to 126 °F), the higher temperatures occurring during
flaming tests on heavier materials. Due to the cooling effect of the
precleaning layers of the indicator tubes, the temperature of the gases
passing the indicating layers were within the prescribed maximum tem-
perature limits. The sampling rate was generally unaffected by either
the elevated temperature of gases or by heavy smoke particle concen-
trations.

Hydrogen chloride is generally released rapidly during combustion
or pyrolysis of polyvinyl chloride, modified acrylics and other
retardant-treated materials [9, 10]. Maximum levels were generally
higher under flaming compared to smoldering exposure conditions pre-
sumably due to the higher temperature involved and the resultant
greater rate of release. The HCL concentration changed rapidly as a
result of its high reactivity, solubility in water, and adsorption on
smoke particles and wall surfaces. The type of surface as well as the
total area of the interior walls have a pronounced influence on the
adsorption and settling (or decay) rate of HCL and smoke. To illustrate
the decay of both HC{ and CO, a suitable concentration of the pure
component was metered into the bottom of the chamber under both sinoke-
free and smoke-filled conditions. Figure 8 shows the indicated

17



SPECIFIC OPTICAL

HC1 CONCENTRATION, ppm DENSITY

CO CONCENTRATION, ppm

1000
D..=160
Dg / m
IOO - —
/,qm'SO
10 1 | 1 | 1
1000
100—
10
1000}|—
/om- 160
D=0
O / " B
Yo S
100~ Bt
™~ PILOT FLAME
! | 1 ] 1
lcO 10 20 30

TIME, min

Fig. 8 Comparative Decay in HC1l and CO Concentrations

Top:
Center:

Bottom:

for Several Smoke Density Levels

Smoke, nonflaming exposure, 2 selected PVC/PVA materials
HCY Concentration. Prior to taking readings, 220 cof /min
of HC1l was introduced in chamber over 3-min period

CO Concentration. Prior to taking readings, 190 cnof /min
of CO was introduced in chamber over 3-min period

- 18 -



concentrations of HCY and CO. In the tests involving smoldering
specimens, the gas concentration levels are higher because a portion
of the gas is introduced by combustion. The decay rates are also
higher. A similar decay would be expected to exist following the
generation of HCY at this level of concentration from a specimen
during test exposure.

The effect of a pilot flame on the buildup of CO in flaming
exposure tests is shown in the lower figure.

Thermogravimetry and Calorimetry

The thermal decomposition of three selected materials at elevated
temperatures is shown in Figs. 9, 10, 11 in terms of weight vs.
temperature (TGA), rate of weight loss vs. temperature (DTGA) and the
exothermic and endothermic reactions vs. temperature (DSC). Although
the DSC is intended for quantitative calorimetry, the calculations
were not made for the few selected materials of this preliminary study.

For an acrylonitrile-butadiene-styrene (ABS) copolymer, Specimen
No. 10, shown in Fig. 9, the rate of welght loss 1ncreased steadily
reachlng a peak at approx1mate%y 350~ 370 °c (662 to 698 F) and then
decreased gradually up to 500 C (932 F) The DSC scan showed a very
substant1a1 pxotherm extending over a wide temperature range0(170 to
440 OC (338 to 824 °F) with a peak at approximately 380-390 C (717 to
734 F).

For a plasticized poly (vinyl chloride) sheet, Specimen No. 36,
shown in Fig. 10, there was a peak rate of weight loss at about 320 °C
(608 °F) followed by addltlonal but less pronounced weight losses at
about 400 °c (752 F) and 500 C (937 0F). The DSC scan showed a strong
endotherm in the temperature range 263 to 320 °c (509 to 608 F)
followed by a strong exotherm to 335 °C (635 °F).

For a melamine and urea formaldehyde laminate, Specimen No. 26,
shown in Fig. 11, there were two slgnlflcant welght 1oss ranges at
average temperatures of about 320 °C (608 F) and 500 °c (932 F)
The DSC sgan showed an endotherm in the temperature range 40-160 C
(104-320 °F and an exotherm in the temperature range 160 to 420 C
(320 - 799 F) with a maximum near 330 C (626 F)

Heat Release

As a measure of the total heat released during the radiant panel
flame spread test (conducted by FAA), the area under the curve of stack
thermocouple temperature versus time in excess of that for noncombustible
asbestos-cement board, was measured. These values, expressed in Btu,
are listed in Table III, which also lists the maximum rate of heat
release measured during the same flame spread test. The magnitude of
these values depend upon the specimen thickness, upon the extent of
ablation, char formation and similar processes, upon chemical treatments,
and upon the ability of a coatinglgo seal and protect the surface from
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TABLE TIT

TOTAL HEAT RELEASE AND MAXIMUM HEAT RELEASE RATE
FAA Radiant Panel Data

Max. Max.
Total Heat Total Heat
Material Heat Release Material Heat Release

No. Release Rate No. Release Rate

Btu* Btu/min* Btu* Btu/min*
1 130 170 39 .470 130
2 39 50 40 2 <5
3 250 175 41 460 250
4 52 41 42 30 <5
5 300 220 43 52 10
6 300 220 44 310 120
7 1010 480 45 330 130
8 560 330 46 620 80
9 410 120 47 150 30
10 690 310 48 730 200
12 550 65 49 720 170
17 940 140 51 1530 210
18 240 52 190 210
19 140 140 53 80 40
20 77 55 54 100 40
21 250 60 55 130 40
22 58 <5 57 240 30
25 320 210 58 300 50
26 170 120 59 190 20
28 26 20 60 550 120
29 120 40 61 340 120
30 730 150 62 670 50
31 240 40 63 130 50
32 130 30 64 510 190
33 610 160 65 800 330
34 39 110 66 230 140
35 620 180 67 64 20
36 40 68 270 80
37 40 69 110 60
38 1250 720 70 39 95

*1 Btu = 1055 W:s; 1 Btu/min = 17.6 W
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TABLE III (Continued)

TOTAL HEAT RELEASE AND MAXIMUM HEAT RELEASE RATE
FAA Radiant Panel Data

Max. Max.
Total Heat Total Heat

Material Heat Release Material Heat Release
No. Release Rate No., Release Rate

Btu* Btu/mir* Btu* Btu/min*
71 64 30 130 480 40
72 540 90 131 440 40
73 1340 190 132 100 70
74 >2000 950 133 280 170
76 530 70 134 350 180
101 97 10 135 77 50
102 220 30 136 420 60
103 490 50 137 390 60
104 20 25 138 19 10
105 0 0 140 120 20
108 13 20 141 220 20
109 830 160 142 64 70
110 1570 220 143 170 20
111 1030 210 144 90 20
112 600 90 145 0 0
113 50 5 146 110 20
114 0 0 147 4650 500
115 0 0 148A 630 200
116 240 30 149 0 0
117 130 60 150 170 220
118A 50 10 151 290 100
119 77 10 152 760 90
120 0 0 153 60 80
121 220 30 154 600 90
122 580 60 155 100 70
123 670 157 110 30
124 13 10 160 460 70
125 90 10 161 110 40
126 0 0 161X 90 100
128A 220 220 163 20 10
129 370 40 164 720 120

* 1 Btu = 1055 W-s; 1 Btu/min = 17.6 W
24



progressive decomposition.

The results show that the rate of heat release ranged from 0 up
to 950 Btu/min, and the total heat released was as high as 4650 Btu.
For the materials tested, approximately one-third released 100 Btu or
less

In general, the thicker the material, the greater the heat released,
but not in direct proportion Certain materials, notably glass fiber
fabrics and insulation, and other lightweight films and fabrics
released very little heat under the standard radiant panel test
exposure. Polyvinyl chloride and other chilorinated materials were
noteworthy in their flame-inhibiting action which reduced or prevented
the release of much of the available heat.

For thin materials, the type of backing or substrate and its
thermal properties are important in governing flame spread behavior

and heat release [11]

Scaling Factors

In the work described in this report, it was presumed that the test
specimens were representative in thickness and density of the materials
intended for actual use as interior finishes. For a few materials
supplied in thicknesses greater than 1 inch, the test specimen was
limited to a thickness of 1inch by the size of the specimen holder.

It should be evident that the density of smoke, the concentration of
gaseous products, and the heat release characteristics are properties
of the specimen as tested and will be different for other thicknesses
and densities.

Limitations were previously noted to the use of specific optical
density for extrapolating the smoke density measured in the laboratory
test to other enclosure volumes and surface areas. Within these
limitations, the re&ationship between the measured value of D and the

geometrical factoriz for various values of light transmission (or

optical density) is shown in Fig. 12. The optical density level through
which a lighted exit sign may be seen can vary over wide limits depending
on  the general illumination level, on the contrast threshold and the
extent to which the observer's eyes have been dark-adapted, as well as

on the irritating nature of the smoke. 1In Fig 12, five lines are

shown for transmission values ranging from 80 to 2.5 percent (optical
density 0.1 to 1.6) corresponding to a wide range of visual

limits [3].
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Using this figure, sample computations have been made in Table IV
for 3 selected values of D . 1If it is assumed that a lighted exit sign
can be seen when the transmission is down to 40% (optical density 0.4),
and an aircraft cabin has a volume of 10,000 £t% within which smoke is
uniformly dispersed, then Table IV shows the estimated area A of material,
the smoke from which may just begin to limit seeing the exit sign at
various distances L.

Up to this point, only geometrical factors have been considered, but
time is certainly important, and the choice of a critical specific optical
density for each material can presumably also be based on a prescribed
time period which is sufficiently long to permit escape or defensive
action. From Table II, it may be noted that the time periods to attain
a critical specific optical density of 16 ranged from 0.2 to over 20
minutes.

Although the three factors, total smoke accumulation (D ), maxgimum

rate of smoke accumulation (R ) and the time period to reach a

"eritical' optical density (t ) are directly related to the smoke
obscuration hazard, their relatlve weighting is not entirely obvious.
One suggestion for a single overall hazard index based on the results
of this test was made in the Appendix of Reference [3]. However, it
should be emphasized that additional experimental verlflcation would
be desirable prior to establishing rigorous smoke hazard limits for
interior materials.

This study was concerned with the limited problem of measuring the
optical density of smoke as it relates to the obscuration of human
vision. No attempt was made to evaluate complications due to eye
irritations, to respiratory effects from inhaled smoke particles, or to
hysteria or associated physiological or psychological factors.

The indicated concentrations of gaseous products listed in Table II
represent values measured at the sampling location and are associated
with the prescribed exposure conditions on a specimen of given exposedarea
( 2-9/16 inches square) within a totally enclosed chamber of 18 ft*
volume. Specimens were tested in the thickness and weight supplied,
which varied over a wide range. Concentration measurements were made
periodically from the time when the optical density of the smoke approached
its peak. Any realistic evaluation of the gas concentrations likely to be
encountered in a real fire situation must take into account actual areas
and thicknesses of the materials exposed and the volumes in which the gases
are dispersed. Also of importance are the rate of fire growth, the effects
of adsorption and reaction, the extent of ventilation, dilution, and/or
application of extinguishing agents, and other factors outside the scope of
this study. Where specimen area and chamber volume are the only variables
and uniform mixing is assumed, an approximate relationship between the gas
concentration measured in the smoke chamber and the projected concentration
within a much larger chamber, such as an aircraft cabin, is given by

C . = C Vt Ac
cabin test — v
At VC
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TABLE IV

Critical (Projected) Surface Area of Material
Burned in 10,000 ft® Volume

(for optical density = 0.4)

Specific v Light Specimen
Optical AL Distance Area
Density Ds (for OD = .4) L A
10 25 3 ft 133 ft°
10 25 10 40
10 25 30 13.3
10 25 100 4
50 125 3 26.7
50 125 10 8
50 125 30 2.67
50 125 100 0.8
100 250 3 13.3
100 250 10 4.0
100 250 30 1.3
100 250 100 0.4
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This simply scales concentration (C) in direct proportion to the area
A of specimen involved and in inverse proportion to the chamber volume
V. As an example, the gas concentration in a 10,000 ft® cabin is shown

in Fig 13 for a series of lines corresponding to surface areas of 10,
100 and 1,000 ft2 .

It should be noted that such scaled estimates assume similar (or
uniform) distribution of the gaseous components, and large differences
may result in the case of active gases and vapors which tend to be

adsorbed on surfaces, e. g. HF and HCL, and gases and vapors which tend
to stratify in layers.

Finally, it should be noted that relationships between the indicated
concentrations measured in the smoke chamber and physiological or
toxicological effects are also outside the scope of this study. The
table of toxicological data, assembled from open literature sources
has been included for reference purposes only. Information on the
combined,or synergistic, effects of several noxious components (including
smoke particles), is apparently very limited.
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Based upon the tests performed andan evaluation of the results,

CONCLUSIONS

following conclusions have been reached:

1.

Materials currently used as interior furnishings for air-
craft cabins, and those being considered for future use,
vary considerably in their decomposition and heat release
rates at elevated temperatures, and in their production
of smoke and potentially toxic products under simulated
fire conditions. Under the conditions studied, certain
materials have good heat stability properties and do not
generate large quantities of smoke or high concentrations
of the gaseous products selected for analysis.

The laboratory test method for generating smoke and
measuring its optical density appears to be a useful
tool for the quantitative classification of materials,
and for the possible establishment of revised fire
safety standards and criteria for controlling smoke
production. Optical density is the single most cha-
racteristic measure of the visual obscuring quality
of a smoke.

For evaluating smoke production, both smoldering and
active flaming conditions should be considered. For
the majority of materials, more smoke was produced
during the flaming exposure test. However, certain
materials produced significantly more smoke in the
absence of open flaming.

Within the limitations and assumptions cited on page 5,
the specific optical density of smoke measured in the
laboratory may be extrapolated to cabin volumes and
surface areas in order to provide guidelines for cabin
area limitations, or to estimate time periods available
for escape or defensive action.

Indications of the concentrations of potentially toxic
combustion products can be conveniently and inexpen-
sively obtained during the smoke production test using
calibrated commercial colorimetric tubes; however, these
are suitable only where interferences by other gases are
absent, and where precision is not of primary importance.
The specific ion electrode is also a convenient method
of measuring the concentrations of halogen acid gases.
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Furthermore, if an attempt is made to relate the indica-
ted concentrations measured in the smoke chamber in
terms of toxicological limits, caution must be exercised
It is essential that proper consideration be given to
(a) scaling of the areas and volumes in the proposed
situation, (b) the integrated dosage where concentration
varies with time, (c) the synergistic effects of several
components (and smoke particles), and (d) the effects of
relative humidity, elevated temperature, stratification,
adsorption on surfaces, and physiological factors not
considered in this study.

RECOMMENDAT IONS

Based upon ‘the work described in this report, and the needs of
the Federal Aviation Administration for esatablishing fire safety
standards, it is recommended that:

1.

The NBS laboratory test method be used for measuring
the optical density of smoke produced by

burning aircraft interior materials. Both active
flaming and nonflaming (smoldering) exposure con-
ditions should be employed. The selection of the
most meaningful smoke criterion, e. g., total smoke
accumulation, maximum rate of smoke accumulation, or
the time period to a critical optical density --
should be based on information and/or judgments of
the operational conditions within actual aircraft.

Concurrent measurements of the concentrations of
potentially toxic combustion products should be

made. Where precision is not of primary importance
and interferences (by other gases, high temperature,
etc.) are absent, calibrated commercial colorimetric
tubes may be used. However, additional studies should
be undertaken to establish the accuracy and acceptable
conditions for using such tubes. Also, other methods
which may provide more accuracy and convenience in the
measurement of combustion products should be
investigated.

Additional studies be undertaken to establish and
standardize laboratory methods for measurement of
the heat release properties of materials.

The laboratory results on smoke production and the

evolution of combustion products be verified by
large-scale (model) tests with typical materials.
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APPENDIX 1
GAS ANALYSIS

Colorimetric Indicator Tubes

The manufacturer provided general information on the detector tubes
regarding their measuring range, interfering reactions, reuse and the
effects of temperature and relative humidity. The upper and lower limits
of the measuring ranges of these tubes and some references to the toxicolo-
gical limits of these gases are summarized in Table I-1, With good
quality control during manufacture and frequent calibration, specific
tubes can give meaningful results. However, certain shortcomings may be
noted. These include:

1. Variation of packing density within the tube and non-
uniformity of indicator gel among the tubes. Since the
adsorption rate of a sample gas by the gel depends pri-
marily on the reacting surface area available per length
of tube, a variable packing density would affect repro-
ducibility.

2. Certain gases & vapors are not adsorbed by the pre-
cleaning layer but react similarly with the indicator as
the gas of interest to produce an unexpected interference.

3. The transition zone of the discolored stain front
makes it difficult to judge the exact demarcation line
and thus introduces errors.

These shortcomings can be minimized for example, by frequent cali-
bration to establish probable errors, by knowing the specific inter-
fering gases in the sample not absorbed by the precleaning layer and
the sensitivity of the tube to these gases; and by determining the con-
centration of the interference gas if any, found in the sample. With
cumulative experience on using the tubes both during calibration and
sampling, the probable error in judging the line of demarcation of the
discolored section by an operator can be minimized. The merit of the
colorimetric tubes as in any other analytical method should be judged
by its performance on a specific gas. Sensitivity, accuracy and inter-
ference effects depend on the chemical system used in the tube and they
are obviously different for different gases. An extensive review of
some of the techniques and problems associated with these tubes is given
by Kusnetz, et., al. [12].
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The advantages of the indicator tubes are convenience and simpli-
city, yielding immediate results with the avoidance of transfer vessels
and other sampling problems. In the hands of an experienced operator,
reasonable accuracy can be attained.

O0f the colorimetric tubes used, tubes for four compounds have been
calibrated and examined for interferences and temperature effect. For
calibration purposes low concentrations of HCL or HCN were prepared from
a flow dilution system suggested by Saltzman [13]. The system consists
of an asbestos plug which serves as a flow-limiting device [14], and a
mixing chamber as shown on Fig. 1.1. Tubing to the asbestos flowmeter
is 1 mm ID Teflon tubing to minimize dead volume. The pressure regula-
ting cylinder was filled with concentrated H.SO, for metering the HCA
gas. Flows were calibrated by attaching a graduated 0.1 ml pipet to the
meter outlet and timing with a stopwatch the movement of a drop of
mercury past the graduations. Flow rates as low as 0.0l cuf /min can be
achieved with good long term reproducibility,

The degree of dilution of pure HC{ from the tank was controlled by
the asbestos plug and the diluting gas metered by a rotameter. Mixture
concentration could be varied from 10 to 1000 ppm. A needle valve
controlled the flow rate to the indicator tube. The pressure drop across
the colorimetric indicator during calibration was balanced by applying
an appropriate vacuum at the other end of the tube. This arrangement
avoids creating any disturbance to the diluting system when the tube is
inserted to start a calibration.

Low concentrations of HCN were generated by aeration of a 4.6
molar solution of KCN in a midget impinger. A thermostated water bath
surrounding the bubbler and air supply condenser maintained a tempera-
ture of 30 °C (86 °F). The system produced an output of 100 ppm and
further dilution was necessary for lower concentrations. Both HCZ and
HCN systems were very stable and consistent.

A static method using a FEP Teflon 5-mil-thick collapsible bag was
used to generate low concentrations of non-reacting gases. Under this
arrangement, the sample gas was deposited by a gas-tight microsyringe
and diluted with air or other gases from a one-liter syringe. This
method is not applicable to HCL or HCN because of losses resulting from

adsorption, but gave satisfactory results with CO from 10 to 1000 ppm.

Specific Ion Electrode .

A permeable membrane electrode for chloride ions( after Pungor)
was described recently [15] and was used in a system to determine the
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HC{ concentration in a gas sample 'potentiometrically. This methed has
higher accuracy, range and reliability than that of colorimetyic indi-
cator tubes. Its working range is between 20 and 20,000 ppm for a

100 cnf’ gas sample. For lower concentrations, a larger sample must be
used.

In practice, the highly water-soluble HC{ gas and vapor in the
100 cnf’ sample was totally absorbed when the sample flowed at a rate of
100 cof/min through Teflon tubing (§.3 mm i.d.) containing about 40 mg
of loosely packed glass wool wetted with 0.1 cnf water. The exposed
glass wool was carefully transferred to a Teflon cup of smell internal
volume. Water was added to make a total solution of lcnf before
insertion of the specific ion electrode, and a low-leakage, small-
diameter-tip, conventional calomel -RCL reference electrode. A high
impedance differential voltmeter Or an expanded scale pH meter may be
used to measure the emf betwee the electrodes. The specific electrode
has a sensitivity limit of 10" mole per liter for chloride ion in
solution and an equilibrium response time of about 1 min. Tt coneists
essentially of a polymeric silicome rubber membrane impregmated with
particles of silver chloride precipitate. The membrane covers the tip
of a small diameter glass tube filled with a chloride solutiom. Fig. 1.2
shows the calibration curve of emf in mV and HCZ coneentration
in ppm calculated on the basis of a 100 cnf gas sample absorbed in a
1 cof” solution. The curves were based on measurements made with solu-
tions of known HCL concentrations. ;

Known interferences of bromide or iodide ions may be considered
negligible if their concentrations are less than one-tenth of the
chloride ion concentration [15]. 1In most fire gas or smoke chamber
analyses this problem would not arise. 1In cases where the concentra-
tion of a bromide ions is likely to be the same order as that of
chloride, a bromide specific electrode can be used. This electrode is
not affected by chloride ion concentrations as high as 50 times that
of bromide. i

Table I-2 shows the type of indicator reagents used in the detec-
tor tube. It also lists the known components and concentrations which
would cause sufficient interference to give erroneous readings. The
precleaning layer serves to remove the interfering components and the
table shows the maximum concentrations that can be removed. The data
are based on information furnished by the tube manufacturer as well as
NBS data showing the lack of mutual interference among the major com-
ponents of HCZ, HCN and CO. Except for H,S which apparently poisons
the reactive surface in the HC! tube, othér interferences did not
significantly alter the usefulness of those colorimetric tubes used in
the present smoke chamber study.
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Table I-3 shows some of the basic and calibration data for the
colorimetric indicator tubes used. Included are the concentration
ranges for which the tubes are rated and the sample volume and measured
sampling rate for which the predetermined scale calibration holds. The
length of indicating layer compared with the maximum of the concentra-
tion range indicates the resolution of the tube. Transition zone is a
subjective estimate of the length between complete color change to no
change which affects the reading error. The calibration ratios were
based on the average of three separate runs for each of the stated
concentrations. The method of preparation of an actual concentration
of a single component in an atmospheric air mixture was given in the
previous section. Unlike a previous study where several disinterested
observers were asked to judge the demarcation front of the color change [12],
the present results were based on the observation of one individual only.
With the exception of the type B HGCZ tube which was +90% in error, all
other errors fell within a *207% range.
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APPENDIX 2

TYPICAL SMOKE ACCUMULATION CURVES FOR
SELECTED WMATERIALS

. . v 100
Ds Specific optical density AL LOG T

F Flaming exposure

NF Nonflaming (smoldering) exposure
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