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NOTICE

wWhen Government drawings, specifications, or other data are used
for any purpose other than in connection with a definitely rela-
ted Government procurement operation, the United States Government
thereby 1incurs no responsibility nor any obligation whatsoever;
and the fact that the Government may have formulated, furnished,
or in any way supplied the said drawings, specifications, or other
data, 1s not to be regarded by implication or otherwise as in any
manner licensing the holder or any other person or corporation, or
conveying any rights or permission to manufacture, use, or sell
any patented invention that may in any way be related thereto.

This report has been reviewed by the Office of Public Affairs
(ASD/PA) and 1s releasable to the National Technical Information
Service (NTIS). At NTIS, it will be available to the general
public, including foreign nations.

This technical report has been reviewed and is approved for
publication.
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PREFACE

This is a sumary Technical Report prepared by Monsanto Rescarch Corporation,
Dayton Laboratory. The effort was sponsored by the Air Force Wright Acro-
naut ieal Laboratories, Alr Force Systoms Command, Wright-Patterson AFB, Ohio;
it was performed under Contracts F33615~78-C-2023 and F33615-81-C-2035 during
the neriod 15 January 1983 - 30 Septamber 1983.  Dr Jon R. Manheim, AFWAL/POSH
ardd My Tim Dues, AFWAL/POSFE, served as Project Engincers.

Dr Ioo Parts was technically responsible for the work at Monsanto Rescarch
Corvoration. Messrs Thomas A. llogan and Thomas J. Condron of the Fire
Protect von Branch, Acro Propulsion Laboratory, ZFWAL, represented the Air
Forece part of the program team.

e following persons and organizations contributed significantly in the
rerformance of this program. Mr Benjamin H. Wilt, University of Davton
Rescarch Institute, superviscd the accelerated aging testing of foam
soecimens.  Mr J. Douglas Wolf, also of University of Dayton Rescarch
Institute, nerformed the instrumental surface analyses of foam specimens. .
Blosser Color Laboratory, Inc., processed the color film and made the color
nrints.
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1. INTRCDUCTION

Incidents have occurred with A-10 and other aircraft in which it
appeared during subsequent investigations that heat or flame
exposure of the polyurethane foam had taken place. The purpose
for the use of that foam is to stop or reduce flame propagation

in aircraft fuel tanks.

Specimens of the blue foam (Scott Safety Foam SF 0025, MIL-B-
83054B, Type V), removed from A-10 aircraft at Glen Martin AFB,
Baltimore, MD, were received for examination. Answers were sought

to the following questions:

(1) Wwhat had been the heat or fire exposure history of the

specimens?

(2) Had the fuel tank foam been immersed in fuel after the

heat or fire exposure?

Wipings were also received from the vent mast area and from the
right side vent tank dome of one aircraft. The compositions of
these wipings were of interest. More specifically, these wipings
were to be examined and analyzed for polyurethane degradation

products and metal-containing substances.

To establish heat and fire exposure history of the recovered spe-
cimens, samples of unused blue foam were exposed to a hot air
stream, radiant heat, and flame. The physical appearances of the
incident specimens were examined with reference to controlled
exposure samples. These examinations revealed that the physical
appearance of foam specimens after exposure was very informative
regarding past history. More extensive controlled exposure tests
were subsequently performed. They encompassed all conceivable
types of environmental and unwanted exposure. They included

accelerated aging in air and in jet fuel (JP-5), and exposure to
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ultraviolet radiation. The red and the yellow polyester-based
polyurethane foams (MIL-B-83054B, Types Il and I11) were also

incorporated into the testing program.

The physical appearance of control test specimens was thoroughly
documented photographically. That record, incorporated into the
present report, will be of assistance to accident investigations

in future aircraft incident cases.

Thermogravimetric analyses of the blue foam were performed in air
and 1nert atmospheres, to establish its thermal and thermo-

oxidative degradation characteristics under controlled conditions.

Preparative, controlled degradation experiments were subsequently
performed with the blue foam in air and in inert atmosphere. The
purpose of these experiments was to obtain degradation products

formed under the selected conditions, characterize these, and com-

pare them with specimens obtained from incident sites.

Infrared reflectance spectroscopic measurements were performed
wilith the objective of determining if these could be utilized for

distingulishing between heat and fire exposure.

Surface analyses were performed with a foam specimen from an A-10

fuel vent tank, that was coated with a white, powdered solid.

The results of the outlined simulation experiments, examinations,

and analyses, and the conclusions are presented in this report.

Comprehensive photographic documentation of samples from accel-
erated aging and incident simulation experiments 1s presented in

Appendix 1 of this report.
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. Appended to this volume of the report are two memoranda (Appen-

dices 2 and 3) in which changes of appearance and physical prop-

;" erties of polyurethane foam are described. These foams had been
) . . . : -
in service in A-10 and F-4 aircraft fuel systems. Changes that
had occurred during the service life were noticed during aircraft
[ fuel system maintenance operations. The reasons for the observed
h changes 1in appearance were partially elucidated; they are sum- .4
marized in the memoranda. '
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2. EXPERIMENTAL

2.1 FOAM SAMPLES

Samples of blue, red, and yellow, reticulated polyurethane foam
were received from the Fire Protection Branch, AFWAL/POSH, in the
form of 12 in. x 12 in. X 1-2/3 to 2 in. slabs. The densities of
the received materials ranged from 1.25 to 1.28 lb/cu ft. The
foam samples used in the present work had been produced by the
SCOTFOAM Corporation.

Specimens of varying sizes were cut with a band saw from the slabs
for different incident-simulative tests. The sizes of specimens
used are indicated in tables in which also the exposure test plans

and sample codes are presented.

In previous programs, hydrolytic stability tests had been per-
formed with the coarse pore blue and yellow, and the fine pore red

foams at the University of Dayton Research Institute. The results

of these tests were used as gqualification test data (Ref. 1 and 2).

Graphs, depicting the results of hydrolytic stability tests, are

included for reference as Appendix 4 in this report.

Laboratory-scale, controlled degradation experiments were per-
formed with samples of the blue, reticulated foam, designated
Scott Safety Foam SF 0025, Type V, fine pore. For use in aircraft
fuel systems, it is required to meet Military Specification MIL-
B-83054B. The chemical structure of this foam was made available
(Ref. 3) by SCOTFOAM Corpcration for the purpose of the present
work. In chemical terms, the blue foam is polyether-based,

whereas the yellow and red foams are polyester-based.

In addition to previously unused foam, sixteen aircraft incident-
related specimens were received from Messrs. R. Clodfelter,
G. Gandee, and T. Hogan, AFWAL/POSH. These specimens originated

e,
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from several A-10 aircrafts at Glen Martin AFB, Baltimore, MD.
They are listed below.

Number Specimen

1 Fuel vent tank filler, left half, A/C 78-717 (see Figure 28, p. 58)
2 Fuel vent tank filler, right half, A/C 78-717 (see Figure 29, p. 58)
3 Fuel vent tank filler, left half, A/C 78-704 (see Figure 30, p. 59)
4 wing tank filler, A/C 78-717 (see Figure 35, p. 64)

5-8 Foam pieces, from wing tank, A/C 78-717 (see Figure 38, p. 67)
9 Aft tank vent foam sample, A/C 78-717

10 Aft main filler cap foam sample, A/C 78-717

11 Wipings from vent mast on gauze, A/C 78-704

12 Wipings from vent mast on gauze, A/C 79-088

13 Wipings from vent mast on gauze, A/C 78-704

14 Wipings from vent mast on gauze, A/C 78-717

15 Wipings from vent mast on gauze, A/C 78-718

16 Wipings from right side vent, tank dome, A/C 78-717

2.2 EXPOSURE OF POLYURETHANE FOAMS TO AGING,
SIMULATED SUNLIGHT, HEAT, AND FLAMES

2.2.1 Aging in Air

Accelerated aging experiments with foam samples in air, immersed
in JP-5, and exposed to simulated sunlight radiation were per-
formed in facilities at the University of Dayton Research Insti-
tute. A detailed report, describing the test apparatus and

exposure conditions, is included in Appendix 5.

Aging tests with foam samples in air were performed at 200°F
(93°C) 1n an atmosphere of 95% relative humidity. Test durations

with groups of specimens ranged from one to five weeks, 1in one
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week lntervals. Aging of the red and yellow foam specimens was
discontinued at the end of the third week because of severe
degradation.

2.2.2 Aging in Jet Fuel

For these tests, foam specimens were immersed in JP-5, contained
in widemouth, sealed, one quart glass jars. The samples were
heated in an air oven at 200°F (93°C) for periods ranging from

one to five weeks, 1n one week intervals.

2.2.3 Simulated Sunlight Exposure

Simulated sunlight exposure tests were performed in Sunlighter IV

test chamber (Ref. 4). Samples were supported by a rotating shelf.

Exposure times with groups of samples ranged from 40 to 200 hours,
in 40-hour increments.

2.2.4 Hot Wire Cutting

Hot wire cutting of foam was performed by the SCOTFOAM Corporation.

Electrically resistance-heated wire was used for cutting. Foam

slabs were passed past the wire at the following speeds: 10 ft/
min, 5 ft/min, and 2.5 ft/min. The first of these speeds is the
normally used cutting speed. Thermal degradation of foam occurs
when hot wire cutting 1s performed. As the speed of cutting is

decreased, the amount of damage inflicted on the foam surface is
increased.

2.2.5 Hot Air Impingement

A stream of hot air, produced by a heat gun, was directed onto the
top surface of foam specimens. Alr temperature ranged up to 870°F
(466°C). The air flow rate was approximately 10 cu ft/min. Expo-
sure times ranged from 2 to 5 sec. These tests were performed in
a well-ventilated hood.
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2.2.6 Radiant Heat Exposure

Samples were held horizontally above the graphite bar of the
3000°F (1649°C) ignition test apparatus (Ref. 5) at the distance
of 2 1in. (5.1 cm). The resistance-heated graphite bar served as
the heat source for.irradiative and convective heating of foam
specimens. The exposure times were 10, 15, and 20 seconds,

respectively, for the three groups of test specimens.

2.2.7 Brief Flame Impingement

A glassblowing torch, operated with propane and oxygen input, was

used as the flame source. The flame length was approximately ten

inches (25.4 cm); the maximum flame temperature was 1560°F (849°C).

In brief flame impingement te¢sts, the flame was traversed across
the surface of foam specimens. The exposure times ranged up to
two seconds. In these tests, the torch was traversed over the
surface at a sufficiently rapid rate to prevent ignition of foam

specimens.

2.2.8 Sustained Burning

Foam samples were ignited by means of the torch described in the
preceding section. Samples 1in the three groups were allowed to
burn for progressively longer periods of time, extending up to

about five seconds.

2.2.9 Flash Fire

These tests were designed to simulate damage caused to foam during
aircraft fuel tank fire. Flash fire exposure tests with foam were
performed with the flame tube (Ref. 6) at the Aero Propulsion
Laboratory (see Figure 1). The foam was packed into the flame

tube with two void configurations of 10 percent by volume each,
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as shown in Fiqure 2. Figure 3 depicts the corresponding configu-
ration for the vented tests. The initial conditions were selected
to simulate actual operating conditions, and conditions that could
be encountered in a worst case situation. Experiments were con-

ducted with combinations of the following parameters:

Foam type (blue, red, and yellow)

2. Propane concentration in air (3.5%, 5%, and
6.5% by volume)

Non-venting and venting of the chamber
4. Dry and JP-5 fuel-wetted foam
Initial pressures of U psig and 3 psig (17.7 psia)

The flame tube 1s of reinforced steel construction, with a sgquare
cross section [12 in. x 12 in x 90 in. (30.5 cm x 30.5 cm x 228.8
cm)]. Void spaces were enclosed along all walls by 2 inches

(5.1 cm) thick slabs of reticulated foam, except for the wall
where the igniter was located. The test assembly can be evacuated

and subsequently filled with a gas mixture of desired, ignitable

composition. Propane-air mixtures were used for these experiments.

The gaseous mixtures were ignited by an electrical spark source.

The stoichiometric mixture of propane in air contains 4.02 volume-

% of fuel. It was learned in experiments that the highest over-
pressure in the flame tube was developed at 5 volume-% propane
concentration. Therefore, the latter fuel concentration was used
in many experiments. To evaluate the effect of lean and rich
fuel-air mixtures of foam damage, 3.5 and 6.5 volume-% propane in
alr mixtures were also used. Combinations of the above three
fuel-air mixtures, with controlled variations of other parameters,

were used.

The effect of foam wetting was investigated by performing tests
with dry foam, and also with foam wetted by JP-5 fuel. After the
test series with dry foam had been completed, JP-5 fuel-wetted
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foam was substituted. It was found that in experiments performed

with the unvented system, the fuel raised the hydrocarbon vapor
content to such an extent that ignition did not occur at the 6.5
volume-% propane concentration. Therefore, experiments with

fuel-wetted foam in the unvented system were performed with 2.0,

3.5, and 5.0 volume-% propane mixtures 1in air.

The entire series of tests was first performed with closed flame
tube assembly (see Figure 1) in an unvented manner. The tests

were subsequently repeated in a vented manner with a 2-1/2 in.

diameter A-10 vent line installed (see Figure 3) 1nto the system.

The vent line increased the void volume by two percent.

Internal system pressures were monitored continuously and
maximum pressures were noted. Overpressures were calculated

as the differences between the maximum and initial pressures.

To conduct the tests in the vented configuration, the vent line
was capped with a flat aluminum plate and the flame tube was
evacuated. A premixed propane and air mixture was then intro-
duced into the tube. The plate fell off the vent line when the
mixture inside the tube approached atmospheric pressure. The
mixture was then immediately ignited to prevent circulation of

the propane-air mixture with air outside the flame tube. With

fuel-wetted foam in the open vent configuration, it was necessary

to extinguish the flame by capping the vent. This was done in
each test approximately 30 seconds after ignition. Sustained
turning does not occur in aircraft, due to increased vent line
length.
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2.2.10 Exposure Test Plan and Sample Code

A test plan was developed for exposure of foam samples under the
different, incident-simulating exposure conditions. This plan 1is
summarized in Tables 1 to 8. A three-number code system,

X-Y-2Z2, was designed for identification of samples.

The first number, X, designates the test type as follows:

(1) flash fire

(2) hot wire cutting
(3) brief flame impingement
(4) sustained burning ]
(5) hot alr impingement ]
(6) radiant heat exposure .i
(7) accelerated aging in simulated sunlight j
(8) accelerated aging in air
(9) accelerated aging in jet fuel
o
The second number, Y, in conjunction with the first, designates
a group of tests performed under 1dentical, specified conditions ,
(e.g., exposure duration, temperature, cutting rate, site of igni- ‘J
tion, etc.). It may involve several foams. However, test condi- ?
tions remained identical for all samples carrying the same first
two numbers.
L o ®
The third number was used for sequential i1dentification of
samples. In some instances (e.g., experiments with aged foam
samples), 1nsufficient sample material was avallable for perform-
1ing all 1nitially planned tests. In those instances, all sequen- .”
ti1al numbers do not appear in Tables 1 to 8. ]
]
;
.1
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TABLE 1. HOT WIRE CUTTING. TEST PLAN
AND SAMPLE CODE
Sample
size, Cutting speed, ft/min
Foam in.~= 10 5 2.5
Blue, dry, new 12x12x2 2-1-1 2-2-1 2-3-1
Red, dry. new 12x12x2 2-1-2 2=2-2 2-3=-2
Yellow, dry, new 12x12x2 2-1-3 2-2-3 2-3-3
d51ze after hot wire cutting.
TABLE 2. BRIEF FLAME IMPINGEMENT. EXPOSURE
TEST PLAN AND SAMPLE CODE
Sample Horizontal, Vertical, Horizontal,
size, top bottom bottom
o Foam in. ignition ignition ignition
Biue, dry, new 6X6x2 3-1-1 3=2-1 3-3-1
6X6X2 3-1-2 3-2-2 3-3-2
6X6X2 3-1-3 3-2-3 3-3-3
Blue, wet, new 6x6x2 3-1-4 3-2-4
6X6x2 3-1-5 3-2-5
Blue, dry, aged 3x3x2 3-1-9
ked, dry, new 6X6x2 3-1-~10 3-2-10 3-3-10
6X6X2 3-1-11 3-2-11 3-3-11
6X6X2 3-1~-12 3-2-12 3-3-12
Tellow, dry, new 6X6X2 3-1-13 3-2-13 3-3-13
6X6X2 3-1-14 3-2-14 3-3-14
6X6x2 3-1-15 3-2-15 3-3-15
14
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Figure 8.

Cross-sectional views of foam specimens
subjected to accelerated aging in jet
fuel (Jp-5).
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rigure 6. Red foam specimen, after three€ weeks of

accelerated aging 0 air.

Figure 7. yellow foam gpecimern, after three€
of accelerated aging in air.
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The blue foam acquires grayish appearance and discolors upon aging.

The red foam becomes brownish-red, and the yellow foam becomes

brown as the exposure progresses.
The appearances of the red and yellov specimens after three weeks
of exposure in the 200°F (93°C) test chamber are depicted in

Figures 6 and 7, respectively.

3.1.2 Aging in Jet Fuel

when the foam specimens were subjected to aging in liquid JP-5
environment, their appearance changed similarly to samples aged
1n air. Darkening occurred uniformly throughout the samples.
However, the discoloration was less extensive (see Figure 8) than
1n tests performed in humid air. This was especially noticeable
with red- and yellow-colored samples.

These tests were performed with samples immersed in JP-5, con-
tained 1n sealed jars. The rounding of sample edges was caused

by the confining containers. The discoloration of samples aged in
fuel was partly caused by black pigment leached from sample labels
that had been made with a DYMO tapewriter. Disintegration of
specimens did not occur in tests performed in JP-5.

The results of tests described here parallel those made earlier
at the University of Dayton Research Institute (Refs. 1, 2 and
Appendix 4). Very limited foam degradation occurs in fuel aging
tests due to the absence of moisture in the fuel. A plot of

tensile strength as a function of time is shown in Appendix 4.

3.1.3 Simulated Sunlight Exposure

Ultraviolet light emitted by the light source used in present work
1s presumed to have caused most of the discoloration of all three

reticulated foams. In contrast to heat-induced damage caused by

26
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Figure 5.

Cross-sectional views of foam specimens subjected
to accelerated aging in air (8-5-1, five weeks;
8-2-5, two weeks; 8-2-7, two weeks).
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3. RESULTS AND DISCUSSION

3.1 EXPOSURE OF POLYURETHANE FOAMS TO AGING, SIMULATED
SUNLIGHT, HEAT, AND FLAMES

3.1.1 Aging in Air

Polyurethane foams are known to be subject to thermal, hydrolytic,
and 1rradiative degradation (Refs. 1, 2, 7). Samples that would
display the physical effects of chemical changes and breakdown
were needed for photographic recording. For that purpose, accel-
erated heat and irradiation exposure tests were performed under
conditions more severe than those to which the foams would become

subjected in normal service.

Aging tests with foam samples in air and in jet fuel (JP-5) were
performed at 200°F (93°C). The polyester-based (red and yellow)
foams degraded rapidly in air of 95% relative humidity. During
the third week of the five-week test period, these two foams dis-
integrated physically and the samples were withdrawn from tests.
These observations are in accord with previous aging test results
in which tensile strengths of samples were determined as functions
of exposure time (Refs. 1, 2; see also Appendix 4 for graphs from
these references). The degradation of polyester-based foams has
been attributed to hydrolysis of the polymeric chains (Ref. 8).
The polyol-based (blue) polyurethane foam samples retained their
physical integrity during the 5-week test period.

A visually readily detectable feature of foam aging is uniform
discoloration throughout the specimen. In Figure 5 are shown
cross-sectional views of blue, red and yellow foam specimens that
had been subjected to accelerated aging in air for five, two, and
two weeks, respectively. Unaged reference samples are shown for

comparison 1n the same figure.




The surface analyses were performed at the University of Dayton
Research Institute. A copy of the report covering this work is

included as Appendix 7. Results are presented in Section 3.4.5.
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damaged and burned foam were found to differ from that of the un-
degraded foam mainly by very significant reduction of urethane
functionality (NH bend ~1532 cm !), and increase of C-0-C function-
ality (C-0-C stretch ~1100 cm !) at the degraded surface. However,
no significant differences were detected between the spectra of

foams damaged by hot air and by burning.

2.4.3 Emission Spectroscopic Analysis

In search of metallic contaminants, that could be of assistance
1n tracing incident scenarios, emission spectrographic analyses
were performed. The materials subjected to these analyses in-
cluded foam from vent tank, with a white deposit on its surface,
and wipings from vent masts and vent tank. The emission spectro-
graphic analyses were performed by Bowser-Morner Testing Labora-
tories, Inc. The report covering this work is included as
Appendix 6. Results are summarized 1in Section 3.4.4.

2.4.4 surface Analysis

After detection of metallic contaminants in the foam sample from
the incident site, using emission spectroscopic analysis, efforts
were pursued to establish the distribution of metals in the speci-

men. Surface analysis techniques were used for this purpose.

Scanning electron microscopy was utilized to determine the physi-
cal appearance of particles that constituted the white coating

on the foam surface. Energy-dispersive Xx-ray analysis (EDXA)
revealed the presence of potassium as the major metallic constit-
uent 1n the surface deposit. Carbonate ion was identified as the
major anionic species in the surface deposit by x-ray photoelec-
tron spectroscopy.
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Figure 4. Sample of the tan-colored solid formed upon
pyrolysis of blue foam.

2.4.2 Infrared Reflectance Spectrospcopic Analysis

The utility of infrared reflectance spectra of foam specimens for
determining 1f an affected surface had been exposed to intense
heat, or I .d been involved in fire, was explored. A Digilab Model
15B Fouriler Transform Infrared Spectrometer, in conjunction with
an attenuated total reflectance (ATR) measurement cell, was

utilized for these measurements.
The ATR spectrum of the baseline, undegraded polyurethane foam

sample was compared with the spectra of samples whose surfaces had
been degraded by hot air and by burning. The spectra of hot air

21
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TABLE 9. PYROLYSIS AND THERMO-OXIDATIVE DEGRADATION EXPERIMENTS
WITH BLUE POLYURETHANE FOAM UNDER CONTROLLED CONDITIONS

it S S aems o o g o

Experiment
1 2 3

Weight of goam sample, g 3.7 5.2 4.2
Atmosphere— Nitrogen Air Air
Temperature at which initial

discoloration observed, °C 260 200
Total heating time, min- 95 99 105
Maximum temperature, °C 450 430 450
Weight of isolated solids, g 1.92 1.48 0.76
Appearance of isclated solids Tan Tan to black-— Black, charred
Weight of isolated liquids 0.36 1.60 1.94
Appearance of isolated liquids Orange-brown Red-brown Dark brown, viscous,

contains some
water

%The rate of nitrogen or air flow rate through the reaction tube was
100 cm3/min.

b . )
=All experiments were started with samples at room temperature.

gIhe reaction tube was introduced into tube furnace that had been preheated
to 460°C.

g‘rhe solid that remained in the Pyrex tube (0.72 g) was black-colored. The
volatilized and subseguently condensed solid was tan-colored. It contained
some brown particles.

TABLE 10. ELEMENTAL ANALYSIS RESULTS

Reference Foam degradation products
foam a Exp. 1 a Exp. 2 Exp. 3
sample— Tan solid- Tan solid Black char
Elemental composition, wt-%13
C 64.15 63.46 64 .06 62.28
H 8.24 6.38 6.48 2.78
N 7.97 16.89 15.86 18.71
Elemental ratio
C 18.8 8.8 9.4 7.8
H 28.7 10.5 11.4 4.1
N 2.0 2.0 2.0 2.0

a
~Shown 1n Figure 4.

{ . . . )
“Elemental analysis data are based on duplicate determinations.
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The main purpose of these experiments was to obtain degradation
products of the polyurethane foam for characterization, and for
comparison with wipings from aircraft that had been involved 1n
the incidents. It was also of interest to acguire some under-

standing of the chenical degradation mechanism of this foam.

The experimental conditions and results are summarized in Table 9.
The degradation products were recovered from the reaction tubes.
Liquid products were separated from solids by extraction with
methylene chloride. The solvent was removed by evaporation. The
recovered, separated degradation products were analyzed spectro-
metrically. Also, elemental compositions of the solid materials
were determined. The latter analyses were performed by Galbraith

Laboratories, Inc., Knoxville, TN. These results are summarized
in Table 10.

2.3.3 Infrared Spectroscopic Analysis Of Degradation Products

The infrared absorption spectra of the reference sample of unused,
blue polyurethane foam, and of the degradation products, were
recorded with Perkin-Elmer Model 137 Spectrometer. To obtain the
spectrum of the blue foam, the sample was ground at liquid nitro-
gen temperature. The powdered foam was mixed with dry potassium
bromide in order to pelletize the mixture.

2.4 EXAMINATION AND ANALYSIS OF POLYURETHANE SAMPLES RECOVERED
FROM AIRCRAFT INCIDENT SITES

2.4.1 Visual Examination

The samples were initially examined visually with an unaided eye and

also with the assistance of a magnifier. Subsequently, specific

surface analysis techniques were utilized for characterization and
identification purposes.
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For flash fire experiments, the second number identifies the
sample location in the flame tube (see Figures 2 and 3). The
third code number (Z) identifies the sequential test number.

The numbers designating tests, X, were issued in sequence. They
corresponded to the planned schedule in which samples from
different exposure tests were expected to become available. The
discussion of test methods and results in this and the next
section of the report follow a different sequence. Accelerated
foam aging 1in air, in jet fuel, and upon exposure to sunlight
are discussed first. Hot wire cutting of foam is discussed next.
Subsequently, simulated unwanted exposures to environments of
progressively increasing severity (i.e., hot air impingement,
radiant heat exposure, brief flame impingement, and sustained
burning) are discussed. The results of flash fire experiments
are presented last. Evidence of exposures discussed in all pre-
Ceding sections could be encountered with foams that have been
in flash fire environments.

2.3 LABORATORY-SCALE, CONTROLLED DEGRADATION EXPERIMENTS WITH
BLUE POLYURETHANE FOAM

2.3.1 Thermogravimetric Analysis

Thermogravimetric analyses (TGA) [welight loss (%)] were performed
in air and helium atmospheres at the heating rate of 10°C/min. The
acquired data were also utilized to simultaneously produce the
differential thermogravimetric (DTG) curves [rate of weight loss
(mg/min)].

2.3.2 Pyrolysis and Thermo-oxidative Degradation of Blue Foam
Under Controlled Conditions

Three preparative experiments were performed in which known masses
of polyurethane foam were heated in Pyrex tubes, either in a stream
of air or inert (nitrogen) gas. The products were collected on

air-cooled sections of the tube and in a trap immersed in dry ice.
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TABLE 7. ACCELERATED AGING IN AIR. EXPOSURE %
TEST PLAN AND SAMPLE CODE R
]
Sample ®
size, Exposure time, weeks
Foam in. 1 2 3 4 5
Blue, dry, new 3x3x2 8-1-1 8-2-1 8-3-1 8-4-1 8-5-1 j
3x3x2 8-1-2 8-2-2 8-3-2 8-4-2 8=-5=-2 ]
3x3x2 8-1-3 8-2-3 8=-3=-3 8=-4-3 8-5-3 o
3x3x2 8-1-4 8-2~4 8-3-4 8-4-4 8-5-4 ;
]
Red, dry, new 3x3x2 8-1-5 v=-2-5 8=-3=5 8-4-5 8-5-5 [ J
3x3x2 8-1-6 8-2-6 8=-3-6 8-4-6 8-5-6
Yellow, dry, new 3xX3x2 8-1-7 8-2=-7 8-3-7 8-4-7 8=-5-7
3x3x2 g-1-8 8-2-8 8-3-8 8-4-8 8-5-8 )
TABLE 8. ACCELERATED AGING IN JET FUEL. EXPOSURE
TEST PLAN AND SAMPLE CODE
L J
Sample 1
size, Exposure time, weeks ]
Foam in. 1 2 3 4 5 i
Blue, dry, new 3x3x2 9-1-1 9-2-1 9-3~1 9-4-~-1 9-5-1
) 3x3x2 9-1~2 9-2-2 9-3-2 9-4-2 9-5-2 i
3x3x2 9-1~3 9-2-3 9-3-3 9-4-3 9-5=3 ]
3x3x2 9-1-4 9-2-4 9-3-4 9~4~4 9-5-4 )
Red, dry, new 3x3x2 9-1-5 9-2-5  9-3-5  9-4-5  9-5-5 .
3x3x2 9-1-6 9-2-6 9-3-6 9-4-6 9-5-6
Yellow, dry, new 3x3x2 9-1-7 9-2-7 9-3-7 9-4-7 9-5-7 ]
3x3x2 9-1-8 9-2-8 9-3-8 9-4-8 9-5-8 4
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TABLE 5. RADIANT HEAT EXPOSURE. TEST
PLAN AND SAMPLE CODE
Sample
size, Exposure time, secC
Foam in. 10 15 20
Blue, dry, hew 6xX6x2 6-1~-1 6~2-1 6-3-1
6X6X2 6-1-2 6-2-2 6~3-2
6X6X2 6-1-3 6-2-3 6-3-3
Blue, dry, aged  3x3x2 6-1-42
Red, dry, new 6xX6X2 6-1-7 6-2-7 6-3-7
6X6X2 6-1-8 6-2-8 6-3-8
6x6X2 6-1-9 6-2-9 6-3-9

2This sample had been subjected to accelerated aging in
air at 200°F (93°C) for five weeks.

o
TABLE 6. ACCELERATED AGING IN SIMULATED SUNLIGHT. .
EXPOSURE TEST PLAN AND SAMPLE CODE
Sample
size, Exposure time, hours
Foam in. 40 80 120 160 200
Blue, dry, new 3x3x2 7-1-1 7=-2-1 7-3-1 7T-4-1 7-5-1
3x3x2 7-1-2 7-2-2 7-3-2 T7-4-2 7-5-2
3x3x2 7-1-3 7-2-3 7-3=-3 7-4-3 7-5-3
3x3x2 7-1-4 7-2-4 7-3-4 7-4-4 7-5-4
Red, dry, new 3x3x2 7-1-5 7-2=-5 7-3-5 7-4-5 7-5=5
3x3x2 7-1-6 T-2=-6 7=3-6 7-4-6 7-5-6
Yellow, dry, new 3x3x2 7-1-7 7-2=7 7=-3=7 7=-4-7 7-5=7
3x3x2 7-1-8 7-2-8 7-3-8 7-4-8 7-5-8
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' TABLE 3. SUSTAINED BURNING. EXPOSURE
. TEST PLAN AND SAMPLE CODE
-
b .
h( h Sample Horizontal, Vertical, Horizontal,
r size, tqp' bottom boptqm
{ Foam in. 1gnition ignition ignition
$ Blue, dry, new 6X6x2 4-1-1 4-2-1 4-3-1
6X6Xx2 4-1-2 4-2-2 4-3-2
b 6X6x2 4-1=-3 4-2-3 4-3-3
Blue, wet, new 6x6X2 4-1-4 4-2-4
6x6x2 4-1-5 4-2-5
Blue, dry, aged 3x3x2 4-1-9
Red, dry, new 6X6x2 4-1-10 4-2-10 4-3-10
6xX6Xx2 4-1-11 4-2-11 4-3-11
6xX6x2 4-1-12 4-2-12 4-3-12
Yellow, dry, new 6X6x2 4-1-13 4-2-13 4-3-13
6X6x2 4-1-14 4-2-14 4-3-14
6xX6Xx2 4-1-15 4-2-15 4-3-15
TABLE 4. HOT AIR IMPINGEMENT. EXPOSURE
TEST PLAN AND SAMPLE CODE
Sample
size, Exposure duration, sec
Foam in. 2 ~3.5 ~5
Blue, dry, new 4x4x2 5-1-1 5-2-1 5-3~1
4x4x2 5«1-2 5-2-2 5-3-2
4x4x2 5-1-3 5-2-3 5-3-3
Blue, dry, aged 3x3x2 5-3-72
Red, dry, new 4x4x%2 5-1-10 5-2-10 5-3-10
4x4x2 5-1-11 5-2-11 5-3-11
4x4x2 5-1-12 5-2-12 5-3-12

SThis sample had been subjected to accelerated aging
in air at 200°F (93°C) for five weeks.

15

—- PP LA S S A WY - P A adhandh W S U T 1 e Ty




1 aging in a uniformly heated space, light-induced effects are most

vy
-

severe at the outer surface that faces the source. The extent of

™

‘ damage diminishes with distance from the surface toward the

-

interior because of absorption and scattering of radiation by the

foam (see Figure 9). Damage 1ncreases with exposure time.

Reduction of foam elasticity occurs simultaneously with darkening.

"‘V—fffV‘

However, at the end of the 200-hour exposure times, all foam speci-

[ mens retained some surface resilience.

w The lamps used for present work simulate spectral distribution of
sunlight (Ref. 4). The energy flux at the upper sample surface
1s approximately two hundred and forty-five times more 1lntense
than in normal daylight exposure. Two hundred hours of exposure
4 in the test apparatus correspond approximately to 5.6 years of

exposure under environmental conditions (Ref. 4).

3.1.4 Hot Wire Cutting

Py

Cutting of foams into regquired shapes is sometimes done with a hot

wire. No visibly detectable degradation occurs when cutting 1s

performed at established speeds (10 ft/min). A magnified surface
. view of blue foam is presented in Figure 10. At reduced cutting
speeds (e.g., in sharp corner cuts), some localized foam degrada-

tion occurs only at the cutting surface. With blue foam, this
effect is physically evidenced by change of color to a shade of

green or brown, depending upon the extent of degradation.
The appearances of foam surfaces formed by cutting at normal and
subnormal speeds are depicted in photographs included in Appendix

1 of tliis report.

3.1.5 Hot Air Flow

The effects of hot air impingement onto blue and red foam samples

are shown in cross-sectional views in Figure 11. Melting,
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Figure 9.

Cross-sectional views of foam specimens
subjected to 200 hours of simulated
sunlight exposure.

Figure 10.

Magnified view of hot-wire-cut blue
foam surface. (Each scale division
corresponds to 1/16 in.).
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Figure 11. Cross-sectional views of foam specimens J
subjected to hot air impingement.
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degradation, discoloration, and sample surface recession occurred
at the site of hot air stream impingement. Since the foams are of
open pore type, hot air flowed into the foam structure. This re-
sulted in partial degradation and discoloration of the foam, with-
out significant change of physical structure, below the shrunken
and degraded mass at the surface. The depth of the discolored
zone increased with progressive exposure to the hot air stream,
extending to more than 1 in. (2.5 cm).

Upon closer inspection, molten and subsequentially solidified drop-
lets of polymer mass can be observed on the walls of the recession
(see Figure 12).

Samples of blue foam that had been subjected to accelerated aging
at 200°F (93°C) for five weeks were also used for hot air impinge-

ment tests. These samples responded qualitatively very similarly
to unaged foam.

It should be noted that the most characteristic feature of foams
exposed to hot air flow is a deep, discolored, but otherwise
physically unaltered zone of material.

3.1.6 Radiant Heat Flux

Foam samples subjected to irradiative and convective heating, by

a resistance-heated graphite element, exhibited surface-degradation.

Additionally, some discoloration was observed below the surface at
which the degradation products formed droplets of liquid matter
that subsequently solidified (see Figure 13). The depth of the
discolored zone, with reference to the degraded zone depth, was
much shallower than in experiments in which a hot air stream
impinged onto foam specimens.
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Figure 12.

Cross~sectional close-up view of red foam
specimen subjected to hot air impingement.

Figure 13.

Cross-sectional views of foam specimens
subjected to radiant heating.
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3.1.7 Brief Flame Impingement

For this sequence of simulative experiments, flame impingement was
of such short duration that foam ignition did not occur. Degrada-
tion and darkening were limited to sample surface; no damage was
affected below the surface (see Figure 14). The strands of reticu-
lated foam were darkened in the impingement area; 1in some 1nstances,
dark beads, composed of partially degraded polymeric material, were

formed at the surface.

3.1.8 Sustained Burning

In this sequence of experiments, samples were subjected to flame
impingement from a propane torch until ignition occurred. Sub-
sequently, they were allowed to burn without support from the

external flame. Experiments were performed with dry foam speci-

mens, and also with those that had been soaked in JP-4.

with dry foam specimens, flames propagated rapidly along the sur-
face. Flame propagation was particularly rapid when vertically
held samples were ignited close to the bottom edge. The very lim-
ited foam damage below the burn zone (see Figures 15 and 16) was
quite unexpected. Apparently, the expanding air below the burn
zone hinders diffusion of hot gases into the samples and thereby

limits degradative damage.

Intense flames spread very rapidly across entire blue foam spec-
imens that had been soaked in JP-5. During the initial burning
phase, the fuel was the major combustible component. Severe dark-
ening of foam surface was observed already during the initial
burning (see Figure 17). The discoloration of foam below the com-
bustion zone was slightly more noticeable with fuel-scaked sam-
ples, than with dry specimens (compare Figures 15 and 17). More
discoloration below the flame zone occurred with fuel-soaked
samples during vertical burning than in the course of horizontal

top surface burning (compare Figures 17 and 18).

34

—®

P .




Figure 14.

Figure 15.

Cross-sectional views of fcam specimens
subjected to brief flame impingement.

Cross-sectional views of specimens that
had been involved in sustained top surface
burning in horizontal position.
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Figure 16. Cross-sectional view of red foam specimen )
from sustained horizontal top-burning
experiments.
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]
Figure 17. Cross-sectional view of fuel-soaked blue N
foam specimen that had been involved in :
sustained burning in horizontal position. e
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Cross-sectional view of fuel-soaked blue
foam specimen that had been involved in
sustained burning in vertical position.

Figure 18.
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3.1.9 Summary of Observed Effects of Aging and Simulated

Sunlight, Heat, and Fire Exposure on Polyurethane

Foams

For a concise overview of incident simulation test results, high-

lights of Sections 3.1.1 through 3.1.8 have been summarized in

Table 11.

It is hoped that investigators will be able to develop

accident scenarios more rapidly and reliably with the help of this

table and the figures to which references are made therein.

3.2 FLASH FIRE EXPOSURE

The flash fire experiments were designed to explore the effects of

certain system variables on foam involvement and flame propagation.

These simulation tests were performed at the Aero Propulsion Lab-

oratory. The following variables were encompassed in this
investigation:

(1) Foam geometry

(2) Foam type

(3) Propane concentration in air

(4) Dry and fuel-wetted conditions

(5) Nonvented versus vented enclosure

(6)

Initial pressure

Forty-three tests were conducted; the results are summarized in

Table 12.

The first seven tests were performed without a channel

being cut into the foam between the voided spaces. For the

remaining tests, a channel was cut into the foam to ensure flame

propagation into both voids.

Individual foam specimens from twenty-one experiments were sub-

sequently photographed. The experimental data for these experi-

ments, and observations made at the time and subsequent to

experiments, are summarized in Table 12. Photographs depicting
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TABLE 11. SUMMARY OF OBSERVED EFFECTS OF AGING,

AND SIMULATED SUNLIGHT, HEAT, AND
FIRE EXPOSURE ON POLYURETHANE FOAMS

Exposure

Effects

S Rt T )
. St .

Accelerated aging in air

Accelerated aging in JP-5

Simulated sunlight exposure

Hot wire cut

Hot air impingement

"

Discoloration, progressing uniformly
throughout the sample. Reduction of
flexibility. Eventual breakdown and
disintegration of foam structure.

Discoloration, progressing uniformly
throughout the sample. The rate of
discoloration is slower with samples
immersed in fuel than upon aging in
air. Reduction of flexibility.

Discoloration, progressively dimin-
ishing from the surface exposed to
light source toward the interior of
the foam. Reduction of flexibility,
especially at the surface.

Effects depend upon cutting speed.
When cut at ncrmal speed (10 ft/
min), signs of melting and resolidi-
fication of polymeric strand ends
can be observed upon magnification.
Surface degradation, recession of
foam, and beading of darkened, de-
graded polymer mass is observable
subsequent to cutting at reduced
rates.

Localized discoloration, melting,
degradation, and foam recession.
Solidified droplets of polymer mass
may be observable on the walls of
the recession. Since hot air dif-
fuses into the foam structure, dis-
coloration, without change of foam
physical structure, is observable
below shrunken and degraded foam
mass.
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TABLE 11 (continued)

Exposure Effects Figure(s)
Radiant heating Localized discoloration, surface de- 13
gradation and melting, depending
upon the severity of exposure. The
depth of the discolored zone, below
the surface, is shallower than upon
exposure to hot air impingement.
Brief flame impingement Localized degradation and darkening, 14
restricted to sample surface. No
damage affected below the surface.
Sustained burning Localized degradation, darkening of 15 & 16
foam, and beading of solidified mass
mainly limited to foam surface.
Little damage in areas adjacent to
and below the burn zone. Severe
darkening of foam surface during
sustained burning of fuel-wetted
foam. 21 & 22
TABLE 12. FLASH FIRE TESTS WITH FLAME TUBEZ2
Propane P T Pressure Time to
Test Foam conc., I, I, rise, AP, max. AP,
No. type vol. % psia °F psid sec. Remarks

1 Blue 3.5 14.37 70 2.0 0.06 Severe burning in Void 1.
No flame propagation to
Void 2.

2 Blue 5.0 14.37 73 2.0 0.04 Heavy burning in Void 1.
Minor damage in Void 2,
probably caused by hot
gas rather than flame.

3 Blue 6.5 14.31 69 2.0 0.17 Heavy burning in Void 1.
Flame seen in Void 1 for
about 10 seconds. No
damage in Void 2.

4 Blue 3.5 14.31 68 3.5 0.11 Percent voiding in-
creased to 32.5 by re-
moving pieces A, V, CL,
and CR from Void 1.
Heavy burning in Void 1.
No damage in Void 2.

(continued)
40
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TABLE 12 (continued)

Propane P

Test Foam conc., I,
No. type wvol. % psia
5 Blue 5.0 17.70
6 Blue 3.5 17.70
7 Blue 6.5 17.70
8 Blue 5.0 14.34
9 Blue 3.5 14.43
10 Blue 6.5 14 .41
11 Yellow 3.5 14.42
12 Yellow 5.0 14 .41
13 Yellow 6.5 14 .42

TI,

°F

68

68

68

70

70

70

75

75

72

Pressure
rise, AP,
psid

Time to
max. AP,

secC.

T T

Remarks

12.0

11.0

41

0.

2.

18

.06

.17

.12

.25

.60

.14

.20

Flame propagated through
all the material. Minor
damage in Void 1, moder-
ate damage in Void 2.

Heavy burning and 5
second flame duration
in Void 1. No damage
in Void 2.

Heavy burning in Void 1.
No damage, but foam ash
(white) deposited in
Void 2.

Little damage in both
voids. Flame propagated
through channel only.

Same results as test
number 8. Foam ash de-
posited in both voids.

Heavy damage in Void 1.
Severe damage in Void 2.
Ash blown through piece
D.

Heavy burning and 10-12
second flame durations
in both voids. All
pieces fused together
after test.

Moderate damage in Void
1. Heavy damage in
Void 2. Flame durations
of 1 and 5 seconds,
respectively.

Severe damage in both
voids. Flame duration

about 8 seconds.

(continued)
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TABLE 12 (continued)

Propane P T Pressure Time to
Test Foam conc., I, I, rise, AP, max. AP,
No. type vol. % psia °F psid sec. Remarks
27 Blue 5.0 14.33 70 2.0 0.06 Heavy damage in both
voids. Hot gas damage to
areas of unburned foam. .‘
A
28 Blue 6.5 14.33 70 0.5 0.14 Similar results as in
test number 27.
29 Red 3.5 14.33 70 1.0 0.06 Minor damage in Void 1. i
Moderate damage in :
Void 2. o
30 Red 5.0 14 .44 70 1.5 0.06 Similar results as in
test number 29. Hot
gas damage to areas of ;
unburned foam. <
.1
31 Red 6.5 14.40 70 2.0 0.07 Similar results as in
test number 29.
32 Yellow 3.5 14.40 1.0 0.07 Moderate damage in both
voids.
.1
33 Yellow 5.0 14 .38 1.0 0.07 Similar results as in
test number 32.
34 Yellow 6.5 14 .38 ~C 0.10 Minor damage in both
voids. 4
.A
35 Blue 3.5 14 .31 1.0 0.01 Minor damage in both
(wet) voids. i
36 Blue 5.0 14.31 1.0 0.06 Minor damage in Void 1.
(wet) Severe damage in Void 2. °
g
37 Blue 6.5 14.31 0.5 0.11 Similar results as in "]
(wet) test number 35. 9
4
38 Yellow 3.5 14 .31 1.0 0.09 Moderate damage in both
(wet) voids. {
®
- -
39 Yellow 5.0 14 .36 1.0 0.06 Similar results as in
(wet) test number 39.
(continued) 5
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Figure 23. Thermogram and differential thermogram for degradation
of blue polyurethane foam in air.
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TABLE 13. SUMMARY OF TGA AND DTG DATA FOR BLUE POLYURETHANE
FOAM IN AIR AND HELIUM ATMOSPHERES

In air In He

First degradation step

Onset, at °cC ~195 ~195
Maximum degradation rate, at °C 308 307
First step completed, at °C ~337 ~360
Weight loss, % 37 ~71

Second degradation step

Maximum degradation rate, at °C 382 529
Second step completed, at °C ~435 ~665
Weight loss, % ~61 ~28
Residue, weight, % 2 1

reference to the two diisocyanate unit nitrogen atoms, is repre-
sented approximately by the empirical formula CgH;;N,0. The

solid degradation product differs from the original foam by loss
of volatiles represented approximately by the C3H,, atomic ratio.

The yield of the tan solid was found to increase with diminishing
oxygen concentration and reduced exposure of degradation products
to oxygen during pyrolysis.

The composition of the black reticulated char formed in Experiment
3 (see Table 11) indicates extensive oxidative removal of hydrogen

during prolonged heating of foam in air.

3.3.3 Infrared Spectroscopic Analysis of Degradation Products

The infrared absorption spectrum of the reference sample of unused,
blue foam is shown as Figure 25. The spectrum of the tan, solid
pyrolysis product from Experiment 1 is presented in Figure 26; the
spectrum of the liquid degradation product from the same experiment
is shown in Figure 27.
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Vc = combustion volume
Vr = relief volume
N = specific heat ratio

when the flame propagates through the material, the combustion
overpressure is slightly higher than with a flame arrestor system
having the same combustion volume and configuration.

In Test 5, the damage to the foam in both voids was minimal com-
pared to the damage in other tests (see Figures 19 and 20). This
was due to the short duration of combustion and complete depletion

of oxygen, as discussed in Section 3.2.3.

In the experiments in which the flame was arrested, severe damage
occurred in the first void. This damage resulted from extended
burning of residual fuel/air mixture in this void. These gases
moved into Void 1 by convection. Under those burning conditions,
the effects of initial pressures were negligible.

3.3 LABORATORY-SCALE, CONTROLLED DEGRADATION
EXPERIMENTS WITH BLUE POLYURETHANE FOAM

3.3.1 Thermogravimetric Analysis

The thermogravimetric analysis and differential thermogravimetric

curves indicated that the degradation proceeded in two steps. The
data from thermogravimetric analyses are summarized in Table 13 and

presented graphically in Figures 23 and 24.

3.3.2 Pyrolysis and Thermo-Oxidative Degradation of
Blue Foam Under Controlled Conditions

Controlled degradation experiments were performed with the blue
foam at temperatures ranging from 500° to 842°F (260° to 450°C).
A light tan, so0lid degradation product was isolated (see Tables
10 and 11, and Figure 5). Its composition, calculated with
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3.2.5 Effect of Pressure

The effect of pressure was investigated with the blue foam 1in
Experiments 1-3 and 5-7 (see Table 12). At 14.4 psia pressure,
flames did not propagate through the foam, although finely di-
vided solids were deposited. Severe hot gas damage, resulting in
charring, was caused at the higher pressure (17.7 psia) to spec-
imen D. In these experiments, the foam acted as a flame arrestor
in all tests, except for Experiment 5. 1In the latter test, a 5
vol.-% propane mixture with air was ignited at an initial pressure
of 17.7 psia; the resulting flame propagated throughout the cham-
ber. The combustion overpressure of 12 psid was much higher than
in most other tests, in which the flame did not propagate through
the foam, therefore not igniting the gases in the second void.
The 5 vol.-% propane air mixture also resulted in maximum com-
bustion overpressure for a propane and air mixture at the given
initial pressure.

The combustion overpressure is a function of the fuel/air ratio,
the initial pr- “sure and temperature, the tank geometry, and the
amount of explosion suppression material. For an empty chamber
(constant volume), the maximum overpressure occurs at a slightly
fuel rich mixture; it is approximately 8 times the initial pres-
sure. For a chamber filled with an explosion suppression material
that will arrest the flame (flame does not propagate through the

material), the combustion overpressure 1s predicted by (Ref. 10):

N
EE (V./Vv.) + 1

) + V)

PI (TI/Tc)l/N

where = combustion pressure

= combustion temperature (°K)

C

1= initial pressure

C

1 = initial temperature (°K)
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consumption of oxygen through the oxidation of hydrocarbon species
in vapor phase occurs more rapidly than by the burning of the
polymeric foam. For the foam to burn, it must be thermally or
thermo-oxidatively degraded. The volatile degradation products
subsequently burn in the vapor phase. Consequently, the higher
the CHn content from hydrocarbon sources in the vapor phase, the

less foam damage through burning will occur.

In view of results from Experiment 20, one can envision circum-

stances under which most of the oxygen in an aircraft fuel vent

system will be consumed in flash fire supported by fuel vapors,

with minimal evidence of foam damage. This is demonstrated in a
photograph of Sample 1-1-20 in Appendix Al-10.

3.2.4 Effect of Venting

Some observations regarding the effect of venting on foam damage

were included in the Experimental section.

In experiments performed in the vented mode, 6.5 vol-% propane 1in
alr produced the largest flame plume, in what appeared visually to
be the most energetic reaction. However, reactions that occurred
under those conditions produced less overpressure since most of

the reaction occurred outside of the test chamber.

white smoke was seen puffing from the vent line in experiments
~onducted v7'h dry foam in vented mode. Eventually, the puffing
and pressure fluctuation in the system stopped without external
intervention. The pressure increase was caused by the expansion
of gases, composed of combustion and degradation products, out of
the chamber. Internal pressure diminished upon cooling. Fresh
air entered the chamber and caused reig ition of fuel vapors.
with fuel-wetted foam, 1t was necessary to extinguish the fire by
blocking the vent tube after the test.
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dropped to the bottom of the chamber, causing further damage to
the foam samples. Examples of this phenomenon are shown in the
photographs in Appendix Al-10.

3.2.3 Effect of Hydrocarbon Vapor Concentration;
Dry vs. Fuel-Wetted Foam

The experiments were performed at fuel concentrations in vapor
phase between lower and upper flammability limits. The lower
flammability limit for propane in air is 2.1 vol-%; the upper
flammability limit is 9.5 vol-% (Ref. 9). In two experiments
(Exps. 22 and 25) listed in Table 12, the propane concentration
(2.0 vol-%) was below the lower flammability limit for that hydro-
carbon. However, fuel-wetted foam was used in these experiments.
Thus, the total combustible hydrocarbon concentration was in the
flammable range.

Foam damage due to surface burning at atmospheric pressure was
related inversely to propane concentration (see figures pertaining

to Exps. 1 and 10, 11 and 12, 14 and 16, and 23 and 25 in Appendix Al-
10). Since there was no air flow into the chamber, the extent of
burning was oxygen-limited.

The ¢ "fect of the presence of aircraft fuel on foam damage was
also investigated. For this purpose, foam samples were wetted
with JP-5. 1In experiments performed under identical conditions,
except for the presence of fuel, less extensive foam damage
occurred with wetted material. It should be noted that this
comparison applies to experiments performed both in the unvented
and in the vented mode.

It is suggested that the reason for reduced foam damage from sur-
face purning, observed upon increase of propane concentration in
vapolr, or introduction of fuel vapors, is analogous. The total
extent of burning in the enclosed space is oxygen-limited. The
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: TEST 25
VOID 1
:0 Figure 22. Yellow foam damage pattern, Test 25.
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TEST 16
VOID 1

Red foam damage pattern, Test 16.
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TEST 22 i
VOID 1 VOID 2 . .

Figure 19. Blue foam damage pattern, Test 22.

VOID 2

Figure 20. Blue foam damage pattern, Test 5. .
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Typically, the vertical foam pieces 1 and 3 were most severely
damaged (see Figures 1 and 19 through 22). They were located on
the downstream side, with reference to the flame path direction,

of each void. The vertical piece 2, located at the upstream side
of Void 2, was 1n general less severely damaged than pieces 1 and
3. Foam pileces A and E, located at the top of each void, were also
severely damaged due to the rise of hot gases (and flame) during
and after combustion.

Pieces B and F, located at the bottom of each void, sustained
little damage from the combustion. However, they were subsequent-
ly damaged when hot polyurethane from pieces A and E dripped onto
these pieces.

Pieces D and H, which were not exposed to the voided sections, did
not show evidence of burning, except along the flame propagation

channel. They were damaged by the traversing hot gases.

For the foam to show evidence of burning, it must be exposed to
a voided section. 1In some cases, burning occurred between two
adjoining foam pieces, probably because the pieces were in loose
contact or slightly separated from each other.

The damage to the flame propagation channel extended from un-
noticeable to severe. The affected surface was typically coated

with a tan-colored deposit from the foam degradation.

3.2.2 Effect of Foam Type

The two foam types, the blue polyether and the red and yellow
polyester, degrade differently when exposed to flash fire impinge-
ment. The degradation products of the polyether-based foam were
slightly tacky; the molten and subsequently solidified droplets

of polymer mass contracted into small clusters. In contrast, the

polyester-based foams formed droplets that did not solidify. They

44




O T S P T I W S T S I T . W P . P » o

TABLE 12 (continued)

Propane p T Pressure Time to

Test Foam conc., I, I, rise, AP, max. AP,

No. type vol. % psia °F _psid sec. Remarks

40 Yellow 6.5 . 14.36 0.5 0.07 Minor damage in both
(wet) voids.

41 Red 3.5 14.21 0.5 0.08 Minor damage in both
(wet) voids.

42 Red 5.0 14.21 1.0 0.06 Moderate damage in both
(wet) voids.

43 Red 6.5 14 .34 0.5 0.13 Minor damage in both
(wet) voids.

éVoid volumes totaled 20%; 10% for each void. 1In the vented tests, the vent
tube increased the total voiding to 22%. Tests 8-43 had a channel cut through
at the top from Void 1 to Void 2. All test samples were dry, except where

noted. Tests 1-25 were conducted with a closed chamber, in tests 26-43, the
chamber was vented.

sar >les from flash fire exposure experiments are presented in
Appendix Al1-10 of this report.

The charred foam surfaces indicate that sustained burning occurred
in all twenty-one experiments. Combustible gas concentration in

the confined spaces was the major factor that controlled the ex-
tent of foam burning.

3.2.1 Effect vof Foam Geometry

Foam configuration was a critical factor in affecting the extent
of damage inflicted on foam samples. In general, foam in Void 2
was more severely damaged than foam in Void 1. This may have been

caused by ignition in the second void at a higher pressure, caused
by the burning in the first void.
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The infrared spectrum of the solid degradation product (see
Figure 26) indicated the presence of urethane (-NH-CO-) function-
ality (NH stretch at 2.9 p, NH bend at 6.6 p and CO stretch at
6.0 p). This spectrum also indicates that the solid degradation
product lacks most of the ether functionality (C-0-C stretch at
9.1 ) present in the original polyurethane. The tan solid also
centains some N=C=0 functionality (band at 4.35 p).

The C-0-C functionality from the foam appears in the liquid degra-
dation product (see Figure 27). That product also contains OH
and/or NH functionality (band at 2.8 p).

3.4 EXAMINATION AND ANALYSIS OF POLYURETHANE FOAM SAMPLES
RECOVERED FROM AIRCRAFT INCIDENT SITES

The work presented in this report was pursued as a follow-up to
some aircraft incident investigations. It was learned in con-
trolled simulation experiments, in conjunction with these inves-
tigations, that the physical effects of aging, and simulated
sunlight, heat and flame exposure upon the polyurethane foam
differ. Tre type of unwanted exposure can often be deduced by
close examination of specimens. To illustrate this, the appear-
ances of some specimens recovered from incident sites, and their

e probable exposure conditions will be discussed.

3.4.1 Foam from Fuel Vent Tanks

All three specimens (Specimens 1-3; see Figures 28-30) exhibited
surface degradation in an irregular pattern. Pieces of char ad-
hered to the affected surface. 1In most of the affected areas,
foam damage did not extend deep below the surface (see Figure 31).
Consequently, it is concluded that this damage was caused by

turning of the foam.
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. Figure 28. Fuel vent tank foam, left half,
.- A/C 78-717 (Specimen No. 1).
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4 Figure 29. Fuel vent tank foam, right half,
Py A/C 78~717 (Specimen No. 2).
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Figure

Figure 31.

30. Fuel vent tank foam, left half,
A/C 78-704 (Specimen No. 3).

Close-up view of the damaged segment of
fuel vent tank foam from A/C 78-704
(Specimen No. 3).
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In addition to degradation through combustion, there appears to
have been exposure to radiant heating. This caused surface char-
ring, on front faces of specimens, without sharp lines of demarca-
tion. The pattern of the charred area (see Figure 32) may be

indicative of the shape and location of the heat source. The sever-

ity and depth of heat-induced damage are seen to diminish with
distance from the exposed surface (as positioned in Figures 28 to
30, and 32).

A coating of white, powdery substance was observed on the right
hand side of two pieces recovered from A/C 78-717 (see Figures 28
and 33). That powder had been deposited from a gas stream in
directional manner (from lower right in Figure 28), as evidenced
by the nonuniformly distributed coating on foam strands. Instru-
mental surface analysis revealed subsequently that this white
coating consisted almost entirely of potassium carbonate. The
incident pattern appears to have repeated itself with a different
aircraft (see Figure 34).

Potassium carbonate on the foam is believed to have been deposited
from gun gases. Gunpowder contains potassium nitrate, carbon, and
sulfur (see Appendix 3). Formation of potassium oxide, carbon
dioxide, nitrogen oxides, and sulfur oxides should be anticipated
upon detonation. Potassium oxide and carbon dioxide would par-
tially combine, to yield potassium carbonate. In diving
maneuvers, the finely divided potassium carbonate powder could be
drawn into the fuel vent tank, where it would deposit on the foam

surface.

3.4.2 Fuel Tank Foam

The inside surface of the depicted assembly of void filling foam
(Specimen No. 4; see Figures 35 to 37) had been exposed to flash
fire(s) of short duration. The surfaces of foam pieces were
singed. The damage did not extend intoc the foam.
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Figure 32.

Two halves of fuel vent tank foam
from A/C 78-717 (Specimens Nos. 1
and 2) placed together.
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Figure 33. Close-up view of white powder deposit
¢ on the surface of fuel tank foam
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Figure 34. Left halves of fuel tank foam
from A/C-s 78-704 and 78-717.
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Figure 35. Wing tank foam, A/C 78-717
(Specimen No. 4).

Figure 36. Fire-damaged surface of fuel R
tank foam (Specimen No. 4). 3
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Four pieces of foam from void space around the vent outlet in a
wing tank of A/C 78-717 are shown in Figure 38; a closer view of
one of these pieces is presented in Figure 39. Foam surfaces
protected by contact with metal appear bright blue. Most of the
exterior surface of these specimens is faded blue in color. This
appearance may stem from prolonged exposure to air currents. The
tan coloration in some areas of the surface can be attributed to
flash fire of very short duration, that did not affect the entire
exposed foam surface area in the same manner, or to foam degrad-
ation products from foam burning in the vent tank which are drawn
into the wing vent outlet area.

Most extensive discoloration is believed to be related to most
severe exposure to the flash fire (see the upper left corner of
the specimen in Figure 39). By exposing a cross-sectional area
below the tan surface, it was learned that the damage did not
extend deep below the surface (£1/8 in.). Microscopic examina-
tion of the affected surface revealed degradation and darkening
of polymer strands, especially at the ends formed in hot wire
cutting. The shallow penetration of damage, and evidence of
thermal degradation and darkening at the surface, are
characteristic signs of hot wire cutting and flash or brief
duration fire exposure (see Table 11).

3.4.3 Wipings from Vent Masts and from Right Side Vent,
Tank Dome

The wipings of surface contaminants from the vent systems (Speci-
mens Nos. 11-16) were contained on pieces of gauze. Only the
solids in Specimens Nos. 11, 14, and 16 were essentially free of
oily or greasy contaminants. They consisted of finely divided,
tan-colored solid. This substance was very similar in physical
appearance to the solid polyurethane degradation product whose
composition is presented in Table 11. The infrared spectra of
the solids from Specimens 11, 14, 15, and 16 (see Figure 40 for
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Figure 38.

Figure 39.

Foam pieces from the wing tank of
A/C 78-717 (Specimens Nos. 5-8).

Inside view of foam specimen from
the wing tank of A/C 78-717.
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the spectrum of Specimen No. 11) resemble closely that of the 3
solid formed upon degradation of polyurethane foam under -]
controlled conditions (see Figure 26). Specimens 12 and 13 _‘;
did not yield sufficient quantities of powdered solid for ]
spectroscopic characterization.
It is concluded that the finely divided tan-colored solid sub- °
stances, recovered as wipings from the fuel vent mast surfaces,
are composed of solid thermal degradation products of poly- ]
]
3.4.4 Emission Spectrographic Analysis of Specimens
from Aircraft Incident Sites
In search for metallic contaminants, that could be of assistance °
in tracing the incident scenarios, emission spectrographic anal- 3
yses were performed on the following specimens:
1. Polyurethane foam from vent tank of A/C 78-717. Two samples o
were taken. One from the surface with the white deposit
(see Figure 33); the other sample was taken as reference _
approximately one inch below the surface. ]
) ) . . o
2. Filter paper used for collection of particulate solids from ?
Specimen 14 (wipings from the vent mast of A/C 78-717).
3. Filter paper used for collection of particulate solids from ‘
Specimen 16 (wipings from dome of the right side vent tank, 3
An unused filter paper served as the blank sample for the latter ;
two specimens. The emission spectrographic analyses were performed R
by Bowser-Morner Testing Laboratories, Inc. The report is included
®

urethane foam.

A/C 78-717).

as Appendix 6.
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The analyses of the foam revealed the presence of potassium,

sodium, aluminum, iron, silicon, and lead as major contaminants.
Relatively smaller amounts of calclum, magnesium, manganese, and
titanium were also detected. See Appendix 2 for analytical data

on the metals, and Appendix 3 for data on gun gases.

No significant quantities of metallic contaminants were detected

in the wipings from the fuel vent systems.

3.4.5 Surface Analysis of Foam Specimen from Aircraft
No. 78-717 Fuel Vent Tank

After detection of metallic contaminants in the foam sample recov-
ered from the aircraft at the incident site, efforts were pursued
to establish the distribution of the metals in the specimen. Sur-
face analysis techniques were used for this purpose. These analy-
ses were performed at the University of Dayton Research Institute.

A copy of the report covering this work is included as Appendix 7.

It was established by scanning electron microscopy (SEM) that the
white coating on the foam specimen, to which reference was made
earlier (see Figures 28, 33, and 41-44) is composed of an agglomer-

ate of particles approximately 2 upm in diameter.

Energy dispersive X-ray analysis (EDXA) revealed the presence of
potassium as the major metallic constituent in the surface deposit.
It was established by X-ray photoelectron spectrosropy that car-

bonate is the prevalent anionic species in the surface deposit.

Using the combination of surface analysis techniques, 1t was thus
determined that the white deposit observed on the foam specimen sur-
face (see Figure 33) is potassium carbonate (see Appendix 3). The
other detected metals (i.e., aluminum, silicon, iron, and lead; see
Appendix 2) constitute less than three percent of deposit composi-
tion on the basis of EDXA measurements.
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Figure 41.

Figure 42.

Light microscope photograph of deposit
(white areas) on vent tank foam from
A/C 78-717 (50X).

Scanning electron photomicrograph of deposit
on vent tank foam from A/C 78-717 (100X).
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Figure 43. Scanning electron photomicrograph of deposit
on vent tank foam from A/C 78-717 (100X).

, d
: R
\ o
)
[
.
.
o
9
!
[ ]
Figure 44. Scanning electron photomicrograph of deposit
on vent tank foam from A/C 78-717 (1000X). S
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4. CONCLUSIONS

It was demonstrated that physical damage caused to reticulated
polyurethane foams by different environmental exposures is often
indicative of the fype of exposure. Characteristics of damage
caused by accelerated aging of foams in air and in liquid fuel
(JP-5), simulated sunlight exposure, hot wire cutting, hot air
impingement, flame impingement, and sustained burning were estab-
lished and documented photographically. They are summarized in
Table 11.

Flash fire experiments with foam samples in a flame tube served

to simulate fire propagation in fuel vent systems. Combinations
of damage effects (e.g., hot air impingement, brief flame impinge-
ment, and sustained burning) could be detected on foam specimens
surrounding a vapor cavity. Similarly, exposures to different
fire environments were evident in specimens originating from air-
craft incidents.

Information about polyurethane foam damage characteristics, caused
by controlled exposures, is expected to be useful for aircraft

accident and fire investigators in developing incident scenarios.

Light tan solid deposits, collected as wipings from vent mast
surfaces of aircraft that had been involved in incidents, were

identified as polyurethane foam thermal degradation products.

white deposits on some pieces of damaged fuel vent tank foam
were found to contain potassium carbonate. This substance may
have originated from gun gases, and deposited onto foam surface

during diving maneuvers,
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APPENDIX 1

PHOTOGRAPHIC DOCUMENTATION
OF TEST SPECIMENS
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Al.l. INTRODUCTION

Appendix 1 of this report contains most of the photographic docu-
mentation relevant to the discussion in the preceding text. The
photographs depict damage caused to polyurethane foam specimens
by aging, simulated sunlight exposure, heat, and fire. The foams
1n the incident simulation experiments were those used by Air
Force as void-filling and flame propagation inhibiting materials

in aircraft fuel systems.

The photographs are presented in nine sections of this appendix.

The sequence and numbering are identical with those used in the
text.

In the beginning of each section is a table. Information pertain-
1ng to exposure conditions for all experiments of a specific type
1s summarized in that table. It serves as reader's guide for that
section. To communicate information concisely, sample 1dentifica-
tions and exposure conditions are often presented in captions by

means of a three-number code system, X-Y-2Z.

The first number, X, designates the test type as tollows.

- flash fire

- hot wire cutting

- brief flame impingement

- sustained burning

hot air impingement

- radiant heat exposure

- accelerated aging in simulated sunlight

- accelerated aging in air

O @ N oah W N
t

- accelerated aging in jet fuel
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The second number, Y, in conjuncton with the first, designates a

group of tests performed under identical, specified conditions
(e.g., exposure duration, temperature, cutting rate, site of
ignition, etc.). It may involve several foams. However, test
conditions remained identical for all samples carrying the same
first two numbers.

The third number, Z, was used for sequential identification of
samples. In some instances (e.g., experiments with aged foam
samples), insufficient sample material was available for perform-
ing all initially planned tests. In those instances, all sequen-
tial numbers do not appear in the tables.

For flash fire experiments, the second number identifies the
sample location in the flame tube (see Figures Al-142 and Al1-143
in this appendix). The third code number (Z) identifies the
sequential test number.

It is suggested that the readers familiarize themselves with the
meaning of the second number of the sample code system before
viewing photographs in a section. That information is presented
in column headings in the tables. Thus, the figure captions will
often provide information regarding the exposure history of

samples in shorthand form.

Magnified views of the structures of the three foams used in

present work are shown in the following three figures.
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Figure Al-1.

Magnified view of the Type IV blue foam
structure. (Each scale subdivision is
1/16 in. long.)
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Figure Al-2. Magnified view of the red foam structure.
L] (Each scale subdivision is 1/16 in. long.)
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Figure Al1-3.

Magnified view of the yellow foam structure.
(Each scale subdivision is 1/16 in. long.)
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Al.2. FIGURES DEPICTING FOAM SAMPLES FROM
ACCELERATED AGING TESTS IN AIR

The exposure history of foam samples, used for aging tests in air,

1s summarized in Table Al-1.

TABLE Al-1. CODE FOR FOAM SPECIMENS PROQUCED
BY ACCELERATED AGING IN AIR-

Sample
size, Exposure time, weeks
. Foam in. 1 2 3 4 5
Elue, dry, new 3x3x2 8-1-1 8-2-1 8-3-1 8-4-1 8-5-1
3x3x2 8-1-2 8-2-2 8-3-2 8-4-2 8-5-2
3x3x2 8-1-3 8~2-3 8-3-3 8-4-3 8-5-3
3x3x2 8-1-4 8-2-4 8-3-4 8-4-4 8-5-4
Red, dry, new 3x3x2 8-1-5 8-2-5 8-3-5 8-4-5 8-5-5
3x3x2 8-1-6 8-2-6 8-3-6 8-4-6 8-5-6
Yellow, dry, new 3x3x2 8-1-7 8-2-7 8-3-7 8-4-7 8-5-7
3x3x2 8-1-8 8-2-8 8-3-8 8-4-8 8-5-8

ia-Samples were exposed to air at 200°F (93°C) and 95% relative
humidity in these accelerated aging tests.
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Figure Al-4.

Cross-sectional views of blue, red, and
yellow foam specimens, subjected to
accelerated aging in air (8-5-1), five
weeks; 8-2-5, two weeks; 8-2-7, two weeks).

Figure Al-5. Specimens of blue foam, subjected to accelerated
aging 1n air at 200°F (93°C) for one to five weeks.
(Reference sample of unexposed foam 1s also shown.)
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Figure Al-27. Specimen of yellow foam, subjected to 1
accelerated aging in JP-5 at 200°F .
(93°C) for one to five weeks. ]
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Figure Al-25.

Figure Al-26.

Sample 9-5-5, perspective view.

Sample 9-5-5, cross-sectional view.
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Figure Al-24. Specimens of red foam, subjected to
accelerated aging in JP-5 at 200°F
(93°C) for one to five weeks.
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Figure Al-22.

Figure Al-23.

Sample 9-5-1,

94

cross-sectional view.
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Figure Al-20. Cross-sectional view of blue, red,

foam specimens,

in JP-5 for five weexs.

Figure Al-21.

Specimens of blue foam,
accelerated aging in JP-5 at 200°F
(93°C) for one to five weeks.
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Al.3. FIGURES DEPICTING FOAM SAMPLES FROM
ACCELERATED AGING TESTS IN JP-5

Foam sample identifications,
in Table Al-2.

from aging test in JP-5,

TABLE Al-2. CODE FOR FOAM SPECIMENS PRODUCEQ BY
ACCELERATED AGING TESTS IN JP-5-—

/I e saen Jncte

are listed

Sample
size, Exposure time, weeks
Foam in. 1 2 3 4 5
Blue, dry, new 3x3x2 9-1-1 g-2-1 9-3-1 9-4-1 9-5-1
3x3x2 9-1-2 9~2-2 9-3-2 9-4-2 g-5-2
3x3x2 9-1-3 9-2-3 $-3-3 9-4-3 9-5-3
3x3x2 9-1-4 9~2-4 9-3-4 9-4-4 9-5-4
Red, dry, new 3x3x2 9-1-5 9-2-5 9-3-5 9-4-5 9-5=-5
3x3x2 9-1-6 9-2-6 9-3-6 9-4-6 9-5-6
Yel.ow, dry, new 3x3x2 9-1-7 9~2-7 9-3-7 9-4-7 9=-5=7
3x3x2 9-1-8 9-2-8 9-3-8 9-4-8 9-5-8

éSamples were tested at 200°F (93°C).
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Figure Al-19.

Yellow foam specimen 8-3-7, after three
weeks of accelerated aging in air at
200°F (93°C).
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[ Figure Al-17. Sample 8-2-7, perspective view.
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Figure Al-15.

° Figure Al-16.

Specimens of yellow foam, subjected
to accelerated aging in air at 200°F
(93°C) for one to three weeks.

Sample 8-1-7, perspective view.
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Figure Al-12.

Figure Al-13.

Sample 8-2-5,
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cross-sectional view.
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Figure Al-10. Specimens of red foam, subjected to accelerated aging
in air at 200°F (93°C) for one to three weeks.
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Figure Al-9.

Sample 8-5-1,
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cross-sectional view.
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Figure Al-6. Sample 8-1-1, perspective view.
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Figure Al-28.

Figure Al1-29.
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Sample 9-5-7, perspective view.

Sample 9-5-7, cross-sectional view.
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Al.4. FIGURES DEPICTING FOAM SAMPLES FROM
SIMULATED SUNLIGHT EXPOSURE TEST

Identifications of samples, subjected to simulated sunlight

exposure, are shown in Table Al-3.

TABLE Al-3. CODE FOR SPECIMENS PRODUCED BY SIMULATED
SUNLIGHT EXPOSURE OF FOAM

Sample
size, Exposure time, hours
Foam in. 40 80 120 160 200
Blue, dry, new 3x3x2 7-1-1 7-2-1 7-3-1 7=-4-1 7-5-1
3x3x2 7-1-2 7=2=-2 7-3-2 7=4-2 7=5=-2
3x3x2 7-1-3 7-2-3 7-3-3 7-4-3 7-5-3
3x3x2 7-1-4 7-2-4 7-3-4 7-4-4 7-5-4
Red, dry, new 3x3x2 7-1-5 7=2=5 7-3-5 7=-4-5 7-5=5
3x3x2 7-1-6 7-2-6 7-3-6 7-4-6 7-5-6
Yellow, dry, new 3x3x2 7-1-7 T=2=7 7=3=7 7=-4-7 7-5=7
3x3x2 7-1-8 7-2-8 7-3-8 7-4-8 7-5-8
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Figure Al-30.

Cross~sectional view of blue, red, and
yellow foam specimens, subjected to 200
hours of simulated sunlight exposure.

100 o




| gt e mear sy " e T Lrr——— L SR Sndl Sn arah S ARML SEMCESE ail S aUEr EEn e | gt -

Prrr--.,_,,,,
~y .

Figure Al-31. Specimens of blue foam, subjected to 40-200
hciurs of simulated sunlight exposure.

T

T

v-,v.r.w ~

AT T T

Figure Al-32. Cross-sectional view of blue foam specimens,
subjected to 40, 120, and 200 hours of
" simulated sunlight exposure.
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cross-sectional view.

Sample 7-1-1,

Figure Al-33.
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cross-sectional view.

Sample 7-3-1,

Figure Al-34.
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Figure Al1-35.

cross-sectional view.

Sample 7-5-1,
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. Figure Al-36. Specimens of red foam, subjected to 40-200
[ hours of simulated sunlight exposure.
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; Figure Al-37. Cross-sectional view of red foam specimens, 4
2 subjected to 40, 120, and 200 hours of ]
° simulated sunlight exposure. o
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Figure

Al-38.

Al-39.

Sample 7-1-5,

Sample 7-3-5,
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cross-sectional view.

cross-sectional view.
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Figure Al-41.

Figure Al-42.

Specimens of yellow foam, subjected to 40-200
hours of simulated sunlight exposure.

Cross-sectional view of yellow foam specimens,
subjected to 40, 120, and 200 hours of
simulated sunlight exposure.

107

PP R G W W S W

¥ RN

4 S
s

R




Figure Al-43. Sample 7-1-7,

Figure Al-44. Sample 7-3-7,

108

cross-sectional view.

cross~-sectional view.
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Figure Al-45.

Sample 7-5-7,
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cross-sectional view.
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Al-5. FIGURES DEPICTING FOAM SAMPLES FROM
HOT WIRE CUTTING EXPERIMENTS

Identification code for samples producted in hot wire cutting

experiments 1s presented in the table below.

TABLE Al-4. CODE FOR FOAM SPECIMENS PRODUCED BY HOT WIRE CUTTING

Sample
sizg, Cutting speed, ft/min
Foam in.-— 10 5 2.5
Blue, dry, new 12x12x2 2-1-1 2=-2-1 2-3-1
Red, dry, new 2x12x2 2-1-2 2-2-2 2-3=2

Yellow, dry, new 12x12x2 2=-1-3 2-2-3 2-3-3

g51ze after hot wire cutting.
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Figure Al-46. Specimens of blue foam, cut along the upper sur-
face at 10, 5, and 2.5 ft,/min, respectively.

Figure Al-47. Sample 2-3-1, perspective view.
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Figure Al-69. Cross-sectional view of blue and red foam specimens, o
subjected to radiant heat exposure for 10 seconds.

At

Figure Al1-70. Perspective view of blue foam specimens,
subjected to radiant heat exposure for
10, 20, and 30 seconds, respectively.
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Al.7. FIGURES DEPICTING FOAM SAMPLES FROM
RADIANT HEAT EXPOSURE EXPERIMENTS

. . . — . L
Samples from radiant heat exposure experiments are identified in )
Table Al-6. 1
]
o
TABLE Al-6. CODE FOR FOAM SPECIMENS PRODUCED
BY RADIANT HEAT EXPOSURE
Sample
size, EXposure time, sec L
Foam in. 10 15 20 .
Blue, dry, new 6X6X2 6-1-1 6-2-1 6-3-1
6x6x2 6-1-2 6-2-2 6-3-2
6X6X2 6-1-3 6-2-3 6-3-3 ]
o
.
Blue, dry, aged 3x3x2 6-1-42 -
1
1
Red, dry, new 6xX6x2 6-1-7 6~2-7 6-3-7
6X6x2 6-1-8 6-2-8 6-3-8
6xX6x2 6-1-9 6-2-9 6-3-9

2This sample had been subjected to accelerated
aging in air at 200°F (93°C) for five weeks.
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Figure Al-67.

Figure Al-68.

Sample

5-3-10, perspective view.
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Sample 5-3-10, cross=-sectional view.
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Figure Al-65. Sample 5-2-10, perspective view.

Figure Al~-66. Sample 5-2-11,
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cross-sectional view.
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Figure Al-63. Sample 5-1-12, perspective view.
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) Figure Al-64. Sample 5-1~12, cross-sectional view.
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Figure Al-62. Perspective view of red foam specimens,
subjected to hot air impingement for
~2, ~3.5, and ~5 seconds, respectively.
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Figure Al-60.

Figure Al-61.

Sample 5-3-7 (aged foam), perspective view.

Sample 5-3-7 (aged foam),
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cross-sectional

view.
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Figure Al-56. Sample 5-2-1, perspective view.
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Figure Al1-57. Sample 5-2-1, cross-sectional view. °
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Figure Al-54. Sample 5-1-1, perspective view.
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Figure Al-52. Cross-sectional view of blue and red foam
specimens, subjected to hot air impinge- E
ment for five seconds. i
3
L J
1
]
L
1
1
.4
b
.<
{ Figure Al-53. Perspective view of blue foam specimens, subjected
: to hot air impingement for ~2, ~3.5, and ~5
seconds, respectively. °
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Al.6. FIGURES DEPICTING SAMPLES FROM HOT

AIR IMPINGEMENT EXPERIMENTS

Specimens produced in hot air impingement experiments are identi-

fied in Table Al1-5.

.-

TABLE Al-5. CODE FOR FOAM SPECIMENS PRODUCED
BY HOT AIR IMPINGEMENT

Sample
size, Exposure duration, sec
Foam in. ~2 ~3.5 ~5

Blue, dry, new 4x4x2 5-1-1 5-2-1 5-3-1

4x4x2 5-1-2 5-2-2 5=3=-2

4x4x2 5-1-3 5-2-3 5-3-3
Blue, dry, aged 3x3x2 5-3-72
Red, dry, new 4x4x2 5-1-10 5-2-10 5-3~10

4x4x2 5-1-11 5-2-11 5-3-~11

4x4x2 5-1-12 5-2-12 5-3-~12

8This sample had been subjected to accelerated aging
in air at 200°F (93°C) for five weeks.
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surface at 10,

Figure Al1-50. Specimens of yellow foam,

5, and 2.5 ft/min,

113

cut along the upper
respectively.

Figure Al-51. Sample 2-3-3, perspective view.
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[ Figure Al-48. Specimens of red foam, cut along the upper sur-

face at 10, 5, and 2.5 ft/min, respectively.
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e Figure Al-49. Sample 2-3-2, perspective view. N
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Figure Al-71. Sample 6-1-3, perspective view.

Figure Al-72. Sample 6-1-3, cross-sectional view.
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Figure Al-73.

Figure Al-74.

Sample 6-2-3, perspective view.

Sample 6-2-3, cross-sectional view.
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Figure Al-75. Sample 6-3-2, perspective view.

Figure Al-76. Sample 6-3-2, cross-sectional view.

128

AQA__.__A_.A N _....;" .

ola s

e @




M

P

L e . ann au o

LA AAELENN Sie SIS SSeh s/t RouR-EE " a - 0 0 Call Baat M M= it Attt S et R e

Figure Al-77. Sample 6-1-4 (aged foam), perspective view.

Figure Al-78. Sample 6-1-4 (aged foam), cross-sectional view.
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Figure A1-80. Sample 6-1-8, perspective view.

Figure Al1-81. Sample 6-1-8,
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cross-sectional view.
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Figure Al1-82. Sample 6-2-7, perspective view.
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) Figure Al1-83. Sample 6-2-7, cross-sectional view. . J
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Figure Al-84.

Figure Al-85.

Sample 6-3-7, perspective view.

Sample 6-3-7,
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cross-sectional view.
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Al.8. FIGURES DEPICTING FOAM SAMPLES FROM
BRIEF FLAME IMPINGEMENT EXPERIMENTS

X YRR T

Designation of samples produced in brief flame impingement experi-
ments 1s shown in Table Al-7.

TABLE Al-7. CODE FOR FOAM SPECIMENS PRODUCED
BY BRIEF FLAME IMPINGEMENT

_ Sample Horizontal, Vertical, Horizontal,
l size, top bottom bottom
! Foam in. ignition ignition ignition
Blue, dry, new 6X6x2 3-1-1 3-2-~1 3-3-1
6xX6x2 3-1-2 3-2-2 3-3-2
6xX6X2 3-1-3 3-2-3 3-3-3
)
Blue, wet, new 6xX6x2 3-1-4 3-2-4
6xX6Xx2 3-1-5 3-2~5
r
i
Blue, dry, aged 3x3x2 3-1-9
Red, dry, new 6xX6Xx2 3-1-10 3-2-10 3-3-10
) 6X6X2 3-1-11 3-2-11 3-3-11
6xX6x2 3-1-12 3-2-12 3=-3-12
Yellow, dry, new 6xX6x2 3-1-13 3-2-13 3-3=-13 ‘
' 6X6X2 3-1-14 3-2-14 3-3-14 T
6X6X2 3-1-15 3-2-15 3-3-15
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Figure Al-86.

Cross-sectional view of blue, red,

and yellow foam

specimens, subjected to brief flame impingement at
the bottom while in horizontal position.

Figure Al-87.

Perspective view of blue foam specimens, subjected
to brief flame impingement from top while in
horizontal position, and from bottom while in

vertical and horizontal positions,
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Figure Al1-88. Sample 3-1-1, perspective view.

Figure Al-89. Sample 3-1-1, cross-sectional view.
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Figure A1-90. Sample 3-2-3, perspective view.

Figure Al1-91. Sample 3-2-3, cross-sectional view.
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Figure Al-92.

Figure Al1-93.

Sample 3-3~1, perspective view.

Sample 3-3-1, cross-sectional view.
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Figure Al1-94.

Figure Al1-95.

Sample 3-1-4 (wet, new foam),
perspective view.

Sample 3-1-4 (wet, new foam),
cross~sectional view.
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Figure Al-118. Sample 4-2-2, perspective view.
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Figure Al-119. Sample 4-2-2, cross-sectional view. o
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Figure Al-116. Sample 4-1-3, perspective view.
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Figure Al-117. Sample 4-1-3, cross-sectional view.
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Figure Al-114. Cross-sectional view of blue, red, and yellow
foam specimens, subjected to sustained burning by
bottom ignition while in horizontal position.

Figure Al-115. Perspective view of blue foam specimens, subjected
to sustained burning. Samples ignited by flame
from top while in horizontal position, and from
bottom while in vertical and horizontal positions,
respectively.
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Al.9. FIGURES DEPICTING FOAM SAMPLES FROM
SUSTAINED BURNING EXPERIMENTS

Samples produced 1n sustained burning experiments, designated by
code in figures, are identified in the following table.

TABLE Al-8. CODE FOR FOAM SPECIMENS PRODUCED
BY SUSTAINED BURNING

Sample Horizontal, Vertical, Horizontal,
size, top bottom bottom
Foam in. ignition ignition ignition
Blue, dry, new 6x6x%2 4-1-1 4-2~1 4-3-1
6X6Xx2 4-1-2 4-2-2 4-3-2
6x6X2 4-1-3 4-2-3 4-3-3
Blue, wet, new 6x6x2 4-1-4 4-2-4
6X6X2 4-1-5 4-2-5
Blue, dry, aged 3x3x2 4-1-9
Red, dry, new 6x6Xx2 4-1-10 4-2-~10 4-3-10
6X6X2 4-1-~11 4-2-11 4-3-11
6xX6x2 4-1-12 4-2-12 4-3-12
Yellow, dry, new 6x6x2 4-1-13 4-2-13 4-3-13
6xX6x2 4-1-14 4-2-14 4-3-14
6x6x2 4-1-15 4-2-15 4-3-15
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Figure Al-112.

Figure Al1-113.

Sample 3-3-15, perspective view.

Sample 3-3-15,
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cross-sectional view.
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Figure Al1-110.

Sample

TN EIPN -+

3-2~15, perspective view.

Figure Al1-111. Sample 3-2-15, cross-sectional view.
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Figure Al1-108.
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Sample 3-1-15, perspectiv