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INTRODUCTION

Purpose

To duplicate phenomena exhibited during exposure of a 28-foot
titanium fuselage to a fuel-spill type of fire by using a small-scale
laboratory test facility. To determine a sealant/insulation combination
which would not flame or produce hazardous decomposition products upon
heating, and thus enable maximum passenger protection to be derived
from the fire resistance of the titanium and the heat resistance of the
insulation,

Background : ' . >.

In April of 1970, a full-scale fire test was performed at NAFEC
which consisted of exposing a 28-fnot titanium fuselage to an adjacent
20- foot~square JP-4 fire located on one side of the fuselage (Reference 1).
The purpose of this test was to verify the added protection, compared to
an aluminum-constructed airliner, which would be provided by the non-
melting titanium skin, Theoretical calculations based on heat transfer
considerations alone predicted a mere 40°F cabin temperature increase
after a S5-minute exposure to a severe external fuel fire, However, these
calculations excluded the burning of combustible gases produced by heating
of materials immediately adjacent to the hot titanium skinji viz,, the
cabin pressure sealant and insulation.,

The test results were quite unexpected. Conditions within the
cabin remained virtually unchanged for only about 1 minute after
ignition, at which time there occurred significant increases in smcke
temperature, CO, COp, and Oy depletion. A flash-fire occurred at
1 minute and 55 seconds.after ignition, Extinguishment of the fuel fire
was ordered at about 2-1/2 minutes after ignition., As expected, the
titanium skin and structure withstood the fuel fire and prevented any
flame penetration directly into the cabin for the duration of the test,



K - :
Examination of the test article clearly showed that the sealant and
in#ulation were responsible for the premature attainment of fatal con~
ditions within the cabin, A white, powder-like residue, characteristic
ofisilicone thermal decomposition, was prevalent throughout the cabin
and adjacent to the seams on the surface of the outer titanium skin,

|
"Also, burn marks were observed on the interior panels adjacent to the

panel interfaces, These observations provided evidence for the
following explanation as to the cause of the early appearance of
combustible gases and cabin heating, and the resulting flash-fire,
Combustible gases were produced by the thermal decomposition of the
silicone sealant, The sealant applied to faying surfaces produced
gases which escaped outward through the fuselage seams and were ignited
by the fuel flames; thus, the white residue along the seams, Pyrolysis
of sealant applied to filleting and doubler sections, however, produced
gases which filtered inward through the insulation and panel interfaces
into the cabin. At the same time, self-ignition of these gases in the
space between the titanium skin and cabin wall eventually resulted in
localized flaming from the panel interfaces into the cabin environment,
where the air necessary for combustion was available, This caused burn
marks along the panel interfaces, Removal of the panels confirmed the
preceding explanation, but also indicated that the insulation was
partially responsible for the flaming. The sealant was completely
disintegrated from the surfaces that experienced the most severe heating
during the test, However, the insulation was burned, sometimes com~
pletely, in these same areas. The relative contribution of sealant and
insulation could not be determined, mainly because the original quantity
of sealant was unknown, Thus, it was decided to perform small-scale
tests which might shed some light on the relative contribution of
sealant and insulation, and allow for the testing of new sealant/
insulation combinations which, ideally, would not produce hazardous
gases when heated, . '

Test Procedure

The test article was designed to simulate the cross section of the
titanium fuselage used in the full-scale test (Figure 1), Important
dimensions such as the skin and cabin wall thickness, stringer depth and
separation, and distance from the fuselage skin to the cabin wall were
duplicated, However, it was decided to use a stainless steel fuselage
skin since, when compared with titanium, this metal can be worked with
more easily, Moreover, it was expected that the temperature of the two
metals during heating would not vary significantly, and, similarly to
titanium, the stainless steel would not melt, The aluminum cabin wall
(no decorative material was used) had a vertical slit about 1/4-inch
wide which was meant to simulate the interface betwesen two interior
panels, This feature was felt to be important in view of the burn marks
discovered around the interior panel interfaces of the titanium fuselage.



Since the pyrolysis gases from the sealant and insulation would egress
from the interface, it was expected that flaming might be observed here,
The sealant was applied to the fuselage skin area between two adjacent
stringers and-was meant to duplicate the extensive amount of sealant
applied to doubler sactions on the titanium fuselage,

The test setup is shown in Figure 2, The test article was bolted
to the open end of a 16-cubic-foot closed rectangular housing. A glass
window at the rear of the housing allowed for observation of the cabin
wall and interface (until obscuration resulted from the accumulation

*of smoke)., An outlet for the pressure build-up which accompanies a
flash-fire was provided by a blowout panel at the top of the housing.
The environment of a JP-4 fuel fire was simulated by the funneled flames
from a 2-gallon-per-hour kerosene burner., The flame pattern upon the
fuselage skin approximated a 6- by ll-inch ellipse with a total heat
flux of 16.3 Btu/ft2-second (Reference 2).

Instrumentation was provided for the measurement of temperature,
smoke, oxygen, and combustible gases, The measurement locations are
shown in Figure 2. The flame and fuselage skin temperatures were
measured with 22 AWG chromel-alumel thermocouples, while the remaining
temperatures were measured with 30 AWG chromel-alumel thefmocouples,
An indication of the smoke density within the housing was provided by
a smoke meter utilizing a photocell/light source arrangement which
measured the percentage of light transmission across a distance of
1 foot, The oxygen and combustible gases concentration were continu-
ously measured by a single gas analyzer which employed the paramagnetic
and catalytic combustion techniques, respectively,

Each material was also tested in the Setchkins Apparatus, which is
an ASTM test method (D 1929-62T) for determining the flash-ignition and
self-ignition temperatures of a solid, This apparatus was recently
modified at NAFEC with a force transducer, thus giving it the capability
of also continuously measuring the weight of the specimen during the
test, The rate at which a material decomposes will depend on the
ambient temperature increase and oxygen concentration., Unless otherwise
stated, an ambient temperature increase of 18°F/min and an airflow rate
of 6.5~cubic~-foot per hour was used, All specimens weighed about
3 grams and were conditioned at a relative humidity of 50 percent and
a temperature of 700F,

Test Results

Modified Setchkins Apparatus: The results of these tests are
shown in Table 1, Although the maximum test temperature did not nearly
approach what the fuselage skin would attain during a fuel fire
(maximum about YB00CF), a comparison of the test results gave some
indication of the relative and potential fire and smoke hazard from




by the flash-fire, Their high values were misleading because the gas
analyzer recorded in terms of equivalent CO percent. Actually, it was
suspected that the majority of the combustible gases was Hg (vacuum
pyrolysis of silicone at 800°C produced more than 90 percent concen-
tration of Hp, see page 4-13 in Reference 4), A calibration curve
supplied by the manufacturer of the gas analyzer indicated that the
analyzer will read 2.8 times the actual Hy concentration. Thus, when
the analyzer read 6,25 percent, the actual combustible gases concen-
tration was probably about 2,2 percent of Hyp, Except for the elapsed
time until flash-fire, many of the characteristics and surmised

*phenomena exhibited during the titanium fuselage test were duplicated

and verified by these small-scale tests - self~ignition of the sealant's
pyrolysis gases within the "gap,'" the flash-fire itself and associated
pressure build-up, early and rapid accumulation of smoke, flaming at

the cabin wall interface (see remarks in Table 2), disintegration and
charring of the insulation, and the appearance of abundant amounts of
white residue on the insulation and cabln wall,

The second test also had the Microlite insulation, but without
any sealant. Even the absence of a sealant did not prevent the occur-
rence of a flash-fire, since sufficient combustibles were formed from
the decomposition of the insulation's silicone binder, onlky 4.3 percent
of its weight, or 10.6 grams, This test best reproduced the heating of
this insulation during the full-scale test, Figure 5 compares the
temperature profile of Test No, 2 with that recorded by the aft section,
lower group of thermocouples on the titanium fuselage (this-area
experienced the greatest heating of the nine instrumented sections).
Compensating for the 10 to 15 seconds it took for the fire to reach
maximum intensity in the full-scale test, and noting that the increments
of the abscissa in Figure 5 are seconds, the agreement between the two
tests is very reasonable, This agreement was better for the second
test than the first because none of the instrumented sections on the
titanium fuselage were adjacent to silicone-covered doubler sections.
(The heating of the insulation during the first test was delayed
because the sealant covered most of the flame imprint area upon the
fuselage skin, Figure 1, and thus acted like an additional insulation,)
Another effect of the sealant was to cause the earlier appearance of
smoke (Table 2)., This trend and the delayed occurrence of .a flash-fire
(relative to Test No., 2) were also evident in Test No, 5, which used
the Microlite insulation and Viton "sealant," A comparison of the gap
and insulation temperatures for the three tests using Microlite are
shown in Figure 6, The time prior to flash-fire correlated with the
heating of the insulation and implied that the ignition source was
provided once the insulation burned through at the cabin wall interface
(whether the ignition source was the flaming insulation or the radiant
heat from the fuselage skin could not be determined), This interpre-
tation of the data also appeared to be consistent with a comparison of
the flash-fire intensity during each test (Table 2)., The temperature



increase was greatest for the test with the Microlite and silicone
sealant, second with the Microlite alone, and lowest with the Microlite
and Viton "sealant." Assuming that the flash-fire occurred when the
insulation burned through also implied that the contribution of com-
bustible gases from the insulation's silicone binder by the time of
flash-fire was probably the same for all three tests, Therefore, it
was not surprising that the flash-fire from the-silicone sealant and
Microlite insulation was more severe than from the Microlite alone,
since the potential concentration of combustible gases from the

| sealant far exceeded that from the insulation (the sealant weighed

i

' +72 grams, while the amount of binder within the insulation was only
10.6 grams), The intensity of. the flash-fire from the Viton/Microlite
_test article was even less, since the Viton's decomposition gases
" probably acted primarily like an inert gas, thus reducing the effective
concentration of combustible gases,

There were two reasons that the time prior to flash-fire was
not reproduced by the small-scale tests, The first reason was that
the small-scale test probably did not simulate the compactness of the
insulation between the titanium fuselage skin and cabin wall. In the
small-scale tests, the insulation was packed much tighter, delaying
the egression of combustibles (and smoke) from the cabin wall interface,
The second reason was that, in the packing of insulation between formers
in the titanium fuselage, a small space existed between adjacent insula-
tion batts, This space also allowed for the earlier accumulation of
combustibles (and smoke) within the titanium fuselage, and more
importantly, the formation of flames at the cabin wall interface before
the insulation burned through, Thus, these flames could have provided
the ignition source necessary to trigger the flash-fire in the titanium
fuselage at a time much earlier than the insulation burn-through during
the small-scale tests, Actually, the most likely ignition source
(Reference 1) was the rupture of the cabin wall near the aft end, which
was apparently caused by a pressure buildup, between the titanium and
cabin walls, associated with the vaporization and combustion of the
silicone sealant, This was another phenomena which could not be
duplicated on a small scale,

The extreme hazard caused by the absence of any insulation
was accentuated by the results of Test No, 4, This test configuration
incorporated the silicone sealant without any insulation, Flaming was
observed as early as 0.7 minutes and intermittent explosions persisted
from 0.9 to 4.0 minutes (Figure 7)., After 4.0 minutes, all the
volatiles from the decowmposing silicone had been burned and a steady-
state condition was attained, The intermittent explosions were caused
by the absence of any insulation, thus allowing for the free passage
of air necessary for combustion from the test housing to the area of
combustible gas formgtion (and eventual combustion).



Test No. 6 was similar to Test No, 4 except that a Viton
caulking compound was used instead of the silicone rubber, After
10 minutes, there was no flash~fire smnd the Viton was still attached
to the fuselage skin, having lost about 40 percent of its weight
(Table 2)., Some of this weight loss was realized as smoke (Figure 8).
However, the rate of smoke generation is somewhat different for the
Viton than the silicone rubber, The Viton appeared to produce a large
amount of smoke when it was first heated, and then very little smoke
thereafter, as evidenced by the decreasing smoke concentration shown
in Figure 8. This behavior was also evidenced during the tests with

*the modified Setchkins Apparatus (Table 1), On the other hand, the

silicone rubber appeared to continuously produce large quantities of
smoke since the light obscuration remained at 100 percent throughout

. the test.

Several tests (Nos, 3 and 7) were performed to demonstrate
that a high~temperature insulation without any cabin pressure sealant
would provide a safe cabin environment against an external fuel fire
for a significant time, Two commercially available insulations manu-
factured by Johns-Manville were tested: Dyna-Flex and Micro-Quartz,
From a survivability viewpoint, both insulations performed quite
satisfactorily, since, in both tests, the air temperature remained
habitable for the entire test duration (20 minutes) and very little
smoke, combustible gases or absence of oxygen were detected for at
least 15 minutes (Table 2), A comparison of the mid-insulation
temperatures (Figure 9) demonstrated that the Micro-Quartz was superior
from a heat transfer viewpoint., This superiority was not due to the
slightly greater density of the Micro«Quartz used in these _tests, but
rather to its lower inherent apparent conductivity., (At 1000°F and a
density of 3.0 1b/cu ft, the Micro-Quartz has a 25 percent lower
apparent conductivity than Dyna-Flex.,) However, the lower apparent
conductivity of the Micro-Quartz was not manifested as markedly by
the aluminum cabin wall temperature (Figure 9)., Thus, in terms of
maintaining a safe cabin temperature, the Dyna-Flex was closer to the
Micro-Quartz than one might expect from just comparing their mid-
insulation temperatures and, for all practical purposes, would
probably do the job just as well,

Tests 3 and 7 both proved that an "inert" insulation without

. any cabin pressure sealdnt would significantly increase the passenger

survivability time during an external fuel fire, The next step was to
determine what effect the sealants would have on the degree of pro-
tection provided by the insulation, Test No, 8 incorporated a Viton
sealant with the Micro-Quartz insulation, The Viton selected was
DuPont's 238-97-1, a flexible and elastomeric coating which better met
the properties required of a pressure sealant than the two previously
tested Vitons., The temperature profile was relatively unaffected by
the Viton, and the observed smoke level was also fairly similar to
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Test No, 7. Apparently, judging by its post-test dlscoloratlon, the
Milcro-Quartz insulation filtered out the smoke partlcleb generated by
tﬂe decomposition of the Viton, Condensate, as ‘'well, was noted on the
su&face of the aluminum cabin wall adjacent to the insulation. Unlike
Ft No, 7, however, was the presence of combustible gases that were
fopmed from the decomposition of the Viton. These gases were first
detected at 5 minutes and reached an equivalent CO concentration of
2 percent by 20 minutes (Figure 10)., There was no resulting flash~
fire within the test housing. Non-flammable toxic gases like HF
(Reference 3) may also have been present, but they were not measured
sdue to the lack of necessary instrumentation, The results of Test
No, 8 indicated that the Viton sealant did not alter the degree of
protection provided by the Micro-Quartz, except for the formation of
combustible gases and probably toxic gases (the quantities of which
require further study before the usefulness of the Viton can be
verified),

A silicone sealant was used with the Micro-Quartz insulation
in Test No. 9. The results were similar to Test No, 8, except for the
significantly higher concentration of combustible gases (Figure 10)
and the slightly higher observed smoke level, Even the discoloration
of the insulation was roughly the same., Again, there was no flash-
fire in spite of the apparently adequate amount of combustible gases,
over 11 percent equivalent CO concentration at 20 minutes. The
absence of a suitable ignition source precluded a flash-fire. The
Micro-Quartz insulation prevented any flames from the decomposing
silicone to act as an ignition source and any significant heating of
the housing air which might have caused self-ignition, Thus, another
important variable emerged in evaluating the capability of a fuselage
skin-insulation-sealant combination to protect passengers during an
external fuel fire, the compactness of the insulation, This was
verified in the next test.

Test No., 10 also used the silicone sealant and Micro-Quartz
insulation, This time a 1/4~inch wide vertical slot was cut completely
through the insulation at the cabin wall interface (Figure 1) in order
to simulate the spacing between adjacent insulation batts at a former,
On all previous tests (1 through 9), the insulation had completely
covered the cabin wall interface, The inclusion of a slot drastically
altered the results from Test No, 9, A flash (ignition) was observed
within the gap at 0.6 minute and large flames started licking out of
the slot into the test housing at 0,8 minute, At about this time, the
instrumentation began to indicate increases in air temperature, smoke
level and depletion of oxygen (Figure 11), Violent flaming persisted,
although it could not always be detected because of smoke obscuration,
until about 2.4 minutes, WNotice the sudden increase in 02 and decrease
in inside air tempergture at 2,4 minutes shown in Figure 11, Apparently,
all the volatiles generated by the decomposing silicone were burned by



this time, From about 3 minutes until the end of the test, except for
the gradual increase in mid-insulation temperature, there were no
significant changes in measured properties, The insulation was examined
after the test and showed very little discoloration except for the
surface facing the fuselage skin, Even the surfaces constituting the
slot showed virtually no discoloration, indicating that the observed
flaming originated at the cabin wall interface dnd did not extend back

to the silicone. Except for the initial ignition of the silicone's
decomposition products, further burning in the gap and slot areas
probably did not occur since the oxygen was depleted during initial

*flaming. Thus, the presence of voids or passageways between the

silicone-covered fuselage skin: and cabin air can allow for flaming at
the cabin wall which, of course, will have a profound effect upon the
survivability time during an external fuel fire,

Summary of Evaluation

The" first panel tested incorporated the Microlite insulation and
silicone sealant, Many of the phenomena exhibited during the titanium
fuselage fire test, including the flash-fire, were duplicated., However,
the time prior to flash-fire was considerably longer in the small-scale
test, This time was believed to be dependent upon the compactness of
the insulation within the test "box" and, as was demonstrated by
Test No., 10, the amount of space between adjacent batts, Both of these
factors, which affected the flow rate of combustible gases into the
test housing and the ease of occurrence of an ignition source, were
probably not sufficiently reproduced by the test panel and may even vary
throughout an aircraft, A flash-fire also occurred when the Microlite
was tested without any sealant, In this test, the combustible gases
were generated from the insulation's silicone binder, which only con-
stituted 4.3 percent of its weight. Also, good agreement was obtained
with the heating of the insulation in the full-scale test, where the
thermocouples were not adjacent to silicone-covered doubler sections
(as they were in Test No., 1), The Microlitée was also tested with a
Viton "sealant'" and a flash-fire occurred again., Analysis of thermo-
couple data from the three tests using Microlite indicated that the

_occurrence of a flash-fire corresponded with the insulation burn-through

at the cabin wall interface, (Except for Test No, 10, the insulation
completely covered the cabin wall interface.) The severity of the
flash-fire, as expected, was greater with increasing concentration of
combustible gases, Apparently, the overall effect of the Viton's
decomposition products on the flash-fire was similar to that of an
inert gas,

‘Several panels were ‘tested without any insulation; one panel had
the silicone sealant and the other had a Viton caulking compound, The
silicone-coated panel caused intermittent explosions of varying :

‘intensity from 0,9 to 4,0 minutes, There was no flash-fire with the



Viton-coated panel, although some combustible gases did form. From a
tendency to flash-fire viewpoint, the silicone was far more hazardous
than the Viton.  The increase in smoke was very similar in both tests
until the maximum obscuration was achieved, However, after this time,
the smoke obscuration retained its maximum value (100 percent) with
the silicone-covered panel, while the smoke obscuration for the Viton-
covered panel gradually diminished. This behavior implied (and was
verified by tests with the Setchkins Apparatus) that the silicone
continuously produced smoke during decomposition, but that the Viton
only smoked for a short duration.

* .

The protection from an "inert'" sealant-insulation combination was
determined by testing two panels with a high-temperature insulation
(Micro~Quartz and Dyna-Flex), but without any sealant. In both tests,
the inside air temperature remained habitable for the entire test
duration (20 minutes) and survivable conditions existed within the
test housing for at least 15 minutes, During an actual crash-fire
situation, the air temperature will depend on the heating area-to-
volume ratio (which was about a factor of 5 smaller in these tests
than in the titanium fuselage test). i

Both the silicone and Viton sealants were tested with the Micro-
Quartz insulation, Neither sealant affected the temperature profile
or significantly altered the smoke level, since most of the smoke
generated by the decomposing sealants was filtered out by the insula-
tion., However, the sealants did cause a significant build-up of
combustible gases within the test housing., After 20-minute tests,
the Viton and silicone-covered panels produced 2,0 and 11,2 percent
equivalent CO concentration, respectively, Neither test experienced
a flash-fire, since there was no suitable ignition source., (The high-
temperature Micro-Quartz insulation prevented any sealant flaming. from
burning through at the cabin wall interface, or any significant housing
heating which might have caused self-ignition.) These test results
were influenced by the compactness of the insulation and, perhaps more
importantly, the covering of the cabin wall interface by the insulation,

An attempt was made to simulate the spacing between adjacent
insulation batts at a former., A 1/4-inch wide vertical slat was cut
completely through the insulation at the cabin wall interface, The
previously tested silicone-Micro-Quartz combination was used, Inclusion
of the slot drastically changed the test results: -violent flaming at
the interface began at 0.8 minute and lasted until 2,4 minutes; smoke
caused 100 percent light obscuration by 1.5 minutes; the oxygen concen-
tration decreased continuously from the onset of flaming and reached a
minimum concentration of 10 percent at 2.4 minutes; and the housing air
temperature peaked at 400°F by 2.0 minutes. Clearly, the slot provided

’ *
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a pathway for the hot combustible gases, enabling them to 1gn1te and
burn at the cabin wall interface. Thus, a mechanism for the early inter-
face flaming evidenced during the tjtanium fuselage test, but not seen
until much later in these small-scale tests (Nos, 1 and 2), appeared to
beiprovided by the above (slot) results,

This series of small-scale tests demonstrated that, from a -
survivability viewpoint, there was a definite advantage in using a
high-temperature insulation., Also, a Viton-like sealant could alleviate
the flash-fire tendency of some silicone sealants, However, questions

* concerning the toxicity of Viton must first be answered before it can
replace silicone, Other areas which need further study are the effects
of film-like covers around the insulation, and the effects of voids or
spaces between the fuselage skin and the cabin wall interface.

11
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