NAVAL WEAPONS CENTER CHINA LAKE CALIF F/6 172

AIRCRAFT FIRE SIMULATOR TESTING OF CANDIDATE FIRE BARRIER SYSTE==ETC(U)
NOV 76 H H HOFFMAN: J S FONTENOT

UNCLASSIFIED NWC=TP-5915 NL

D=-A038 601

E
II
_=

END

TE
\'-l

5. 7;




1.0

22

LN FE
=
o

I

llL2 e




ADAG38601

BOG FiLE copy

Naval Weapons Center ({

CHINA LAKE, CALIFORNIA 93555

R

/ /42 e NWC TP 5915
/ //

Aircraft Fire Simulator Testing of
Candidate Fire Barrier Systems

by
Herman H. Hoffman
and
John S. Fontenot
Systems Development Department

NOVEMBER 1976

F
{J Y \ i
Approved for public release; distribution uniimited. " ,

uuuuuu




Naval Weapons Center

AN ACTVITY OF THE NAVAL MATERIAL COMMAND
R. G. Freeman, B, BAdm., HON . 0 e e e e e Commander
G L. HollagsWartii o be o il s aii e s el B S e o e ks Technical Director

FOREWORD
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INTRODUCTION

Candidate fire barrier systems were tested at the Naval Weapons
Center (NWC), China Lake, Calif. to evaluate barrier system capabilities
for use in aircraft. The test program was conducted as part of an F-14A
Aircraft Fire Protection Modifications Testing Program performed under
NAVAIR cognizance. However, due to the paucity of information relative
to aircraft fire barrier materials and systems, data was obtained as a
result of the test program that is applicable to all types of aircraft.

In-flight aircraft fires, whether the result of direct hostile action
or the result of operational failures, are a major cause of military
aircraft losses. Efforts to date to reduce this hazard have concen-
trated on fuel system containment. Where fuel containment and ignition
prevention fails, fire propagation through an aircraft will often fail
a flight critical component, such as flight controls, in an unacceptably
short time period. The effort herein described has been directed toward
developing barriers that will compartmentalize the aircraft interior,
thus protecting critical components until the fire burms out or is
actively extinguished.

An aircraft fire barrier test simulator was designed and fabricated
at NWC to be used as a realistic screening apparatus for candidate fire
barrier systems. The subsequent tests were directed toward obtaining
thermal data and determining the fire-retention capabilities of a variety
of foam-type materials in representative system concepts.

Requirements for retrofit installation capability and for barrier
penetrations by necessary aircraft equipment were two major considerations
in the test and evaluation of system concepts. Initial emphasis was
directed toward barrier materials installation in existing aircraft
using a building-block approach to installation. Therefore, the acqui-
sition of data concerning the effect of joint design and gap closure
under simulated aircraft fire conditions was pertinent to barrier systems
evaluation. The use of intumescent paints as a closure medium for bar-
rier gaps was tested. (Intumescent paints swell upon exposure to heat
and flame thereby providing a gap~closure capability.) Problems asso-
ciated with the building-block approach such as complicated shapes,
difficult installation and maintenance, fastenings, and availability of
materials led to later emphasis being directed toward metallic barriers
combined with off-the-shelf insulators and sealants.

A portion of a proposed F-14 fire barrier installation is shown in
Figure 1. The number and variety of equipment that penetrates the barrier
is representative of problems encountered in installation of fire barrier
materials.

PRECEDING PAGE ELANK-NCT FILMED
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The problem of barrier penetrations was also investigated. Two
types of penetrations representative of those encountered in an aircraft E
were used. These consisted of (1) an electrical wire bundle, and (2) a
thin-walled aluminum tube typical of a fuel vent line.

i

o :
LINE PENETRATION Bods ~ WIRE BUNDLE

FIGURE 1. Typical Penetrations in a Fire Barrier Installation.
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OBJECTIVE

The primary objective of this effort was to test candidate fire
barrier systems and to document their response to the predicted thermal
environment. Additionally, a lightweight barrier material was to be
developed and evaluated to serve as an example system. (This effort
is described in Appendix A.) Secondary objectives were identified as
follows:

1. To identify the particular problem areas of aircraft structure
and equipment penecrration through barriers, clearance requirements, and
flight induced loads while in a fire environment.

2. To develop criteria for an aircraft fire barrier specification
containing realistic and attainable acceptance criteria.
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ACCEPTANCE CRITERIA

In general, the basic acceptance criterion demands that the barrier
system neither burn through nor let the temperature of the air space
measured 15 cm (6 in.) normal to the barrier unexposed face exceed
205°C (400°F) for 10 min when tested in a fire barrier test simulator.

Consideration was given to test parameters applicable to prepara-
tion of a specification covering lightweight fire barrier systems. It
was deemed important that specimen size, weight, joint configuration,
and intumescent coatings of the specimens be held to close tolerances
to avoid inconsistencies in test results. Uniform block size held te
close tolerances, weight measured to tenths of a milligram, the absence
of mechanical flaws and surface voids, and complete and uniform intu-
mescent coating were all seen as important considerations. In addition,
the development of environmental test requirements covering items such
as shock, vibration, temperature, humidity, etc., would be required.

A specification prepared on this basis could be applicable to both
military and civilian aircraft.
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TEST DESCRIPTION

REQUIREMENTS

k The fire barrier simulation test requirements were based upon the
need to generate a temperature, pressure, airflow, and heat flux en-
vironment duplicating predicted fire conditions in an in-flight environ-
ment for a period of up to 10 min without burnthrough and without
allowing temperatures, as measured 15 cm (6 in.) normal to the barrier
unexposed face, to exceed 205°C (400°F).

The conditions established for evaluation of candidate barrier
systems were as follows:

1. A heat rate of approximately 11.35 W/cm?/sec (10 BTU/ft2-sec)
uniformly across the test specimen face.

ﬁ 2. An airflow velocity of approximately 5 m/sec (10 knots) across
the test specimen face.

3. A nominally fuel-rich fire typical of that postulated to exist
in a typical aircraft accidental on-board fire.

TEST SIMULATOR DESIGN

Design criteria were based upon the requirement to reproduce the
temperature, pressure, airflow, and heat flux environment predicted for
an in-flight aircraft with an internal fire. Specimen visibility and
accessibility were also required to facilitate testing operations and
observations.

The test simulator consists of a tunnel through which a controlled
airstream is directed over a fire source. The upstream portion of the
tunnel consists of an axial-flow fan shroud to direct and shape the
airstream, a fuel pan, and a flame diffuser. The downstream section of
the tunnel is angled at 30 deg to the forward section to cause impinge-
ment of the air-driven flame across the test specimen. A buffer plate
upstream of the fuel pan acts as a flame holder, diffusing and shaping
a uniform flame across the specimen.

A 50-cm (=20 in.)-diameter axial flow fan powered by a universal
motor with speed control is used to provide the tunucl airflow. The
fan provides an airflow velocity of approximately 5 m/sec (10 knots)
across the specimen face. A pressure differential of up to 35 gm/cm?
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(0.5 psi) can be obtained (when necessary) by mounting a cowled exhaust
fan over the back (open) side of the test specimen.

The axial flow fan (household type) was selected to provide tunnel
airflow because of its constant velocity characteristic. With this type
fan, once the desired airflow velocity is set, the velocity remains
fairly constant even if downstream flow area is reduced. Fans such as
turbine or squirrel cage types will attempt to hold a given mass flow
by increasing velocity, a feature not desired in this test fixture.

An assembly drawing of the test simulator is presented in Figure 2.

EXHAUST
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FIGURE 2. Aircraft Fire Test Simulator, Plan View.

INSTRUMENTATION

Instrumentation used for the fire barrier tests included a heat
rate sensor, Type K chromel alumel (C-Al) thermocouples, a two-chaunel
strip chart recorder, and a photographic camera. Data recording was
accomplished using the instrumentation assembled as shown in Figure 3.
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FIGURE 3. A¢=raft Fire Test Simulator Instrumentation, Block Diagram.

Basic instrumentation consisted of a total heat calorimeter
(asymptotic type) mounted upstream of the specimen and thermocouples
mounted on the unexposed (backface) side of the specimen. Specimen
thermocouples were mounted to a 2-cm(0.785-inch)-diameter aluminum
disc of 0.16 cm (0.062 inch) thickness. For general specimen backface
temperature measurements the thermocouple assemblies were bonded to the
specimen backface with high-temperature adhesive. Clearance gap thermal
data were obtained with bare thermocouples placed directly in the gaps.

During preliminary tests, the heat rate sensor was mounted in the
test sample just protruding past the face. It was quickly found that
outgassing of the foam volatiles and migration of the intumescent paint
as it began to react would block the sensitive area of the sensor.
Upstream relocation of the sensor remedied this problem without intro-
ducing significant measurement error.

Temperature measurement was accomplished by an unreferenced C-Al
thermocouple mounted at the first upstream gap or joint between block
samples. This position was felt to be the predominantly weaker point
since outgassing would tend to provide a cool gas buffer between the
flame and the foam block downstream. Also, this position allowed a
measure of the time it took the gap to seal. To accomplish this on
tests where a pressure differential was not applied to the test speci-
men, the exit of the test fixture was blocked at start of the test.
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he fan blew fire through the gap between specimen blocks, which was
subsequently sealed by the foam of the reacting intumescent paint.

Upon sealing of the specimen gaps, the tunnel exit blockage was removed
to allow free fluvs of fire across the specimen face. During later tests

a pressure differential was accomplished by lowering the pressure on the

unexposed specimen face using the intake side of a high-pressure blower.

A still camera (4 x 5 graphic camera with a Polaroid back) was

kit record visual events during the test. An initial picture was
taken of the mounted specimen sample to record assembly procedure and
specimen block data; Figure 4 is a typical example. Additional photos
were taken when events of interest occurred such as swelling of intu-
mescent paint out of the gaps, general char across the specimen sample,
and when fire broke through the sample. After the test a picture was
taken of the fire-exposed face of the specimen to show erosion and/or
failures. A typical test setup is shown in Figure 5.

FIGURE 4. Candidate Barrier Specimen Prepared for Aircraft Fire Barrier Simulator Testing

b




NWC TP 5915
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FIGURE 5. Ainrcraft Fire Simulator Test Setup

lemperature of the ambient air was measured using a mercury-in-glass
thermometer. In data assessment this value was then used as the refer-
ence temperature of the thermocouple. The millivolt reading obtained
was then converted to degrees and this value added to the reference.
I'he desired temperature accuracy for these tests was not extensive;
thus, a high-accuracy reference system was not warranted.

MATERIALS TESTED

Both organi and Inorganic materials were tested and evaluated.
Organic materials investigated consisted of various formulations of
polyurethane, closed cell, rigid foams. Inorganics tested were flexible

silicon and alumina silica rigidized materials. Additionally, metallics
combined with both organic and inorganic insulators were tested. A
detailed listing of all materials and combinations of materials tested
is presented in Table
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Preliminary materials testing was performed at the NASA-Ames Research
Center, under NWC cognizance, to develop a data base for the fire barrier
system concept. The purpose of this test effort was to investigate thermal
characteristics of various material formulations. These tests provided
a means of determining physical variables within the formulations and
detailed thermal data for each formulation. These data were subsequently
used in the development of candidate barrier systems for aircraft fire
simulator tests, and as a base for a NASA-prepared draft of a proposed
aircraft fire barrier process and systems specification. Tests conducted
at NASA-Ames Research Center are presented in Appendix A.

The proposed matrix of tests for organic materials included the
following variables:

Specimen thickness svevsvessaaacsensseane 2oy 30, and 7.6 cm
(1, 2, and 3 in.)

GAD SPACINE «.wvsvusovvssmesnovas ey Ouly and 9.5 am (0.125,
0.250, and 0.375 inch)

JOLBE EYPE w v inuiaiensnaees i i e vesese Lap dng butt types
Coatings ............ intumescent paints, nine different types

A construction technique originally proposed by Grumman Aerospace
Corporation was to cast the foam in the desired shape. This gives the
foam block a high-density, thin skin which is thought to strengthen the
char against the abrasiveness of the air-driven flame.

TEST SPECIMEN PREPARATION

As-received specimen materials came in various sizes and thicknesses.
The materials were cleaned to remove mold release materials used in prep-
aration of the samples. Specimen samples were cut to fit the specimen
holder, if needed, and candidate intumescent coating was applied and
cured as required.

Three basic mounting techniques were employed for specimen testing.
These were (1) use of continuous blocks to obtain the thermal resistance
data, (2) use of three individual blocks butted together to determine the
effect of butt joints, (3) use of individual intumescent-coated blocks
sized so that, when installed in the mounting fixture, desired gaps
could be established between the blocks. Gap spacing was accomplished
using steel spacers of the desired thickness placed at the bottom and
top sides of the blocks installed in the mounting fixture. The completed
assembly was then mounted into a frame, positioned in the aircraft fire
simulator and instrumentation sensors were attached as required.
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TEST PROCEDURE

A given test specimen was mounted in the aircraft fire simulator
and thermocouples were installed. Instrumentation calibration was con-
ducted on the amplifier/recorder combination using a substitute voltage
source. This was followed by photographic documentation of the pretest
configuration.

Time was kept by the recorder, as its motion is by direct drive
using a synchronous motor. The recorder rate error was less then 5 sec
in 5 min, which was adequate for the accuracy desired.

To initiate a test, fuel was introduced into the fire pan and ignited.

Airflow was initiated and the fuel flow rate was adjusted to give a full
flame over the sample. Burner pan fuel flow was regulated to stabilize
heat flux at 11.35 W/cm2 (10 BTU/ft2-sec) with thermal buildup according
to the schedule shown in Figure 6. Recorder time zero was noted when
flame first reached the test specimen. In tests with gapped specimens,
intumescent initiation was aided by back-pressuring the tunnel exhaust
or by lowering the pressure at the unexposed specimen face.

Tests were continued for 15 min or until specimen burnthrough,
whichever occurred first. During one series of tests, specimen strength
while exposed to fire was determined by conducting the standard burn
test for 5 min, then initiating and gradually increasing the pressure
differential across the specimen until failure occurred, if at all.
During another series of tests, backside still-air temperature as func-
tions of time and distance (measured normally from the specimen) were
obtained from 5.1 to 34.3 cm (2 to 13.5 in.) from the sample.

16 =

TOTAL HEAT FLUX, W/em?_SEC

| T AT CEN | 1 e { | J

2 3 4 5 6 ! 8 a 10
TIME. MINUTES

FIGURE 6. Typical Heat Flux Schedule for Awcratt Fire Simulator Tests
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TEST RESULTS

¢

Results of all testing is summarized in Table 2. In the first
series of tests, continuous specimens were evaluated to determine thermal
toughness with no gaps or pressure differential loading applied. Normal-
izing the results to installed weight (g/cm?) required for each minute
of thermal protection showed that the 5F14RS material provides a given
level of protection at the lightest weight for the materials tested.
These data are shown in Table 3.

The second series of tests measured specimen strength while exposed
to fire. Clearance gap intumescent seal strength evaluation was included
to determine overall barrier system resistance to pressure loading.
Intumescent chars of 477GF and 1600 materials failed at 3.55 and
7.62 cm-H20 (1.4 and 3.0 in.-H20), respectively. The 5A43 and the
5F14RS foam chars failed at 15.24 and 19.05 cm-H20 (6.0 and 7.5 in.-H20)
pressure differential, respectively, without reaching the failure point
for the 313 intumescent char. These data are presented in Table 4.

Resistance to burnthrough for gap-filling intumescent char under
no-load conditions is shown in Figures 7 and 8. The M-30 material was
not tested under these conditions; however, results of the load tests
indicate that the M-30 material is comparable to the 1200 intumescent
flexible sheet. Additionally, several combination intumescent coating
schemes were investigated. The 1000 modified applied over the 1200 sheet
burned through in 6.0 min at 5.1 cm (2 in.) foam thickness; 1000 over
1200 sheet burned through in 10.0 min at the same specimen thickness.

In later tests the operating procedures were modified to include
forcing flame through foam block gaps to accelerate the gap sealing rate.
Initiation of intumescent action was rapid, but as the gap closed,
outgassing inhibited final closure rate.

One series of tests was devoted to investigating barrier penetra-
tions. Aluminum tubing, stainless steel tubing, and electrical wire
bundles passing through several of the barrier types were tested.
Sealing agents used in these tests counsisted of intumescent paints,
silicons, ceramics, fireshield cloth, and wire cloth. Table 5 details
the specimen configurations tested and presents the results. Melting
of the penetrating medium was the predominant failure mode; where this
did not occur, autoignition of the fireshield and wire cloth sealants
occurred 45 sec into the test and the silicon sealant ignition at about
5 minutes.
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TABLE 3. Aircraft Fire Simulator Data on Thermal Resistance of Candidate
Materials Without Pressure Differential Loading.

Material re-

Test specimen description Face coating Burn- :
quired per
Feii 5 e through!|
Thickness Density Thickness time minute pro-
Designation ; o3 3 Type’—_—‘ e tectiond
cm |in. |[kg/m3|1b/ft m |in. min lemi|1bJEc?
5A43 5.08]| 2 69 4.30|Nonej ... wiala 4.5b s
5A43 7.620 3 27 4.8011200({0.51{0.020| 13.0 |0.045(0.09
Silicon 5.08] 2 320 19.98 |None| ... e 14.0 10.125|0.26
WPR felt 2.54| 1 400 24.97 [None| ... s 20+ 0.041(0.08
SF14RS 5.08( 2 71 4.43|None|... M 6,80 || ...
5FL4RS 5.08) 2 75 4.68 |None|... wlestd 15+ 0.02610.05
5F14RS 5.08| 2 67 4.,18(313 ]0.25]0.010| 13.3 ]0.026|0.05

2 [nstalled unit area.
b gEdge failure rather than actual burnthrough.

TABLE 4. Gap-Filling Intumescent Char Strength During Burn Test.

Specimen description Cap coating Maximum pressured
; . Thickness | ., Thickness differential

Designation Type 5 -

cm | in. mn in. kg/cm2 1b/in2
SA43 5.08 2 M-30 559 | 0.22 0.42 5.97
BX352-P 7462 3 1600 1.50 ] 0.06 0521 2.98
BX352-p 7.62 5 477GF | 1.50 ] 0.06 0.60 L4
5F14RS 5.08 Z M-30 559 10,22 0.53 7453

2 Load applied 5 minutes after burn initiation and
gradually increased to failure.
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L

Backside still-air temperature data as functions of time and distance

for the TBS-758 silicon-coated stainless steel sheet are presented in
Figure 9. The 205°C temperature requirement at 5 min (reduced time
requirement) measured 15 cm from the backface was just met with this
barrier configuration. Metal-backed silicon joints, butt and lapped,
were tested. The butt joint failed at about 4 min into the burn test.
The lap joint (5.1 cm overlap) failed after 4.7 min of fire exposure.
One burn test was conducted with the silicon insulator faced on both
sides with impregnated fiber glass. This test specimen included a lap
joint. Rapid erosion of the fire-exposed fiber glass occurred with
joint failure at 60 sec after start of the burn.

Samples of the 5FL4RS organic foam were prepared at thicknesses of
2.54 cm (1 inch) and 5.1 cm (2 in.). The foam was edged with 0.25 cm of
M-30 intumescent sheet material. The fire-exposed face of the foam was
covered with 0.5l-mm-thick 2024 aluminum and the backface was covered
with 0.51-mm T32]1 stainless steel. The 2.54-cm-thick test specimen
still-air temperatére 15 cm (6 in.) from the backface exceeded 205°C
(400°F) 4.5 min after start of burn test. The 5.l-cm-thick specimen did
not exceed the 205°C temperature criterion during an entire 15-min test.

r DISTANCE

254 om
(10 IN)

TEMPERATURE, DEG C

TIME, MINUTES

FIGURE 9. Backface Temperature Data for Stainless Steel Sheet Coated
With TBS-758 Silicon.
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TEST OBSERVATIONS

POLYURETHANE FOAMS

Foam specimen anomalies had a noticeable effect on test results.
In casting relatively large blocks of fiber-reinforced polyurethane type
toams, the mixed ingredients are injected into the bottom of a mold and
then allowed to free-rise to the top. This process not only tends to
orient the reinforcing fibers with the rise direction, but also creates
homogeneity variations with ftoam density being greatest at the bottom
of a casting block and gradually decreasing toward the top. Color
variations in some of the specimens indicated that some of the isocyanate
had not completely reacted. These process variations allowed for the
presence of excessive voids in some of the samples, resulting in prema-
ture failures. No attempt was made to nondestructively measure foam
homogeneity. The use of "soft" X-rays or acoustical techniques may
provide this capability.

Of the polyurethane foam types investigated, the 5F14RS foam
(basically the 5A43 formulation modified by reduced catalyst, substi-
tution of silica fibers for glass fibers, and addition of a high-
temperature reacting additive) was clearly superior in terms of thermal
resistance. Indeed, it could often prevent burnthrough for in excess
of 10 min with no supplemental intumescent coating protection. However,
it must be noted that this was a special laboratory hand-mixed foam with
no production experience behind it. Any of the other tested polyurethane
foams could be made to resist burnthrough under the tested conditions
with the aid of a proper intumescent coating.

In applications where a predominant flow direction exists for the
fire-exposed side of polyurethane foam type barriers, the foam located
most upstream will receive the greatest heat load. This occurs because
foam smoke outgassing, when exposed to fire, travels downstream forming
a thickening boundary layer for protection.

Even with intumescent coating protection, the polyurethane foams
burn down to their basic carbonaceous char form within about 5 min after
exposure to fires of the test intensity. Little actual test or measure-
ment data of physical characteristics of these chars at temperature
exist. Their ability to withstand internal aircraft airflow generated
and vibrational type loads is unknown and must be determined prior to
any actual incorporation into aircraft. In the limited tests conducted
with pressure differential applied loads the foam failed at relatively
low levels; this suggests that metallic backside reinforcement would
probably be required to meet environmental criteria during an actual fire.




NWC TP 5915

Sizing for aircraft installation and methods of mechanical fastening
of the foams was not investigated in this effort, but either of these
factors could seriously affect the practicality of a given installation
design. However, bonding of the foams to thin metal sheets, with all
mechanical fastening being accomplished through the sheets, would appear
to simplify this problem area.

INTUMESCENT PAINTS

Intumescent paint performance was also influenced by quality control
of the particular coating and in its application process. Intumescent
characteristics found desirable for thermal barrier application included
formation of a mechanically strong insulating char (but of not especially
large volume) on the exposed foam surfaces with rapid initial rise fol-
lowed by maximum paint adhesion in the gap-filling application. Improper
adhesion was sometimes noted by detachment of portions of the coating
upon initial application of heat. Residual traces of releasing agent
on the virgin foam blocks, from the casting operation, prior to coating
application was the suspected fault for this failure mechanism.

In the exposed foam surfaces application, 1000 modified (with good
adhesion) and the 1200 flexible sheet were found to be clearly superior
to the other coatings tested. The M-30 semiflexible sheet, though not
tested for this application, has laboratory-proven performance indicating
that it is at least equal to the 1200 type coating. The sheet format is
desirable because thickness and bonding quality control are greatly
simplified when compared to spray-applied coatings.

In the gap-filling application, M-30 followed by 1200 sheet were the
most efficient. However, initial swelling actioun for both of these
materials is relatively slow and the application of a thin outer coating
of a fast-rising material, such as 1000 modified, is recommended.

Many of the intumescent materials suffer from an environmental
"leaching out" effect which tends to stain adjacent structures. While
this staining agent is noncorrosive and the performance of the material
is not measurably affected by this process, it is undesirable and can
be prevented by application of a thin outer coating (10 mil) of saran.

Intumescent paint 313 exhibited erratic performance. Prior labora-
tory testing indicated this was a high-efficiency material. While no
effort was made to determine why this irregular performance occurred,
it is suspected that insufficient mechanical mixing of the ingredients
and the incomplete removal of releasing agent from the foam specimens
combined to cause this anomaly.
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INORGANIC MATERIALS

Limited testing was conducted with two inorganic materials, a flex-
ible silicon foam and a rigidized ceramic felt (designated WPR-X-AQ).
Although high in density when compared to polyurethane foams, both
materials exhibited high thermal resistance. The silicon foam did
suffer from significant distortion prior to burnthrough and continued
to burn for a number of minutes after test shutdown. This vigorous
self-combustion characteristic indicates that the silicon could act as
a fire relight source aboard an aircraft. The ceramic felt (visual
inspection suggests that it is a dense mat of silica fibers rigidized
with a ceramic-type binder) proved to be almost totally inert in the
thermal test environment. Steam generation during the first 5 min of
fire exposure indicated that the felt had absorbed a significant amount
of water. Later laboratory tests showed that, after oven drying, the
ceramic felt density was 320 kg/m3 (20 1b/ft3) but could be increased
to 1,120 kg/m3 (70 1b/ft3) by water immersion without changing dimensions.

These two inorganic materials represent but a sample of a family
of such insulators currently available. As such, they are indicative
of thermal resistance, but do not necessarily represent the most
efficient nor optimum inorganic material to be used for this particular
application.

BARRIER PENETRATIONS

In the test conducted to determine effects of aluminum tubing and
clectrical wire bundle penetration of a fire barrier, the weak link
failure mode predominated. The thin-wall aluminum tube was protected
with 1.27 mm (0.050 inch) of 313 intumescent paint where it protruded
into the fire stream. Once fire penetrated a weak spot in the tube,
flamed propagation from the inside rapidly melted out the rest of the
tube, thus defeating all other thermal protection, with the tube acting
as a conduit for breaching the fire barrier. This phenomenon did not
occur with the wire bundle. Although it melted where it was directly
exposed to the fire stream, flame failed to penetrate the barrier
during the 7-min burn test.

The ceramic insulation material for aluminum tube protection
proved to be the most effective, with burnthrough time extended to over
3 minutes. The silicon material was marginal in this application, but
thicker coatings (about 0.5 cm) should prove adequate. Backside auto-
ignition of the various sealant materials proved to be a problem when
the penetrating medium resisted burnthrough. Although sustained com-
bustion of the silicon sealant occurred as early as 4.5 min burn test
duration, actual burnthrough of the barrier at the penetrations did
not occur until about 8 min burn time.

o
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RECOMMENDATIONS

In any fire barrier scheme, all elements of the barrier and adjacent
equipment and structure must be considered in order to realize an effec-
tive system. Selection of actual materials for use in fire barriers is
a complicated decision based on space and weight allowances, availability
of materials, fabrication and quality control requirements, environmental
considerations, installations, inspection, and removal procedures as
well as thermal resistance capability.

This effort concentrated on a fire barrier system for application
in one region of a specific aircraft. It was not the objective of this
study to recommend any one of the materials, but merely to test them
and report the results. While some of the materials were clearly
superior to others on a weight basis, all could be made to meet the
basic thermal protection criteria. Final decision for any aircraft
application must be based on all of the above-mentioned factors plus
additional large-scale testing.

'his program has clearly revealed the need for more research into
developing a family of lightweight, practical, rugged, and efficient
fire barriers suitable for selective incorporation into existing and
future aircraft.
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Appendix A

LIGHTWEIGHT FIRE BARRIER MATERIALS DEVELOPMENT
FOR AIRCRAFT

FRECEDING PAGE ELANK-NUT #ILMAD o —
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FIRE BARRIER MATERIALS TESTING

Fire barrier material optimization was pursued at the NASA-Ames
Research Center, Chemical Research Project Office under cognizance of
the Naval Weapons Center, China Lake, Calif. This work is herein de-
scribed for information purposes and will be published in detail,
separately by NASA. NASA previously developed polyurethane foam for
aircraft ballistic protection application.

FORMULATIONS

Ten formulations were investigated in thermally optimizing polyure-
thane foam. Three potentially significant variables were addressed within
these formulations, namely (1) basic foam density, (2) alternate high-
temperature-resistant reinforcing fibers, and (3) potassium floroborate
(KBF4) .

Density variation of the basic polyurethane foam (5A43), flight-
qualified and used to reduce ballistic damage, was easily controlled
with the amount of Freon blowing agent used. Silica fibers were chosen
te compare with conventional glass fibers, because the silica has the
advantages of good strength and stability at high temperatures. Effects
of adding KBF4 were investigated, because it has previously been found
to be endothermic at hydrocarbon fuel flame temperatures with the boron
reacting with the carbonaceous char to form a more thermally stable
network and hydrogen fluoride (HF) acting to reduce the flammable species
at the foam-char surface.

The exact foam formulations used are contained in Table A-1. The
ingredients were mixed one at a time in the order given, except that the
MEG 440 polyol and the Freon liquid were thoroughly mixed together prior
to addition to the ingredients preceding them. The final chemical, 33 LV,
the catalyst agent, was mixed diluted by an equal amount, by volume, of
Freon. Immediately after addition of the catalyst and rapid mixing, the
final product was poured into the bottom of a waxed (releasing agent)
mold and allowed to free-rise to the top of the mold. Mold dimensions
were: height 41 ¢m (16 in.), width 41 cm, thickness 5 cm (2 in.). The
foam was then allowed to cure for 24 hours prior to removal from the mold.
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TABLE A-1. Polyurethane Foam Fire Barrier Formulations Evaluated.

Formulation parts by dry weight.

=~
w
[on)

Components 1 2 3 7 8 9 10

Mondur MR |100.0|100.0{100.0]100.0{100.0(100.0{100.0{100.0|100.0{100.0
Saran 113 16. 16 .51 16, 16.5] 16.5] 16.5] 16.
KBF4 e ete Har 169 L6511 1651 16.5] 26.5] <= i
10.0| 10. 10.0{ 10.0] 10.0} 16.0¢ 10.0] 10.G| 10.

w
w
—
o
w
—
o
w
=
[op)
w

w

Fyrol 2 10.0 0 0
MEG 440 65.0f 65.0| 65.0| 65.0 65.0| 65.0| 65.0| 65.0 65.0| 65.0
Freon 11 35.0| 30.0| 40.0| 80.0| 80.0| 80.0|100.0| 75.0| 75.0, 75.0
YEM glass | 25.0) 25.01 25.0) 25.0 o S

Refrasil wals wiol's voe oo v 6.2] 25.0 6.3 6.5 6.5

1/8 inch
Refrasil G S s Sieie 25008 18.58F . < 18.51 18.51 18.5
1/4 inch
DC 195 2.0 2.0 2.0 2.0 2.0 2.0 20 2.0 2.0 2.0
33 LV 8.0 8.0 8.0 35 3.5 3.5 309 3 8.5 3.5

THERMAL SCREENING TEST PROCEDURES

The test specimen foam blocks were cut to 30.5 em (12 in.) square
by 5 em (2 in.) thick. The blocks were mounted in asbestos frames and
the unexposed face instrumented with chromel-alumel thermocouples as
shown in Figure A-1. A 43-cm (17-inch) cubic stainless steel box
structure was used in the last four tests with the specimen mounted so
it was exposed in one wall of the box fixture. Inside, mounted 15 cm
(6 in.) normal from the unexposed specimen face was a still-air thermo-
couple. The five sides of the box specimen that were not exposed to
the furnace were insulated with 2.54-cm(l-inch)-thick blanket type
silica insulation material. The test setup is shown in Figure A-..

The NASA T-3 fire test facility was used to provide 11.35 W/ cm'-sec
(10-BTU/ft2-sec) of total heat flux with a cold wall temperature of
approximately 900°C. When the oven was stabilized at this heat flux
rate, the instrumented specimen was exposed to the flame and the thermo-
couple recorder (Esterline-Angus D-2020) started. Each individual test
was terminated when the backface temperature of the specimen exceeded
205°C (400°F) .
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TEST RESULTS

THERMAL RESPONSE

First investigated was the effect of density on the thermal response
of the basic 5A43 polyurethane foam. As can be seen from Figure A-3, a
near-linear relationship exists when considering time to a given backface
temperature as a function of density. The polyurethane foam acts as an
efficient thermal ablator while decomposing to the basic char structure
of fuzed glass fibers and carbon. This is then followed by a rapid rise
to elevated temperatures at an approximately uniform and repeatable rate
due to the char matrix thermal conductivity being about an order of
magnitude greater than the virgin foam.

Next, the potential benefits of silica fibers as the reinforcing
agent were determined. After the ablation process had been completed,
the remaining silica char exhibited clearly superior thermal properties
as compared to the glass char. Figure A-4 presents the results as time
versus temperature data. The silica formed a white blanket-like surtace
to the fire, lowering the foam infrared absorptivity, thus reducing the
effective heat transfer coefficient of the basic char structure.

The time versus temperature data for the polyurethane foam, with
and without KBF4 additive is presented in Figure A-5. Difference in
initial ambient temperature alone can explain the apparent reduction
in performance of the foam with the additive. The KBF4 does not sig-
nificantly enter into the reaction until it is at elevated temperatures
(600°C) . However, it appears to increase the apparent foam thermal
conductivity until sufficient quantities of it are decomposing (in this
test case when the backface temperature has reached about 150°C). At
this point the foam apparent conductivity decreased to less than the
basic silica and carbon char matrix.

Tests conducted with the unexposed face of the foam specimen enclosed
in a box structure with the still-air temperature recorded are not repre-
sentative of any actual aircraft structure thermal response to the bar-
rier. Mass of the structure, coatings, distance from the barrier, view
factors, air density, and air velocity must all be considered. tlowever,
it is an indication that air is an excellent insulator and criteria
limiting the foam backface temperature to 200°C are extremely conserva-
tive. These data are contained in Table A-2. Table A-3 presents a
summary of the results from each individual test. Details of the NASA
T-3 fire test facility are shown in Figure A-6.

e o et e
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FIGURE A-3. NASA 5A43 Polyurethane Foam Thermal Response as a
Function of Foam Density.
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FIGURE A4 NASA Polyurethane Foam Thermal Response as a Function
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TABLE A-2. Time-to-Temperature Data for Polyurethane Foam Formulations.

. . Time to 205°C Still-air Foam density
vormglatiog (400°F) ,4 temperature,b - -
No. P e 2 kg/m3 | 1b/ft3
min C

1 4.75 L 53.35 3.33

2 6.50 i 64.72 4.04

3 3.1 st 39.57 247

4 6.00 - 6.5.20 407

5 3.50¢€ T iove 69.21 4. 32

6 8.67 et 64.56 4.03

7 535 103 45.66 285

8 7.00 78 59.43 T

9 8.75 78 5635 3.53

10 9.33 96 64.72 4.04

a Specimen backface.

b Thermocouple located 15 cm (6 in.) normal from
backface of specimen. Temperature at 10 min burn duration.

¢ Excessive voids in specimen.

m -
150 |- e
v
WITH KBF4 -
oo
~ WITHOUT KBF4

100

50

0 1 | 1 =) | 1 | | |

0 1 2 3 4 5 6 7 8 9

TIME, MINUTES

FIGURE A-5. NASA 5A43 Polyurethane Foam Thermal Response With and
Without KBF4 Additive
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MECHANICAL PROPERTIES

All mechanical properties testing was conducted in accordance with
the procedures and requirements of the American Society for Testing and
Materials (ASTM). Table A-4 presents the results of these tests for
the standard 5A43 polyurethane foam, for the 5A43 foam cast in molds
(designated 5F14), and for the 5F14 foam with KBF4 added and silica
fibers substituted for glass fibers (designated 5F14RS).

The 5A43 foam is normally mixed and applied through a spray gun
in multiple passes, thereby orienting the reinforcing fibers in a
relatively random fashion. The 5F14 foam prepared for these tests was
spray-gun applied into a confining mold, resulting in a more preferen-
tial orientation parallel to the rise direction. The 5F14RS foam was
hand-mixed and poured into a confining mold with much the same resulting
fiber orientation as the 5F14 foam. However, the silica fibers were
only one-quarter as long as the glass fibers and had lower tensile
strength. Molding of polyurethane foam creates a thin tough skin on all
outer surfaces in direct contact with the mold. These skins were re-
moved for the mechanical properties tests. Depending on geometry, the
presence of these skins can more than double the mechanical strength of
a toam block and friability is reduced to zero.

TABLE A-4. Physical Properties of Candidate Fire Barrier Polyurethane Foams.

p B ASTM Uaits Typical value
roperties Ao 1l nits SAGL3 5F14 SFI4RS
Density (apparent) kg/m3 (1b/ft3)| 39.72(2.48)[42.13(2.63)|41.65(2.60)
Comp. strength I, D-1621|kg/cmZ (psi) 1.97(28) 1.05(15) 0.49(7)
107
Modulus | D-1621 kg/cm3 (psi) 63.29(900) 121.10(300) }10.55(150)
H Comp. strength LI, |D-1621|kg/cm? (psi) 2.064(29) 2,18(31) 1.206(1L7)
1070
Modulus T1 D-1621|kg/cme (psi) 70.32(1000)80.87(31) 59 .77(850)
Tensile strength I |D-1623|kg/cm2 (psi) 2.53(36) 3.09(44) 1.48(21)
Tensile strength 11|D-1623 kg/cml (psi) 1.69(24) 1.48(21) 0.56(8)
Limiting oxygen S percent E9i5 225 2325
index
Friability (wt. o e percent - 2 16
loss at 10 min)
Oak "lock J _J

2 Test loading applied perpendicular to rise direction of foam.
lest loading applied parallel to rise direction of foam.
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THERMAL SCREENING TEST CONCLUSIONS

When the class of polyurethane foams described herein are initially
exposed to a fire they resist heat transfer by a combination of low
thermal conductivity, transpirational cooling, sensible heating of
outgassing by-products, boundary layer convection blockage, and carbon
particle outgassing which scatters optical radiation. During this
process the reinforcing fiber matrix serves to maintain the structural
integrity of the charring barrier. Selection of reinforcing matrix
material also determines the foam resistance to warpage and its mech-
anical strength while exposed to the fire. After depletion of the
volatiles, heat flow through the barrier is dependent upon the conduc-
tive heat transfer coefficient of the remaining char structure, about
10 times that of the virgin foam.

Heating of the air space beyond the barrier unexposed face occurs
through a combination of convective and radiative heat transfer.
Radiation, being a function of temperature to the fourth power, rapidly
becomes the primary mode of heat transfer providing burnthrough does
not occur. Emissivity and view factors both regulate radiation heating
rates. However, the still-air temperature data indicate that 205°C
(400°F) measured 15 cm (6 in.) from the barrier materials will not be
exceeded during the 1l0-min test for any of the formulations evaluated.

Conclusions about the foams tested are as follows:

1. Thermal insulation capability increases directly with increasing
density. §

2. Silica fiber reinforcement reduces foam warpage during heating
by at least 507% when compared to glass fibers.

3. After depletion of volatiles, glass-reinforced foam allows a
backface temperature rise of approximately 100°C (212°F) per minute
while the silica fibers allow a rise rate of about 30°C (86°F) per minute.
4. Addition of potassium floroborate increases the silica fiber
backface temperature rise rate to approximately 60°C (140°F) per minute
until 150°C (300°F) then the rise rate decreases to 20°C (68°F) per minute.

5. The potassium floroborate additive increases the limiting oxygen
p 160 |

index from 22.5 to 23.257, thus increasing the foam resistance to combus-
tion and flame spread.

6. Substitution of silica fibers in the lengths tested and addition
of potassium floroborate reduces the polyurethane foam mechanical strength
T ,
by about 507.
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