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Abstract

New aircraft are being designed with increasing quantities of composite
materials used in their construction. Different from the more traditional
metals, composites have a higher propensity to burn. This presents a
challenge to transportation safety analyses, as the aircraft structure now
represents an additional fuel source involved in the fire scenario. Most of the
historical fire testing of composite materials is aimed at studying kinetics,
flammability or yield strength under fire conditions. Most of this testing is
small-scale. Heterogeneous reactions are often length-scale dependent, and
this is thought to be particularly true for composites which exhibit
significant microscopic dynamics that can affect macro-scale behavior. We
have designed a series of tests to evaluate composite materials under various
structural loading conditions with a consistent thermal condition. We have
measured mass-loss, heat flux, and temperature throughout the
experiments. Several types of panels have been tested, including simple
composite panels, and sandwich panels. The main objective of the testing
was to understand the importance of the structural loading on a composite
to its behavior in response to fire-like conditions. During flaming
combustion at early times, there are some features of the panel
decomposition that are unique to the type of loading imposed on the panels.
At load levels tested, fiber reaction rates at later times appear to be
independent of the initial structural loading.
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1 Introduction

Composites are being used increasingly in the design and construction of
aircraft. As Sandia has a need to assess the safety of various types of
hazardous aircraft cargo for adverse environments, the transportation fire
environment created by composite aircraft is important. Safety analyses in
more recent years have increasingly involved modeling and simulation. It is
less expensive for parametric assessments than experiments. New needs for
safety assessments occasioned by increasing use of composites include
models to characterize the fire environment, and an understanding of the
effect of composites on the thermal and mechanical environment. Modeling
capabilities for composite fires exist, but at present are immature, not having
been proven accurate for fire applications.

There is a significant lack of data on the performance of composite materials
in fire. We expect to have a need to test the response of aircraft cargo under
a fire test condition for a safety assessment in the coming years. Several
projects have already been reported that help describe the behavior of
composite materials in a fire-like environment (Brown et al., 2011; Hubbard
et al., 2011). Significant findings from these tests suggest the behavior of
composite decomposition under 20-30 kW /m? radiant heat flux (Hubbard et
al., 2011). Spontaneous flaming was not assured at any of the conditions
tested without a pilot. Also, the 25-40 kg bulk burn tests suggest that peak
heat fluxes from the burning composite are not higher than those achieved
from wood or hydrocarbon fuel burns (Brown et al., 2011). The duration of
the burns is found to be very long, lasting 5-8 hours under controlled
conditions. This test series also found that the decomposition of bulk
materials is not dissimilar from that found from thermo-gravimetric analysis
(TGA) in that the pyrolysis occurs chronologically first, followed by a long-
term glowing oxidation phase.

In addition to these ongoing efforts, there are some instances of relevant data
in the literature. Keller and Bai (2010) reviewed this very topic, which cites
many of the articles indicated herein. Notably missing from the Keller and
Bai review was highly relevant work to our interests by Elmughrabi et al.
(2008), who converted a cone calorimeter to accept a loaded test article of
vinyl ester and polyester glass laminates. Test articles were stressed in
compression and tension and heated at several thermal flux levels. They
found a small effect of the stress on the decomposition heat release rate,
smoke generation, and time to ignition. Tension tends to enhance
decomposition rate, while compression has the opposite effect (i.e. reduces
the decomposition rate). Their test design prohibited simultaneous mass
loss measurements, although they were able to evaluate heat release rates in
the calorimeter apparatus. Another review by Mouritz et al. (2009), while
focused on modeling, includes many relevant experimental citations and
information pertinent to this work.



There is a moderate amount of work on the behavior composites in a fire-like
environment. Less is found for materials that are pre-stressed. Included in
this sub-category is Feih et al. (2008, 2008a) Bai and Keller (2009), Boyd et
al. (2007, 2007a), Burns et al. (2010) Kwon et al. (2006) La Delfa et al.
(2009), Liu and Holmes (2007), and Liu et al. (2011). Liu et al. (2011)
examined compressively stressed composites under a thermal environment
(60-260°C) with experimental testing. Bai and Keller (2009a), Cao et al.
(2009) and Feih et al., (2007) looked at tensile strength under similar
conditions. Gibson et al (2004) looked at both tension, compression, and
unloaded samples. Sorathia et al (1993) did thermal post-test stress
analysis. Of all the above, Cao et al. (2009), Burns et al. (2010), Kwon et al.
(2006), La Delfa et al (2009), Liu et al. (2011) and Sorathia (1993) evaluated
composites with carbon fibers of varying types. Kawai et al., (2001, 2009)
also examined carbon fiber epoxy materials, but they were unidirectional
layers not rotated in the matrix, but rotated on the structural rig. This lay-
up is not as is normally the practice in aviation composites. High
temperature in these studies is considered 100°C. Kandare et al. (2010)
tested custom glass based samples and afterwards measured structural
integrity. A significant finding from the work is that char formation
enhances strength after fire damage. Indeed, much of the material science
literature (not all cited here) is focused on finding additives to enhance
charring of the binder to reduce volatile emissions and retain strength. Feih
et al. (2008), La Delfa et al. (2009), Liu et al. (2011), and Lua (2011) looked at
sandwich materials.

In the above work, the experiments did not focus on long duration material
behavior while exposed to fire-like heat fluxes except in our recent tests
(Brown et al., 2011). Testing was often performed at fluxes as high as 75
kW/m?2, which should be high enough to induce oxidative reactions.
Generally, the tests were concluded once structural strength was lost in the
materials.

Carbon fiber epoxy composites are very expensive. Aircraft contain large
quantities of composite materials. In bulk, the decomposition behavior is not
expected to be governed by the same physical mechanisms as with small
samples. We are fortunate to have a supply of size appropriate materials
supplied from Hill AFB. Based on previously discussed work, we anticipate
finding the bulk decomposition behavior to be influenced by the types of
stresses imposed on the panel. This work hopes to quantify this effect on
larger panels. We also hope to simultaneously measure time-dependent
mass loss for the panels to characterize the behavior of large panels in fire
conditions. Fiber and char oxidative reactions were demonstrated in an
extreme fire environment (Brown et al. 2011), but have not been widely
examined in other testing. The conditions under which this type of reaction
is initiated and sustained is not well described, and will be explored in this
test series.



This effort is motivated by the need to design a representative fire test for an
aircraft safety analysis. We do not anticipate being able to requisition an
aircraft for the test, so the hope is to be able to design an appropriate
surrogate. Never having done this for an aircraft with composite materials,
there are design issues that need to be explored to make appropriate
surrogate assumptions. In the literature review above, very few fire tests
have been performed on large-scale panels. Fire and structural performance
is often performed on very small (a few centimeters) samples. This is in part
because traditional structural testing facilities are typically designed to
accommodate small samples. It may also be due to the cost of larger-scale
materials and the lack of test apparatus to perform this type of testing. We
have observed that the decomposition behavior of the composite is closely
related to the proximity to the edge of the composite. It therefore may be
important to test materials in the appropriate scale range to be able to
correctly replicate the large-scale environment. The findings of Elmughrabi
et al. (2008) are also a motivating factor. They found structural loading to be
related to decomposition rate during the pyrolysis phase. To our knowledge
nobody has tested the decomposition rate under loading for full-scale panels
as are found on the skins of aircraft. Further, the propensity for glowing
combustion exists in an unmitigated fire scenario. The Elmughrabi et al.
(2008) dataset does not address fiber decomposition behavior (they were
using glass fibers), the rate of which might potentially be augmented if
structural forces cause dramatic changes in the surface area available for
oxidative reactions.

There is also a lack of data for sandwich composites, as described above in
the literature review. At the inception of the project, we had little data on the
extent of the use of this type of material in aircraft. Believing such materials
to be commonplace, we seek to better understand their behavior in fire
environment conditions.

1.1 Objectives

This test series is evaluating intermediate-scale composite panels under fire
conditions. The main objectives of this work are as follows:

1. To resolve the mass loss from panels during decomposition with
structural loading at a larger scale. This work is distinguished from
previous work found in the literature because the materials will be
closer in size to materials as they are believed to be found on aircraft.
In addition, we intend to test well beyond the point in time when
typical structural thermal tests are concluded to assess surface
oxidation reactions.

2. To impose higher heat fluxes on the test panels than in the previous
radiant heat tests, which provided peak fluxes of 20-30 kW/m?2. To do
this, a more intimate heat source will be used. The intent of the tests



in this regard will be to explore the behavior of composite panels under
conditions that transition from pyrolysis reactions to surface oxidative
burning.

. To evaluate the behavior of the materials under structural loading.
Specifically, these tests aim to induce multiple modes of loading to test
a range of potential responses that could be created based on the
varying compression, tension, and torsion loading on an aircraft panel.



2 Methods

A hardware test apparatus was constructed for measuring mass loss while
imposing structural loading. Several types of panels were obtained for
testing. A custom oven was constructed to impose a repeatable thermal flux.
The oven was characterized using a numerical model, and experimentally. A
test matrix was devised that was expected to provide good comparative data
for the various panels. These aspects of the test are all described below.

2.1 Test Apparatus

The test apparatus as designed is illustrated in Figure 1. A beam balance is
placed on a stand structure (green). The composite holder frame (gray) is
hung from one end. A counter-balance (illustrated by the gray cylinders) on
the opposite end is used to zero the weight measurement, which is taken by
a load cell at that same end of the frame. The load cell had a range of +/-
2.27 kg, and is positioned far enough away from the test to remain cool and
to provide a consistent reading throughout the test. It is a Omegadyne Inc.
model LC601-5 sensor, and was factory pre-calibrated. It was generally
capable of reading mass changes of approximately 4 grams. The location of
the load cell is obscured in the view of Figure 1. The test apparatus is
illustrated with an oven box heater that is described in detail in a later
section.

The load and load cell were designed to be equal distance from the pivot
point in opposite directions. Consequently, the data reading on the load cell
can be taken as the direct mass reading for the panel in the holder.

In pre-test analysis, a metal (inert) panel was heated and weighed with an
applied heat flux of approximately the same magnitude and duration of the
actual tests. Mass change was seen to be small, gradual, and on the order of
tens of grams ‘Iost’ weight (~50 g maximum; compare this to the panel
masses quantified in Table 1). This is believed to be the effect of buoyancy
and viscous sheer on the mass reading, ultimately a small bias on the overall
test. This bias is expected to be similar during composite tests as it was with
the metal panel.



Figure 1. An illustration of the test apparatus for measuring mass loss.

Figure 2 shows two photographs of the final assembly. The assembly was
elevated using cinder blocks to provide clearance above the ground level for
several of the tension tests. Upon release of the spring energy (in tension
only), the rods would impact the ground and influence the mass reading.
For these tests only, the cinder blocks were used to assure good mass loss
data through the full series of tests. The final assembly was located in the
FLAME facility at Sandia National Lab’s Thermal Test Complex, about 5
meters from the center of the cylindrical enclosure. During the test, the
facility fans were on at a very low level (~75,000 cfm), producing some
ambient flows below 1 m/s. The effluent was routed through the facility
electrostatic precipitator.



Figure 2. Photographs of the final test assembly.

2.2 Composite Holders

Three structural apparatus configurations were designed, and are illustrated
below for one of the composite panel configurations that was 45.7 cm by 61.0



cm by 0.8 cm thick. In each case, retaining bolts were used to compress
springs, which provided a measured load and a linear decrease in the load
over several centimeters. Oblique views for all three of the designs are shown
in Figure 3, with a free-body diagram illustrating imposed forces for the
torsion case.

Tension Configuration Compression Configuration

—

N

Torsion Configuration

Figure 3. The structural test rigs.



The first configuration used in testing was designed to put the panel in
compression as it was subjected to the fire-like conditions. Drawings of this
configuration are illustrated in Figure 4.

The second configuration used in testing was in tension, configured with the
panel being compressed between two plates on the top and bottom to secure
the panels in the frame. The test rig and set-up is illustrated in Figure 5.
For these tests, holes were drilled in the panels, and the panels were bolted
to the upper and lower structural members.

The third configuration used was the bending configuration, which was
designed to impose a torsional loading on the panels. It is illustrated in
Figure 6.

A fourth configuration existed, which was a panel in the support with no
force imposed. This condition served as a control, providing data for the
decomposition of a panel under no external loading other than what
naturally exists in the support of its own weight.

Side Top Front

Figure 4. Three views of the compression structural
test rig.
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[ thick panel with end holes-1 ]

Figure 5. Three views of the tension structural test
rig.

Side Top

Figure 6. Three views of the torsional structural test rig.
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Springs were acquired with linear spring constants. Typically, 222 N (S0 1bs)
springs were used, which when compressed a full 2.54 cm (1 inch) imparted
the full force. In compression, four springs were normally used on two bolts,
so the full force of 889 N (200 lbs) was imposed over that distance. In
compression tests, the springs were slightly relaxed (about 10%) from full
compressive force to allow for a small amount of thermal expansion in the
early test. In tension, four springs on four rods were used, meaning the full
force was imposed over half the distance (889 N, or 200 lbs over 2.54 cm or 1
inch). In torsion, only one spring was used, so the total force was % that of
the other tests. Panels were rigidly fixed at the top, and forces imposed from
the bottom.

The force applied to the panels is relatively small. For comparison, the work
of Elmughrabi et al. (2008) typically tested panel stress levels of 10-100 MPa,
whereas the peak stress initially imposed on the panels in this test series is
less than 1 MPa. The stress is difficult to quantify for the sandwich panel, as
the physical cross-section is not easily extracted through the honeycomb
sandwich material. These force levels were selected to be representative of
normal operation stresses, not performance level. Thus, the stresses are
believed to be more in line with structural loading of an aircraft composite as
it rests on the runway, and not near peak design threshold levels as might be
obtained during flight.

2.3 Materials

Three principal materials are the subject of this testing. The first material is
a sandwich board composed of unidirectional layers of Cytec 5208 /T-300-12
with a +45, -45, 0, 90, 90, 0, -45 +45 lay-up (about 1.5 mm thick), a HRP-
3/16 core (NOMEX, about 25 mm thick), and an 8-layer fabric Kevlar epoxy
fabricated in a 0/90 x 4 lay-up (about 1 mm thick). The layers are adhered
with HYSOL EA 9628 adhesive. The sandwich boards are termed Advanced
Battle Damage Repair panels (henceforth abbreviated as ABDR panels or
ABDR sandwich panels), and they are nominally 30.5 cm by 45.7 cm (12”7 x
18”) in dimension. They were acquired from the US Air Force, and are
understood to be used to train students on the repair of composite airframes.
These weigh about 0.45 kg (1 1b) each. Figure 7 and Figure 8 show
photographs of an example part. These materials were contributed to the
study by the Hill AFB Advanced Composite office. The second material was
obtained from Composite Tooling Corporation, and consisted of 16 layers of a
unidirectional IM7G/8551-7A Hercules carbon fiber prepared with varying
rotations. The exact lay-up is (0/90/-45/+45/-45/+45/90/0/0/90/+45/-
45/+45/-45/90/0), with two of these being placed together to get the
thickness to where they were tested. These are 3.2 mm thick, and 48.7 cm x
61.0 cm in dimension (1/8” thick, and 19 3/16” x 24”). These panels are
henceforth called 19x24 thin panels. They weigh approximately 1.4 kg (3
lbs). These were cut from a single 1.22 x 2.44 m (4 x 8 foot) panel, and there
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were nine ostensibly identical panels. The last panel from the larger original
piece was further cut for testing in another test series. The third material is
a 45.7 cm by 61.0 cm (18” x 24”) panel, approximately 8 mm thick. The
precise lay-up of these panels was not available, but they consisted of rotated
layers of carbon fiber fabric, much like the other two panels in this test
series. These will be henceforth described as the 18x24 thick panels. These
weigh approximately 4.1 kg (9 lbs), and are believed to be Cytec 5208 /T-300-
12 carbon fiber epoxy woven fabric (based on verbal indication from Hill AFB,
the point of manufacture). A photograph of one of these is found in Figure 9.
These panels had rounded edges with a radius on the order of 1 cm,
suggestive that they were pressed in a mold when they were manufactured.
There were 27 inventoried 18x24 panels and 46 ABDR panels. However an
earlier test series consumed 3-4 of each.

There is some variation among the materials in their quality. Specifically,
the edges of the 18x24 panels and their surfaces show light signs of wear or
age with fraying and abrasion marks. ABDR panels were made from two
different types of honeycomb sandwich materials, a hex core being the most
common, with a rectangular core also being found in some instances. We
did not record any instances of using the rectangular core material for this
series, although these were found in a previous series. The ABDR panels
may also have some signs of wear. The adhesive was manually applied, and
therefore not uniform in distribution or total weight. The higher quality
(more uniform) pieces were generally selected for this test series.

Figure 7. A photograph of an ABDR panel, the Kevlar (back) side.
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Figure 8. A photograph of an ABDR panel, the carbon fiber (front) side.

Figure 9. A photograph of an 18x24 panel.

Each panel was weighed before and after testing. A Mettler 1D1 lab scale
with 0.0091 kg (0.02 lbs) resolution was used to weigh pre- and post-test
samples. Table 1 shows a summary of the panel mass for the panels tested
in this series.
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Table 1. A summary of panel mass.

Panel Average Mass Standard Deviation
[kg] [kg]

ABDR sandwich 0.753 .0325

18x24 thick 4.070 .00377

19x24 thin 1.354 .00835

The ABDR sandwich panels have the largest standard deviation in mass and
are also the lightest panels. The large variability in mass is most likely due
to manual application of the adhesive and a lack of control on the amount of
adhesive used when fabricating these parts.

2.4 Heat Source

241 Oven Design

The heat source for this test series was a critical aspect of the tests. The
intent was to generate a severe environment representative of a moderate to
long-term fire. Under previous radiative testing (e.g. Hubbard et al., 2011),
spontaneous ignition of the panels was not particularly reproducible, and
this feature inhibits good post-test characterization of the material behavior.
Also, carbon fiber composites require a significant sustained incident flux to
assure transition from flaming to glowing combustion. A sustained flux of at
least 50 kW/m? is desirable to assure transition to glowing combustion, as
per data from Brown et al. (2011).

An oven was constructed to impose a repeatable thermal environment on the
panels. The original intent was to use a flame or torch, but preliminary
testing with such a heat source was unsuccessful in creating a desirable
environment. More information regarding some of the preliminary testing is
found in the appendix. The oven box was constructed from Pyrotherm I-14
insulation board from Pyrotek™. Manufacturer specifications suggest a
density of 288 kg/m3, heat capacity of 1.09 kJ/kg-K, and conductivity at 204
°C of 0.088 W/m-K, with the conductivity varying from 0.078 to 0.105 W/m-
K for the range of 93-427 °C.

Three silicon carbide rod heating elements were electrically powered to
provide the heat source. These are Starbar® brand 10 inch rods. Their
diameter is 19 mm, and advertised heated length was 254 mm. Due to
manufacturing variability, the peak heated length could be as much as 20%
lower than the total advertised heated length. According to the manufacturer
specifications, the heated zone has a resistance of 0.00341 ohms/mm, while
the remaining rod is about two orders of magnitude below that. Rods were
wired in serial, and electrically powered from a 480 volt AC wall outlet
through a Silicon Controlled Rectifier (SCR) where current was controlled by
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a 4-20 mA control box. Separate instrumentation was used to record the
current and voltage. The average power thus calculated for the tests was
6,700 Watts, with a standard deviation of 366 W. Even though the nominal
setting for each test was identical, the test to test variation in the
configuration resulted in different power delivery to the heater rods.

A drawing of the oven box assembly is found in Figure 10. It was
constructed by screwing together various cuts of the insulation board with
standard iron based board screws.

To understand the repeatability of each test, two thermocouples were placed
at fixed locations within each oven as illustrated in Figure 10. These
monitored the temperature of the oven, and provided the control room with a
good indicator of repeatability and of abnormalities in tests. Both ovens and
rods had a finite lifetime. A total of 8 oven boxes were constructed, and
seven rods were used (three at a time). Test 38 is omitted because a rod
exploded early in the test, rendering the data and panel less useful. The
thermal environment was controlled by the electrical supply settings, which
were actively measured and shown to be consistent from test to test to within
two decimal places.
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Figure 10. Engineering drawings of the insulated box (units in mm).
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Figure 11. Engineering drawings of the assembly for the ABDR (top) and
18x24 thick (bottom) panel tests (units in mm).

Figure 11 shows an engineering drawing of the assembly including the rods,
metal cage, and two of the panels. The cage was mounted to the structural
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assembly and located at a fixed position between the oven and composite
panel as illustrated in Figure 11. The oven and the cage were not ever in
contact, although we have reason to believe that some of the panels did
periodically come in contact with the cage depending on the way they
deformed during the thermal decomposition while exposed to the hot oven.
The oven center was vertically located 152 mm from the bottom of the
panels, which is 1/4 the distance from the bottom for the two large panels
and 1/3 the distance from the bottom for the ABDR panels.

The metal cage was mounted on the composite mounting frame to prevent
distortions in the panel during decomposition from reaching the oven and
affecting the mass loss measurements. The cage was made of 1.59 mm thick
stainless steel wires which were arranged in a square pattern with 76.2 mm
between the wires. Three horizontal wires spaced vertically were used, and
the cage was centered with the oven. The cage was spring mounted to be in
tension to prevent a similar problem due to thermal distortions in the cage
during tests. Because of the presence of the cage, the thermal conditions are
moderately complicated. An attempt has been made to describe the thermal
conditions at the panel surface both in terms of a computational model for
radiating bodies, and in terms of a surface total flux characterization using a
thin plate radiometer.

Reflectivity of the oven insulation material was measured with the
reflectometer (described later in this chapter). This helps characterize the
spectral emissivity, suggesting low emissivity at visible and near IR ranges,
but a very high emissivity in the deep IR. These data are found in Figure 12.
Error bars are mostly quite small, and are a single standard deviation in
magnitude from three measurements.
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Figure 12. Measured reflectivity of the oven insulation.

24.2 Environment Estimates

To design an appropriate oven box, a radiation prediction was made for
transport of radiative energy from the oven to the panel. This was necessary
to select the number of rods for the test, as well as to determine the flux
available given the distance from the object. Radiation is expected to be the
dominant mode of heat transfer, and make the most significant contribution
to the total heat flux to the panel. A model was constructed for the heating
elements that allowed for general prediction of the heat flux from the rods to
a surface. The model used classically determined relationships for view
factors, as found in Appendix C of Siegel and Howell (1992). The rod
calculation was performed based on assembly of flux relations primarily
using the relation found in Figure 13, reproduced from the reference
material.
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Figure 13. View factor equation for calculating heat flux from a rod to a
surface at a fixed distance from the rod.

The equation for this view factor is:

g A, L L|X-2H  KGH-1) 1 H 1)
a-2 =gttt e Tl avxy " yH+ ) B [H+
where
l h
L=- H=-
T r

X=0+H)?+1?
Y=(1-H)?+1?

Relations were found for flux from three 1400°C rods to a surface at a
distance from the rods. After gaining operational experience through check-
out testing and examinations with the IR camera, the oven thermocouple
temperatures were believed to be representative of the oven insulation
temperature. The low-emissivity oven is thought to behave like a cavity,
reflecting much of the incident radiation from the rods and re-radiating to
appear close to a black-body at the thermocouple temperature. Emissivity
was assumed to be 0.9 for the rods and for the oven. The oven was modeled
using the Siegel and Howell (1992) Appendix C relations found reproduced in
Figure 14.
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Figure 14. View factor equations for calculating heat flux from
rectangles to surfaces a fixed distance away.

The view factor for this arrangement is:

1 X XY Y
Fgip = n—y(v 1+Y2tan ' ———tan™ X + ——tan™?! —)

V1+72 V1+X2 V1+ X2
where:
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Geometric math is used to construct the view factors for calculating incident
flux to a panel a given distance away. The model was then sampled at many
locations over an area, and the plot found in Figure 15 was obtained. The
key quantitative finding in this endeavor is that the peak fluxes to the panel
will be above 50 kW /m?2, which should be sufficient to assure char and fiber
oxidation reactions occur once flaming subsides. Having made assumptions
about emissivities and temperatures, the quantitative values are not thought
to be particularly accurate. However, the qualitative relationships are
thought to be reasonably representative. Thus, the model predictions are
taken as good indicators of the peak flux location, and the relative drop-off in
flux moving away from the peak region.
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Figure 15. Predicted radiative heat flux to the objective surface. Axis
scales are distance in inches, contours are radiative flux in W/ m?2.

This model ignores the flux contributions of hot objects other than the core
oven around the panel. It also ignores the full width of the oven, only
modeling ~20 cm (8 inches) width. It is not expected to be fully accurate,
and should give a low-end estimate of the actual flux. It is presented
because it gives an estimate of the flux for a complex system that was helpful
to the design team to understand the test conditions. The important finding
from this was that the imposed radiative flux would be at least 50 kW/m?2,
helping to assure fiber and char combustion once flaming had subsided.

243 Differential Flux Measurements

To further characterize the oven, an instrumented plate was constructed to
extract total heat flux to points on the surface of a metal plate. The plate
face was designed to be the same size as the 18x24 thick composite
materials. It consisted of a 3.2 mm (1/8 inch) thick steel plate with
thermocouples press-mounted in a square grid (3.81 cm or 1.5 inch spacing)
in one quadrant of the plate. The lay-out is shown in Figure 16 in a view
from the back side (hence the negative/positive horizontal axis shift
compared to the front side data in other figures). The quadrant of
thermocouples allows for symmetry to be assumed when interpreting the
full-field of data. The front side of the plate was painted with Pyromark™
paint to help assure a consistent thermal radiative boundary condition of
high emissivity. A layer of insulation is placed over the thermocouples, and a
backing plate was mounted to create a sandwich instrument. The design of
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this plate follows typical construction of differential flame thermometers
(DFTs), which are frequently used for probing total heat flux in open flames.
The design principle is that the total heat flux can be deduced from an
inverse calculation given the thermocouple reading results with an
understanding of the heat transfer behavior of the instrument.
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Figure 16. Positioning of the thermocouples on the panel used to
characterize the oven environment.

Because the plate was used extensively in pre-test characterization of the
heat source and it took several iterations to select the source, the plate was
well used by the time characterization was performed with the oven box. The
paint was removed in areas, and the plate had warped significantly in areas,
as suggested by the photograph in Figure 17.
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Figure 17. A photograph of the plate showing the significant
distortions and wear of the panel.

A consequence of the wear on the plate is that the data are not considered
particularly accurate after interpretation. It would have been much better to
take these data on a new plate. Even with a new plate, some distortion and
variability exists using this method to probe the environment created by the
oven.

After examining data, the best method for evaluating the plate temperatures
was determined not to be an inverse method, rather an energy conservation
analysis performed at each time at which data existed. The thermocouple
data are interpreted based on a model that assumes conservation of energy.
Conservation is solved in terms of the energy flux. The total heat flux is
solved for, which is the incident radiation flux plus convective flux. In this
case, radiation is expected to be dominant. It is determined from the
thermocouple measurements by assuming that all loss or accumulation
mechanisms including sensible energy changes, conductive losses, and
radiative emission are equal to the total heat flux, as per the following
equation:

Qtotal = Yconduct + Gsensible + Gemit

A 1-d conduction model was evaluated, and it was shown that conduction
through the plate was fast compared to other processes. Generally only a
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few degrees difference exists between the temperature at either face. The
radiation emission term then is simply calculated based on the thermocouple
temperature:

Qemit = eoT*
Here, ¢ is the emissivity, assumed to be 0.9, and o is the Stefan-Boltzmann
constant (5.67E-8 W/m?2K%).

Taking advantage again of the fact that the temperature is fairly constant
across the thickness of the panel, the specific energy flux of the panel can be
well approximated by the temperature at the point of the thermocouple:

ar T
Qsensible = ,OCPTE = pCpt P—

Here, Cpis the specific heat, 7 the thickness, and p the density of the panel.
The change in temperature with time is extracted at the reporting interval of
the test data, over one second. Density was assumed constant at 7854
kg/m3, and the specific heat constant at 685 J/kg-K. These were taken from
tables found in heat transfer textbooks, with the specific heat taken at an
intermediate average temperature (~800 K) in the hot region. Thermal
conductivity is required for the conduction term (k), and is taken at the same
temperature to be 40 W/m-K (Incropera and Dewitt, 1990). A finite
difference assumption is made for the conduction. Each thermocouple had a
neighbor, which was considered a finite difference point. A discretization
approximation is made according to Figure 18, such that conductive flux
may be calculated:

dT T — Tup T — Tdown T - Tright T— Tleft
=k—=k ]
4cona dx Ax + Ax + Ax + Ax

In this equation, k is the thermal conductivity of the metal. This set of
equations was shown to give a respectable representation of the total flux in
pre-test characterizations as the predicted total flux remained moderately
constant as the plate thermocouples were changing significantly. This
suggests that the oven was providing a fairly constant heat flux, but the
various heat transfer mechanisms balanced such that the consistent nature
of the source was reasonably well reproduced. More on this point is found in
the appendix.
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Figure 18. An illustration of the finite difference convention for the
conduction portion of the total heat flux calculation.

Figure 19 shows measured total flux from the assessment of the panel
thermocouple readings. The zero horizontal point is the panel symmetry
plane. The total flux was averaged over the main duration of the test. More
details are found in the appendix. A surprising feature to this plot is that the
peak flux is not located along the centerline. It is rather found about 7 cm
in. This is believed to be an artifact of two previously identified issues,
namely that the panel was bowed in at the centerline, and that the surface
coating had worn off towards the center of the panel. Peak fluxes are also
surprisingly high, which may be compensatory for the incorrect emissivity
employed in the model to reduce the data. These data might be interpreted
to mean that the center of the oven was colder than the edges, however the
IR cameras frequently imaged the heated portion of the rods as well as the
conduction through the panel, and the IR data do not support this
interpretation.

These data are also significantly higher in magnitude than those plotted in
Figure 15. Those predictions did not take into account the full extent of the
oven or convection. It is therefore not surprising that modeled values are
lower than measured values. The magnitude of the difference, however, is
somewhat surprising. We consequently expect that the shape of the actual
thermal environment contours look more like what is plotted in Figure 15,
but the general magnitude to be closer to that found in Figure 19. Vertical
scale is also inconsistent between the two figures. The oven was shifted up
from the original zero point to resolve data below the horizontal plane of
symmetry for the oven.
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Figure 19. Quantitative results from analysis of the plate thermocouple
data.

In Figure 19, please note the abrupt change in scaling in the legend at O
W/m?2 (not reflected consistently in the color spacing of the legend) The
negative values are indicative of a region where convection and radiation of
energy away from the panel are greater than convection to and radiation to
the panel.
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2.5Additional Instrumentation

Because mass loss was key to the dataset, the test was designed such that
no wires were hanging from the panel. Consequently, there are no
thermocouple measurements on or around the target. Much of the rest of
the instrumentation is designed to provide good environment data.
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Figure 20. A general layout of the camera and radiometer
instrumentation.

Figure 20 shows a general layout of the cameras and radiometers. This
drawing is not to scale, but roughly representative of the position of the
instrumentation. The position of the various instruments was at a given
distance from the target and elevation from the center of the panel, as
indicated in Table 2. This layout was typical of the layout for the tests, with
some minor variations. Video Camera #2 was only used for relevant tests.
For torsion tests, Video Camera #3 was zoomed and focused on the springs,
which were positioned in good view of this camera as opposed to Video
Camera #2.
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Table 2. Camera and radiometer layout details.

Instrument Distance (cm) Elevation Target

Video Camera #1 123 Level Back side center
Video Camera #2 104 Low Back side springs
IR Camera #1 178 High Back side center
Back side radiometer tree 76 Level Back side

Video Camera #3 170 High Oblique view
Front side radiometer tree 76 Level Front side

Video Camera #4 118 Level Front side center
IR Camera #2 170 High Front side center

In the actual tests, some variability exists in the positioning of the cameras
and instrumentation, as instrumentation was periodically moved to
accommodate the new structural rigs, and aimed slightly differently for the
various tests. The exact positioning of the cameras is not consequential to
any quantitative results in these tests. Details are provided as a reference to
aid in interpreting the images that were taken from the cameras.

251 IR cameras

Two FLIR cameras were pointed at the front and back faces of the panel
during the test. A ThermaCAM® model S60 was located 178 cm distance
from the back-side of the test. It recorded 640 x 480 images examining a
spectral range of 7.5 to 13 um. A FLIR SC660 camera was situated 170 cm
from the front side of the test, and recorded images with similar
specifications. Images of the two instruments are found in Figure 21.

Figure 21. Images of the IR cameras.

The IR cameras are limited in range to certain temperature bands.
Throughout the tests when the views began to saturate, the recorded range
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would be manually adjusted. The data from these instruments are not
always in range, and therefore are not always continuous through the test.
Radiometers were generally used for point data, and IR cameras to illustrate
2-D thermal images of the panel temperature.

Quantitative temperature results extracted from the IR cameras are
dependent on a surface emissivity given to the data acquisition software.
Quantitative accuracy is reliant on the values given. At high temperatures,
we provide here an estimate of 100°C accuracy on the temperatures. This is
based on evaluating constant results as a function of emissivity given over a
range of plausible values for the emissivity.

2.5.2 Radiometers

Six radiometers were arranged with two viewing the front side of the
decomposing panel, and four on the back-side. All radiometers were
Medtherm P/N NVRWP(ZnSe)-10-1-20-480-21986K radiometers. These are
fast response thermopile water cooled gas purged 1 degree view angle
radiometers. These were arranged approximately 76 cm away from the target
surface such that two were aimed at the front (heated) side of the panel,
while four were aimed at the back side. The target of each radiometer was at
regular intervals on the face of each panel. Standard locations were centered
horizontally for six instruments, and vertically, 25, 50, 75% of the height of
the panel from the bottom. These locations are abbreviated later in this
report as Y%, 2 and % height locations. The one offset radiometer was at
25% of the height from the bottom of the panel, and 25% of the width of the
panel from one side. Front-side, only the top two heights were visible due to
the presence of the oven. Radiometers were factory calibrated before the test
series began, and were aimed at small paint spots placed on the panels prior
to each test. Because the radiometers were located 76 cm away from the
panels, the spot size they are observing is calculated to be 1.4 cm?.

Unistrut® stands were constructed and used to mount the radiometers.
Photographs of the front and back radiometer towers are shown in Figure 22.
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Figure 22. Photographs of the radiometer towers.




253 Video Cameras

Video was recorded with a series of Cannon XHA1 video cameras. Between
three and four cameras were used, with a front, back, oblique, and spring
camera recording the dynamics during the test. Data were recorded to tape
media, with a capacity per tape of a little beyond one hour. In six instances,
testing went beyond the duration of the tapes. In these cases, technologists
would enter the chamber (otherwise vacant of personnel) and change out the
tapes as necessary. Two of the video cameras are visible (#1 and #2) in the
photograph found in Figure 23. The thermocouple instrumented metal panel
is in the test holder in this photograph.

Figure 23. Photographs of the test set-up for the oven characterization.

The video results are critical to the interpretation of the force on the panels.
Video Camera #2 (except for torsion) was pointed at the springs that were
used to monitor the changing load on the panel. Fiducial boards were
displayed in front of each camera prior to each test to provide grounds to
make quantitative assessments of the motion in each test. Force was
deduced by measuring the length of the spring segment as a function of time.
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254 Data Acquisition

The data acquisition systems (DAS) for all standard fire and fuel
measurements and facility instrumentation consist of a National Instruments
PXI-1052 PXI/SCXI chassis with an embedded controller. The chassis has 4
PXI slots and 8 SCXI slots. The DAQ card is a PXI-6052E 16 bit A/D. The
temperature channels are monitored with SCXI-1102 32 channel
Thermocouple MUX cards connected to TC-2095 TC terminal blocks. The
voltage channels are monitored with SCXI-1104 32 channel voltage input
modules connected to SCXI-1300 terminal blocks. The chassis have 256 data
channels. The systems can be expanded by adding another PXI-6052E
connected to an SCXI-1001 12 slot chassis loaded with additional
multiplexers.

Signal is sent from the hardware to a PC computer, where digitized data are
recorded to log files through a National Instruments LabVIEW custom virtual
instrument software interface. For the standard test, the following channels
were recorded at roughly one second intervals:

Table 3. Data acquisition channels.
Measurement Number of Channels
Oven Temperature
Load cell temperature
Data acquisition temperature
Heat flux sensor temperature
Heat flux gauges
Load cell mass
Power on fiducial
Data fiducial

The data fiducial consisted of power reading to a couple of lamps. The lamps
were positioned in view of all of the cameras. These were turned on briefly
prior to every test to allow the video and LabVIEW data to be accurately
synchronized.

2.5.5 Reflectometer

A Surface Optics Corporation model ET100 version 1.0.0.8, with an OS
version number 1.2.0.1 was used to evaluate spectral band reflectivity on
various calorimeter surfaces. Two angles, 20 and 60 degrees were evaluated.
Calorimeter reflectivity was evaluated for pre-test and post-test surfaces.
The reflectometer bands were not completely sequential, as the instrument
was custom designed for a prior application. This results in IR band overlap
in the data, complicating the interpretation of the data when considering
integrated reflectivity.
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2.6 Test Matrix

A test matrix was constructed with the three types of composite materials
used in this study. Two other materials were tested, which were wood mock
panels. They were made from oriented strand board (OSB) acquired from a
local hardware store. They were principally mass mocks, and their
thicknesses were allowed to vary to meet the mass mock goal since the
density of the lumber is approximately 1/3 that of the composite material of
interest. The ABDR mock panels were 6.35 mm thick, and the larger panel
mock OSB panels were 19 mm thick.

Tests were consecutively numbered according to the sequence at which they
were performed, as found in Table 4. They were not ordered before beginning
testing to allow the facility schedule to be optimized with the tests being
performed; the sequence was not randomly selected. Notably, torsion tests
were performed late in the test series because they were considered non-
essential tests and were optional at the start of the testing. Also, the 19x24
thin panels were tested later in the series because they were not part of the
initial test plan. After testing the 18x24 thick panels under burn conditions
and seeing that they did not readily burn through, it was decided to test the
other panels to obtain a more complete dataset. The DFT (directional flame
thermometer) test was not a reacting panel, but the characterization test
detailed in section 2.4.3.

Table 4. A summary of the various tests from this test series.

PANEL TYPE COMPRESSION TENSION NO FORCE TORSION
WOOD ABDR MOCK 23 28 22

ABDR SANDWICH COMPOSITE 24,27 31,32 25,33 43
WOOD 18x24 MOCK 36
18x24 THICK COMPOSTE 26,34 29,35 30

19x24 THIN COMPOSITE (38) 39,45 41 37,40 42
DAMAGED 19x24 COMPOSITE 44

DFT 46

A limited number of repeat tests were performed to provide an indication of
test to test variability. Some tests were repeated due to irregularities in the
baseline test. This is the case with test 38, which was aborted when a rod
exploded. Other irregularities are described in more detail in the results
section.
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3 Results and Discussion

There are several ways to present the data from this test series. Since the
performance of the three main types of panels studied varied significantly
compared to other parameters, the results are organized by grouping tests of
similar materials. These results will later be brought together for a general
discussion calling out the effects of type of force imposed on the panel for
each test.

An effort has been made to plot the data so it will be easy to interpret. In
addition to textual labeling, results are color-coded. Compression results are
black or a shade of gray. Tension tests are shades of green. Torsion is red,
and ‘NoForce’ indicating panels without any imposed forces are colored blue.
The single test with no force and a broken panel is colored yellow. In
addition to color, symbols are also used to represent the type of forcing
imposed. Tests are consistently colored this way from plot to plot and
section to section. Tests are often abbreviated with their number and a few
letters to indicate the type of force imposed on the panel during
decomposition.

3.1 ABDR Sandwich Panels

This section presents summary data for the ABDR sandwich panel tests.
Pre- and post-test weight of the panels suggests the extent of the
decomposition. They were also the lightest panels, with an average initial
mass of 753 g.

The front-view videos were used to extract flaming times from the tests.
These are shown in Table 5. The end of flaming was the most subjective to
extract, as the flames could have been hidden behind the oven and smoke
looks similar to flames in the video at late times.

Table 5. ABDR sandwich panel flaming times.
Test First Flaming End Front Side Flaming End Flaming

Comp-24 2min25sec 3 min 6 sec 10 min 41 sec
NoForce-25 1 min 5 sec 3 min 0 sec 16 min 20 sec
Comp-27 1min24sec 3 min2sec 10 min 1 sec

Tens-31 1min24 sec 3 min 3 sec 14 min 40 sec
Tens-32 1Tmin25sec 2 min 50 sec 15 min 17 sec
NoForce-33 1 min29sec 2 min43sec 15 min 49 sec
Tors-43 1min11sec 2 min 50 sec 15 min 3 sec

In general, between the first 1-3 minutes first visible flaming started.
Between 30 to 120 seconds later, flaming on the front face subsided. The
edges burned for around 7-14 minutes longer. Flaming had finished for all
tests by 17 minutes, and in some cases well before that time. Flaming on
the front face was typically seen to be initially engulfing, but at later times
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periodically moving across the face, or at isolated locations along a fiber. A
series of stills have been extracted during smoking, front face burning, and
burning on the sides for each test. These are found in Figure 24 through
Figure 30.

1 min 30 sec: 2 min 30 sec:

Figure 24. Front side images for ABDR compression Test 24.

1 min 3 sec: 2 min: 4 min:

Figure 25. Front side images for ABDR No-Force Test 25.
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1 min 23 sec:

Figure 26. Front side images for ABDR compression Test 27.

4 min:

1 min 20 sec:

Figure 27. Front side images for ABDR tension Test 31.

1 min 20 sec: _ 2 min: ., 4 min:

1

Figure 28. Front side images for ABDR tension Test 32.
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1 min 20 sec:

Figure 29. Front side images for ABDR No-Force Test 33.

4 min:

1 min 5 sec:

|
|

_

Figure 30. Front side images for ABDR torsion Test 43.

3.1.1 Mass loss data

ABDR panels lost the most mass on a percentage basis, an average of 63.1%
mass remaining with a variability between 51% and 69% mass remaining.
Figure 31 shows the percentage of mass remaining for the ABDR panel tests.
The torsion test had the most mass lost, compared to compression and
tension tests. The total mass lost varied widely for these tests. This is
perhaps partly reflective of the variation in the amount of adhesive applied

from panel to panel.

37



72 L L 1 L L L L 1 L L L L 1 L L L L 1
70 A -
68 - -
A
8) 66 - -
Sea{ O I
£
&) 62 1 X Comp-24 I
o 60 - O NoForce-25 L
% Comp-27
S 58 1 A Tens-31 i
X 56 - X Tens-32 i
NoForce-33
54 Q Tors-43 -
Average
52 o
50 T T T T T T T T T T T T T T T T T T T T T T
25 30 35 40 45
Test#

Figure 31. Total mass loss summary for the ABDR panels.

Example mass loss curves are shown in Figure 32 to illustrate typical raw
data. Some amount of noise is found in the data, more so in the tests with
structural loading.

The rate of mass change was computed from the differential change in mass
with respect to time, and results are shown in Figure 33. Because of the
noise in the mass readings, the data were interpreted based on an average
over five minute intervals. In some of the tests, specifically the compression
tests, the mass loss readings exhibit large perturbations, which were
coincident with significant movement in the structural frame. These are
characterized by large oscillations about the mean, as would be expected in
such a scenario. To ameliorate against the improper (inadvertent) selection
of one of the oscillation peaks while interpreting the mass loss data, point
data were smoothed by taking a 10 second average before computing the
differential change over the 5 minute interval.

Figure 33 shows computed mass loss reported at the time-center of the
differential interval. Because the ABDR panels were the lightest panels, they
were most susceptible to the noise in the system. From Figure 32, it can be
seen that significant mass loss occurring within the first 10 minutes during
flaming combustion, followed by at least 20 minutes of fairly constant rate
mass loss due to oxidative reactions of the char and carbon fibers.
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Figure 32. Typical mass loss raw data for the ABDR panels.
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Several features of Figure 33 are indicative of the typical test of the ABDR
panels. First, notice that the first data points in time are all the highest
mass loss rate data points. This is because in the first minute or so the
panel face subject to the oven heat flux would begin to smoke. Then between
2.5 and 4.5 minutes, active flaming on the front face of the panel would
begin. In a few minutes time, the flaming would transition to the sides of the
panel as it decreased on the carbon fiber face. The second data point is the
second highest mass loss rate in all cases, and reflects the diminishing
flame. After about ten minutes, flames had extinguished and visible smoking
had mostly ceased. The panels continued to lose mass, at this point
presumably due to oxidative reactions.

The fact that the flaming was significant on the sides of the panels
represents a non-ideal feature of these tests. Real aircraft designs are
understood to have closed edges where sandwich materials are present. The
behavior of an intact aircraft in this regard might consequently be expected
to differ from the behavior of the materials used for the present tests.
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Figure 34. Peak flaming reaction rate for the ABDR sandwich panels.

The flaming reaction rates were extracted from the data by evaluating the
steepest slope during flaming times on the mass loss data curves. These
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results are shown in Figure 34. No obvious relationship is seen between the
type of force and the peak flaming mass loss rate in these data.

The total time for each test was somewhat variable, with the values plotted in
Figure 35. The termination time was somewhat subjective (probably
repeatable to within a few minutes), as tests were generally terminated when
two of the oven rods were clearly visible in the back-side cameras through
the hole in the panel. Figure 35 is suggestive of a relationship between type
of loading and test duration, but later discussions will cast doubt on this
finding.

Noise in the data inhibits extraction of good mass loss rates during flaming.
Since the non-flaming portion of the tests was fairly uniform and long-
duration, the mass loss rate during this time can be extracted with higher
accuracy.
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Figure 35. Test time summary data for the ABDR sandwich panels.
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Figure 36. Mean Non-Flaming mass loss rates for the ABDR sandwich
panels.

Figure 36 shows the mass loss rate rate extracted from approximately 10
minutes time through 5 minutes prior to the end of the test. These data
show wide variability, and do not suggest any correlation with the type of
force on the panel.

In these tests, there was a lack of uniformity (most pronounced from test to
test) in the oven temperature, as measured by two thermocouples located in
the oven, with the range of steady-state oven temperatures falling between
1000-1200°C. Thermocouple locations are found in Figure 10, and are
symmetrically oriented at the top and bottom of the furnace. Figure 37
shows the thermocouple readings for each ABDR panel test. Steady-state
temperatures were typically constant, and the two thermocouples agree
reasonably closely with each other for each test. Two features of this plot are
of interest. First, Test 25 lost power briefly just after 1800 seconds. This
was because one of the electrical components controlling the power supply
went to sleep. This feature was disabled in future tests. Power was promptly
restored, as is evident in the data. Also, notice that the thermocouple
readings decrease slightly before the steep decline at the end of the test when
the power to the furnace is turned off. This is because as a hole is formed in
the panel, the oven is less able to maintain its steady-state temperature as
when the panel was whole.
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Figure 37. Oven temperatures for the ABDR panel tests.

3.1.2 Radiometer Data

Radiometer data from this test are illuminating. Figure 38 shows mid-point
front side fluxes from the ABDR tests. The power loss is evident in Test 25.
Three tests (24, 25, 27) exhibited much higher fluxes at this radiometer
location. These are speculated to be due to distortions in the panel that
enhance the view factor between the panel at the mid-point front side
radiometer location and the oven. Figure 39 shows data from a radiometer
location higher on the ABDR panel, suggesting greater consistency between
the tests. Figure 40 shows back-side flux % of the way up the panel. Fluxes
are barely above ambient, suggesting the insulated nature of sandwich
panels and the low temperature of the panel outside of the immediate fire
area. Figure 41 shows data from the center of the back-side of the panel.
Most results are in the 5-10 kW/m?2 range, with some exceeding this and
being suggestive of a hole that burned through at higher elevation than the
other tests (as compared with data in Figure 42). Figure 42 shows data
where the hole broke through, with correspondingly high fluxes. Figure 43
shows data at an off-center location from the data in Figure 42. Fluxes peak
at the end, and are high depending on the size and position of the hole
relative to the radiometer target area.
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Figure 38. ABDR radiometer readings from the front of the panel at 72
way up the panel from the bottom.
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Figure 40. ABDR radiometer readings from the back of the panel at 7.
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3.1.3 IR data

Figure 44 shows a series of selected images from the IR camera exhibiting a
range of results found during Test 24. These and all subsequent IR images
show a reproduction of the temperature in degrees Celcius that is based on a
material emissivity of 1.0 assumption. Please note that the scale is dynamic,
and different for every image frame.

The first image at 2 minutes and 17 seconds shows the back side shortly
after the appearance of visible flaming on the sides of the panel. The ABDR
panels were prone to burn at the sides due to the exposed honeycomb at the
edges. At this time, flaming was predominantly to one side, and significant
jetting is seen. The panel is in the early phases of heat-up.

The next frame at 5 minutes shows regular flaming along the sides, and
some distortion in the shape of the panel is evident. Back-side temperatures
have increased to a few hundred degrees.

At 10 minutes, there is a significant fold that can be seen on the back side
that was caused by the compressive force near the bottom of the panel. The
back-side thermal contours are not smooth. Rather, random hot points
appear to suggest some irregularities in the decomposition of the panel
despite a presumably somewhat smooth oven heating profile.

By 20 minutes, some points of complete burn-through are evident in the
peak temperatures extracted from the IR camera. An oddly shaped hole is
formed, and is mostly vertical in shape. There appears to be significant
temperature indicating near burn-through just below the fold, but not at the
point of the fold.

At 25 minutes, a significant hole is observable in the panel, with the rods
being evident through the hole in the panel. The frame at 27 minutes and 30
seconds was extracted just before the power to the oven was turned off, and
reflects the final condition of the panel. The holes have grown slightly from
those seen at 25 minutes.
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Figure 44. IR camera images from Test 24, the ABDR sandwich panel is
in compression.

50



314 Load data

The ABDR panels exhibited interesting behavior with respect to the
structural loading placed on the panels. Detailed results determined by
examining the back-side camera results, and are found in Table 6. Here it
can be seen that the compressive and torsional deformations occur early in
the event, whereas tensional deformations occur later.

Table 6. ABDR spring movement summary.

Test Force Type First Last Nature of Movement
Movement Movement
24 Compression 1 min 48 sec 19 min 52 Smooth changes at early times,
sec diminishing at late times
27 Compression 2min58sec 36 min 16 Big steady movements for the
sec first 4 minutes, small

movements for the next 17
minutes, panel collapsed and
fell out of top holder at about
34.5 minutes.

31 Tension 36 min 9 sec End of test Minor movement (thermal
expansion) before first
significant movement, small
regular movements until test

end.
32 Tension 24 min 32sec 42 min 21 A tear opened up over the last
sec half of the test, with periodic
small movements over this time
frame.
43 Torsion 2min37sec 3 min 22 Steady movements for about a
sec minute, slowing afterwards to a
creep.

The tension tests were clearly differentiated from the compression and
torsion cases, in that they were able to support the full load of the frame
through a large portion of the test. The torsion and compression tests
exhibited movement very early in the test. The torsion test did not exhibit
much strength, but there was clearly residual compressive strength through
a good portion of the compression tests.

Analysis of the spring cameras gives a more complete picture of the
estimated load on the panels during the test. The motion of the springs was
extracted for these plots from analysis of video editing software. The force
equivalent mass was deduced from the spring constant. There is a degree of
subjectivity to this analysis, and these results should be taken as accurate
only to within 10% of the initial reading. Even though spatial fiducials were
used to provide a reference length scale in the videos, some degree of
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uncertainty remains from case to case due to combinations of movement in
the cameras after the fiducial frames were taken and also due to the angular
perspective. Maintaining a consistent measuring location was challenging.
Quantified data are found in Figure 45. For the most part, the force was
uniformly applied across the ABDR panel base, and the springs released
force at about the same time. The torsion test used only one spring, which is
why the initial force is about % that of the other tests. The panel hit the
back-plate on the frame of the composite holder, which is why further
movement was not found for this test.
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Figure 45. Mass equivalent force on the ABDR panels as a function of
time.

Some discrepancies exist between the results of Table 6 and Figure 45. The
start times were subjective and based on a wider angle view in the table. The
figure reflects a more detailed view of the occurrence. More subtle motion is
captured in the figure.
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after the first significant movement of the fibers.
An important note with respect to torsion Test 43 is that beside the impact of
the panel on the back-plate, the data were obscured because a sheet of
carbon fiber came loose and rested on the spring holder. This is illustrated
in Figure 46. Subsequent motion could not be quantified. All the ABDR
tests showed propensity for significant fiber movement on the front face. An
important point about Test 27 is that the springs appear to have significant
residual force at the end of the test. Yet in that test, the top part of the panel
actually fell out of the holder at the end of the test. The residual strength
cannot therefore be attributed to the panel. Minutes later, the springs
relaxed slightly. The residual strength may be attributed to sticking or some
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other residual force in the test apparatus itself. Drawing significant
conclusions from these data in this regard should therefore be done
cautiously. These data are probably better considered general guidelines as
to the relative residual strength. The qualitative accuracy is probably
reasonably good, however the quantitative accuracy could be improved.

Reflectometer data
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Figure 47. Reflectivity of the ABDR panels at 20° (top) and 60° (bottom)
from normal. Error bars are a single standard deviation.
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The reflectometer was used pre-test to look at spectral reflectivity of the
composite surfaces, with results of these evaluations found in Figure 47.
The back side was the Kevlar material, and has substantially different
spectral reflectivity than the front side made from carbon fiber epoxy
material. Almost every spectral band is quantitatively different between front
and back side.

3.2 19x24 Thin Panels

Originally not part of the test plan, this series was created mostly in
response to the inability to achieve burn-through for the thicker (18x24)
panels in a reasonable amount of time. The 19x24 thin panels generally
burned through to completion in a little under an hour. This gave good data
on the burn rates and on the structural integrity as decomposition
progressed. Panels were on average. 1.35 kg with a standard deviation of
.0084 kg.

This series of panel tests contained two compressive tests, a tension test, a
torsion test, two tests with no force, and one test with no force with a panel
that was pre-damaged. The pre-damaged panel was placed in a device
designed to shear sheets of metal. A force was placed on the panel until it
cracked. This was done twice, with a photograph illustrating the X-shaped
breaks in the panel just prior to testing being shown in Figure 48. The
center of the break was positioned such that it would be in direct exposure to
the oven.

Figure 48. A photograph of the broken panel before testing.
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The front-view videos were used to extract flaming times from the tests.
These are shown in Table 7. The point at which smoking started was
subjective, probably repeatable to within about a couple of seconds. End of
flaming was more subjective, and probably has uncertainty on the order of
tens of seconds for some of the cases. The point at which first flaming
occurs was easy to discern from the videos. It was coincident with a bright
flash as the smoke transitioned to flaming combustion. These are accurate
to within 1 second, and only this large because the data acquisition recorded
the fiducial signal to this degree of accuracy.

Table 7. 19x24 thin panel flaming times.

Test First Smoking First Flaming End Flaming

NoForce-37 1 min 26 sec 1min43sec 8 min1sec

Comp-39 1 min 12 sec 1min 29 sec 6 min 54 sec

NoForce-40 1 min 15 sec 1 min23sec 6 min 45 sec

Tens-41 1 min 11 sec 1 min 20 sec 6 min 46 sec
1 1
1 1
1 1

Tors-42 min 21 sec min 45 sec 6 min 54 sec
Broken-44 min 7 sec min 52 sec 5 min 58 sec
Comp-45 min 7 sec min 24 sec 6 min 45 sec

In general, between the first 1-1.5 minutes the first smoking started.
Between 9 to 45 seconds later, flaming on the front face began. Active
burning got stronger, diminished, and was finally done by between 6-8
minutes. Final flaming was usually small fluctuating flames around the
perimeter of the peak zone of thermal intensity. A series of stills have been
extracted during smoking, front face burning, and burning on the sides for
each test. These are found in Figure 49 through Figure 55. At peak flaming,
the front face of the panel was generally covered in flames. At later times
(the 5 minute frames), the flaming was generally more restricted to localized
parts of the panel face.

1 min 40 sec 2 min: 5 min:

Figure 49. Front side images for 19x24 thin Test 37.
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1 min 20 sec:

Figure 50. Front side images for 19x24 thin compression Test 39.

1 min 20 sec: 2 min: S min:

Figure 51. Front side images for 19x24 thin Test 40.

1 min sec: 2 mi

min:

Figure 52. Front side images for 19x24 thin tension Test 41.
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1 min 30 sec:

Figure 53. Front side images for 19x24 thin torsion Test 42.
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Figure 54. Front side images for 19x24 thin broken panel Test 44.

1 min 20 sec: | 2 min:

Figure 55. Front side images for 19x24 thin compression Test 45.

58



3.21 Mass loss data

Panels on average lost 22.7% of their mass during the test (77.3% mass
remaining). Percentage of the mass remaining is shown in Figure 56. These
tests were fairly repeatable in terms of mass loss (within 3%), and there are
no trends associated with the nature of the force on the panel.
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Figure 56. Total mass loss summary for the 19x24 thin panels.

Typical panel response involved a short period of flaming on the front face of
the panel. Unlike the ABDR sandwich panels, these panels did not exhibit
significant flaming on the edges. These panels had more mass, and
consequently were less susceptible to noise. Typical raw mass traces are
found in Figure 57. In this plot, raw data for test 39 were transposed down
by about 0.1 kg to make them more visible in the plot.
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Figure 57. Typical mass loss raw data for the 19x24 thin panels.

Rate of mass change summary data for the 19x24 thin sandwich panels are
found in Figure 58. These are plotted much like in the previous section,
averaged at 5 minute intervals. Tests were fairly consistent with respect to
mass loss. The most apparent outlier was the torsion test which tended to
decompose slowly and thus lasted much longer than the others. The reason
for this is believed to be due to the nature of the torsion test. The spring
never fully compressed for the torsion scenario. As a consequence, the panel
was from the start of the test distorted away from the oven. This is believed
to have contributed to low mean oven temperatures and slower reaction
rates, as the panel was further away from the heat source.

Like the ABDR sandwich panel tests, these 19x24 thin panel tests exhibited
the highest decomposition rate during the first 5 minutes as flaming ensued.
Flaming started between 1-1.5 minutes, and was fairly repeatable from panel
to panel.
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Figure 58. Rate of mass change summary data for the 19x24 thin
panels.

Of the tests series conducted, this one (19x24 thin panels) had what are
believed to be the most reproducable test times. This may in part be because
the compression test resulted in less distortion than any of the other
compression tests with different panels. Indeed the compression tests never
showed any degree of relaxation of the springs due to the panel
decomposition. Besides being thinner, these panels were slightly wider than
the 18x24 panels by about 2.5 cm and than the ABDR panels by 17.7 cm.
The reproducability is evident in the test time plot, Figure 59.

Figure 60 shows the peak flaming mass loss rate. There is not good
indication of any relationship between the type of force on the panel and the
rate of flaming decomposition.
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Figure 60. Peak flaming mass loss rate data for the 19x24 thin panels.
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Figure 61 shows the mean non-flaming mass loss rates for the 19x24 thick
panels. No relationship between the type of force and the rate of reaction is
evident.
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Figure 62. Oven temperatures for the 19x24 thin panel tests.
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As with the previously described test series, the 19x24 thin panels exhibited
some variability in oven thermocouple readings. Figure 62 shows these
measurements. The results from Figure 61 and Figure 62 appear to be
correlated, as the low and high oven temperature data appear to result in low
and high non-flaming mass loss rates respectively.

3.21 Radiometer Data

Radiometer data are found in the next six plots. Figure 63 shows front side
measurements at the mid-point of the panel. Similar to the previous dataset,
the flaming is evident at early times and characterized by the highest fluxes.
Post-flaming steady-state fluxes appear to vary widely, with a spread of
about 15 kW/m2. However, this spread does not appear to correlate to any
type of imposed force on the panels. Figure 64 shows a similar flaming peak,
and much less variability during post-flaming reactions. Figure 65 shows
data from a back-side point 3/4 up the panel directly opposite to the data in
Figure 64. Unlike the ABDR data, which showed no relationship, the 19x24
thin panel data suggest a close relationship between results at the two
locations. Back-side fluxes are around one half to one third that of the front
side, and vary high during flaming combustion followed by low during
glowing combustion. Figure 66 also shows back-side trends that echoes
those found on the front-side directly opposite the measuring point for Figure
63. Figure 67 and Figure 68 show back-side fluxes at a point a quarter of
the way up from the bottom of the panel. These show gradual increases
until near the end of the test where there is a rapid increase as a hole
develops in the panel and the oven is exposed to the radiometer. The off-
center data in Figure 68 are a little more variable, probably due to variability
in the shape of the hole created by the oven.
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Figure 64. 19x24 thin panel radiometer readings from the front of the
panel at 7. of theway up the panel from the bottom.
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Figure 65. 19x24 thin panel radiometer readings from the back of the
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Figure 66. 19x24 thin panel radiometer readings from the back of the
panel at 72 way up the panel from the bottom.
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Figure 67. 19x24 thin panel radiometer readings from the back of the

panel at 0.25 from the bottom.
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panel offset at 0.25 from the bottom.
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3.2.2 IR Data

The radiometer data were confirmed with the IR camera data by extracting
the temperature at the measurement locations. Because the IR camera had
fixed ranges of data extraction and the data were often saturated, only an
example series of camera images are reproduced here to show the typical
measurements. Highlighted on each image are the focus points for the
radiometers. Figure 69 shows frames extracted at various times during the
progress of compression Test 45.

IR camera data mostly show the shape of the thermal environment imposed
by the oven on the panel as it conducts through the panel. Early frames at 1
minute 7 seconds and 13 minutes 20 seconds show progression at early
times. From 40 to 50 minutes at every S minutes, the late-term heat-up of
the back side is seen in the scale of the images. By about 50 minutes, only a
thin layer of fibers hid the oven rods from the camera view. By about 55
minutes, a significant hole had formed through which the oven rods were
visible.
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55 min 7 sec:
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Figure 69. IR camera images from Test 45, the 19x24 thin panel in
compression (Temperatures in °C).

3.2.3 Load data

The 19x24 thin panels were unique in that they did not tend to move
significantly with the force imposed. Compression tests exhibited full loading
at the end of each test, despite a hole having been formed in the panel. The
tension test did not exhibit stretching or tearing like the ABDR tests, rather
the material softened around the bolt holes and the panel sheared across the
bolts. This was not the desired behavior, and possibly would not have
happened except that the three bolts were placed as centered as possible on
the panel. Had they been spaced wider, the panel might not have behaved
the same way. The torsion test did not exhibit significant movement because
this panel would not hold much torsional force. The spring would not
compress more than a few millimeters, as the panel deformed with the
smallest imposed force. Consequently, the deformation data in this section
is not as interesting as was found in the other sections. Details on the
structural response for the tests are found in Table 8.
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Table 8. 19x24 thin panel spring movement summary.

Test Force Type First Last Nature of Movement
Movement Movement
39 Compression - - None
41 Tension 15 min 48 sec 19 min 28 Shearing off the bottom bolts
sec at a slow pace over about 3.5
minutes.
42 Torsion 3 min 3 sec 12 min 28 Steady movements for about
sec six or seven minutes, slowing
afterwards to a creep.
45 Compression - - None

It is in a way fortuitous that the compression tests did not deform, as this
presumably gave better repeatability in the data. Without significant
deformations, the effect of the deformations on the reaction rate due to
material moving closer to the oven is minimized. However, this difference in
behavior of these tests compared to the tests with the other two panels is
surprising, and difficult to attribute. This point is discussed in more detail
in a later section.
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Figure 70. Mass equivalent force on the 19x24 thin panels as a
function of time.

Figure 70 shows a more detailed view of the movement in the two tests where
movement occurred. The tension panel was mostly rigid until about 15
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minutes, after which rapid movements ensued as the panel pulled clear of
the retaining bolts. The torsion test results look very similar to those of the
ABDR panel. The panel was unable to support much force in torsion.

3.24 Reflectometer data
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Figure 71. Reflectivity of the 19x24 thin panels at 20° (top) and 60°
(bottom) from normal. Error bars are a single standard deviation.
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Figure 71 shows reflectometer data from 19x24 thin panels. These panels
were considered the same on the front and back sides, as there was not a
discernable difference. These front and back side data therefore reflect the
variability in measurements. Repeatability is demonstrated in that the front
and back side IR reflectivities are within the single standard deviation error
bars of each other for all spectral bands at both incidence angles.

3.3 18x24 Thick Panels

The 18x24 thick panel tests were significantly different from the other two
tests in that they involved reactions over a fixed amount of time. Tests were
run for approximately four hours, after which time the tests were suspended.
Examination of the panels after the first test showed little chance of being
able to consume a hole completely through the panels in a reasonable
amount of time. In fact, after four hours, a surprisingly small amount of
decomposition was evident on the surface, as suggested by Figure 72. This
finding was somewhat unexpected, as the same material had been tested in
the previous test series (Brown et al., 2012) and found under thermally
immersive conditions to consume approximately 26 kg of material in five
hours. Like the previous tests, decomposed material left a white film or
residue. Unlike the previous tests, there were tracer strips that appear to be
a strand of bundled glass fibers which were traversing the layers. These also
did not decompose during the tests. These residual materials presumably
formed a protective layer that inhibited oxygen transport to the carbon
beneath. This may account for the lower reaction rates in late-term testing.

Figure 72. A front-side post-test photograpﬂ of the panel from Test 26.
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The front-view videos were used to extract flaming times from the tests.
These are shown in Table 9. Because of the blown fuse in Test 29, the
extracted times are only approximate. End of flaming was very subjective,
and probably has uncertainty on the order of tens of seconds to minutes for
some of the cases. Flames and smoke can be difficult to distinguish in some
videos, and often times flames can re-emerge after being out for a short time.
The point at which first flaming occurs was typically easy to discern from the
videos. Test 30 never exhibited profuse flaming, rather at around 9 minutes
it exhibited spot flaming near the oven, and was an outlier compared to the
rest of the tests.

Table 9. 18x24 thick panel flaming times.

Test First Smoking First Flaming End Flaming
Comp-26 0 min 57 sec 3 min 50 sec 19 min 46 sec
Tens-29 1 min O sec* 5 min 19 sec 15 min 26 sec
NoForce-30 1 min 11 sec 8 min 46 sec 14 min 27 sec
Comp-34 0 min 38 sec 3 min 59 sec 19 min 59 sec
Tens-35 1 min 2 sec 6 min 7 sec 18 min 44 sec

*This value by assumption, subsequent values referenced from this time

In general, between the first 0.5-1.5 minutes the first smoking started.
Flaming was not particularly repeatable for these tests, occurring over a wide
range of times. Final flaming was usually small fluctuating flames at the
edges of the panels. A series of stills have been extracted during smoking,
front face burning, and burning on the sides for each test. These are found
in Figure 73 through Figure 77. At peak flaming, the front face of the panel
was generally covered in flames.

2 min: 10 min:

T

Figure 73. Front side images for 18x24 thick compression Test 26.
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Figure 74. Front side images for 18x24 thick tension Test 29.

2 min: 9 min: 14 min:

Figure 75. Front side images for 18x24 thick Test 30.

2 min: 4 min: 10 min:

Figure 76. Front side images for 18x24 thick compression Test 34.
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2 min:

Figure 77. Front side images for 18x24 thick tension Test 35.

Test 30 exhibited unusual behavior, in that at 4 minutes 27 seconds the
profusely smoking front face stopped of a sudden, and the smoke instead
billowed from one of the sides. Presumably, before this event the gases were
traversing the internal layers and emerging from the front face. The panel
had pressurized and a side channel to release the pressure was completed at
that point in time, resulting in a much easier release of the volatiles out the
side path.

8 min 30 sec: 12 min 47 sec:

e | i - '
Figure 78. Back side images for 18x24 thick tension Test 29 (Left: early
flaming) and Test 35 (Right: late flaming).

Two tests in this series additionally had back-side burning. Test 29
exhibited flaming that started around 8 minutes 30 seconds. Backside
smoking started around 4 minutes 30 seconds. Test 35 exhibited backside
smoking at 4 minutes 59 seconds, and started flaming at 7 minutes 49
seconds. Flaming had mostly ceased by 14 minutes 35 seconds time. In
both cases, peak flaming vigorously engulfed the full back surface. The stills
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in Figure 78 are representative of the typical behavior outside of the fully
engulfing portion of the back-side flaming event. Initially, the flames were
sparse and danced across the panel. Then the panel was engulfed, followed
by thinning of the flaming to isolated regions.

3.31 Mass loss data
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Figure 79. Total mass loss summary for the 18x24 thick panels.

In these tests, the tension tests lost the most mass as a percent of the initial
panel weight. On average, tests had 20.2% weight loss. The two tension
tests lost significantly more, whereas the rest of the tests lost less. Results
are shown in Figure 79.

Typical results for the mass loss as a function of time are found in Figure 80.
The tension test data (Tens-35) has a different response than the
compression and no-force tests presented in Figure 80, both tension tests
ignited on the back side of the panel, resulting in much higher flaming mass
loss than when the back side did not ignite.
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Figure 80. Typical mass loss raw data for the 18x24 thick panels.

Mass loss summary data are found in Figure 81. The tests were
characterized by around 15 minutes of smoking and flaming devolatilization
reactions. Burning typically ignited on the front side and transitioned to the
sides, where it burned for a longer period of time. Mass loss was higher
during this time-frame than later on in the tests when only glowing reactions
were occurring. Once the volatilization was done, the glowing char and fiber
decomposition ensued at a constant rate. Figure 83 shows the mean
reaction rate during glowing combustion, with data averaged from the 20
minute mark until 10 minutes before the end of the test.
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Figure 82. Peak flaming reaction rates for the 18x24 thick panels.
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As was the case for the previous two datasets, there was some variability in
the furnace temperatures during these tests. Figure 84 shows the oven
thermocouple data. A slight decreasing trend is evident in all the data in
what should be steady-state conditions. This feature was more apparent
here than in the other tests due to the test duration. This is difficult to
attribute, but could have something to do with drift in the power supply, or it
could be a response of changing environment conditions.
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Figure 84. Oven temperatures for the 18x24 thick panel tests.

3.3.2 Radiometer Data

Radiometer data are plotted from Figure 85 through Figure 90. As in
previous tests, the results from the front side at the middle of the panel are
mixed, and vary significantly from test to test. Higher up on the front side
(Figure 86), heat flux is low during glowing combustion, but peaks during the
flaming. The data from high up on the back side in Figure 87 and Figure 88
show back-side flaming for the two tension tests. These were the only two
tests in all the test series to exhibit back-side flaming. Heat fluxes were as
high as 25 kW/m?2 during the flaming phase, but low during glowing
combustion phase. Compression Test 26 results for the radiometer aimed at
Y4 distance from the bottom of the panel (Figure 89) show unusual step
changes at approximately one and two hours. These coincide roughly with
when an operator entered the test room to change out video tapes. This
event probably has something to do with that feature of the measurement,
but why the radiometer read this way for just this test is unclear.
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Figure 85. 18x24 thick radiometer readings from the front of the panel
at 0.5 from the bottom.
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Figure 86. 18x24 thick radiometer readings from the front of the panel
at 0.75 from the bottom.

83



w
o

25 Comp-26
Tens-29
——————— NoForce-30
20 - Comp-34 i
Tens-35

Radiometer Flux (KW/m?)
o

10 -
5 - L
,,WWWMWMM,&M% -
O r T T T T -
0 3600 7200 10800 14400 1800

Time (s)
Figure 87. 18x24 thick radiometer readings from the back of the panel
at 0.75 from the bottom.

35 1 1 1 1
30 A -
& Comp-26
e Tens-29
E 24 | mmem——— NoForce-30 i
= Comp-34
;’ Tens-35
3 20 A -
L
L 15 4 -
()
£
RS
S 10 4 -
T st o A A ————EEE
P ” R _
'1’/ LOBE Sg1 " ¥ 1
O T T T T
0 3600 7200 10800 14400 1800

Time (s)
Figure 88. 18x24 thick radiometer readings from the back of the panel
at 0.5 from the bottom.

84



25 1 1 1 1

< 20 A Comp-26 :
e Tens-29
E ——————— NoForce-30
= Comp-34
;’ 15 4 Tens-35 L
=
L.
o
© 10 B
S
Q
©
©
X s L
O T T T T
0 3600 7200 10800 14400 1800

Time (s)
Figure 89. 18x24 thick radiometer readings from the back of the panel
at 0.25 from the bottom.

30 1 1 1 1
25 — G OMpP-26
Tens-29
——————— NoForce-30
20 A1 Comp-34 i
Tens-35

10 A -

o
(“MI
J, a
541 k !
\
{ AU,
0

0 3600 7200 10800 14400 1800

Radiometer Flux (KW/m?)
o

Time (s)
Figure 90. 18x24 thick radiometer readings from the back of the panel
offset at 0.25 from the bottom.

85



3.3.3 IR data

Figure 91 shows a series of frames selected from the IR camera for Test 35,
the 18x24 thick panel in tension. The frame at 6 minutes 15 seconds shows
the panel just before back-side ignition of the panel. The subsequent frame
at 12 minutes and 42 seconds shows the IR image during back-side flaming.
This frame is nearing the end of the active flaming on the back side. A frame
at 22 minutes and 55 seconds shows the post-flaming view of the back-side.
Several variations exist in the contours compared with the 6 minute frame,
and in the post-test examination appear to be stretch marks where the
tensile force caused stretching in the fiber matrix. The last frame at 60
minutes shows how little the environment changes with time once the
flaming is done when comparing it back to the 23 minute frame.
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Figure 91. IR camera images from Test 35, the 18x24 thick panel in
tension.

3.34 Load data

Movement of the springs can be correlated to force on the panel through the
test. Table 10 shows a general description of the movement of the panel in
response to the spring force. As with previous sections, these data were
extracted from the back-side camera. On test 29, the exact movement times
are not well understood, as a blown fuse as the oven was initially turned on
resulted in a synchronization error between the cameras and the data.

It is important to note that after about 30 minutes, there was a significant
reduction in the force on all of the panels. This is contrary to the findings for
the 19x24 thin panels, which were able to maintain force throughout the test
in compression.
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Table 10. 18x24 thick panel spring movement summary.

Test Force Type First Last Nature of Movement
Movement Movement
26 Compression 4 min 9 sec 15 min 49  Periodic spurts of movement
sec over the indicated time.
29 Tension Early around 30  Some panel stretching early
min before back-side flaming at

~16.5 min. Some shearing of
bottom bolt during back-side
flaming. After back-side
flaming, shearing of top bolts.

34 Compression 5 min 4 sec 6 min 33 Rapid movement over a short
sec time. The panel bent in the
middle, distorting away from
the oven.
35 Tension 3 min 22 sec 15 min 10 Lower panel stretching occurs
sec first, followed by big

movements around 12 minutes
as the panel shears from the
top bolts. Final movements are
mostly done by about 15
minutes.

Details of the imposed force on the panel can be found in Figure 92, as
extracted from the spring camera. Even though these panels had much
more mass, they appear to have deformed much earlier in the tests
compared to the other two panels. And their deformations finished earlier.
Curiously, the compression test appear to retain more residual strength at
the end of the test compared with the tension tests, as the final force on the
panels is still moderately high for those tests.

These panels exhibited more uneven distribution of the force than the
previous tests. Test 29 and 26 in particular manifested this behavior (test 34
to a lesser degree). Because the force was uneven, the data are broken out
by individual springs to illustrate this feature. These results are shown in
Figure 93. In this figure legend, the R and L indicate right hand and left
hand side looking at the back side of the panel. In Test 26, the left hand side
moved earlier, and in test 29 the right hand side moved earlier.
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Figure 92. Mass equivalent force on the 18x24 thick panels as a
function of time.
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Figure 93. Force mass equivalent broken out by side of panel for two
tests to show details of the uneven force distribution.
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3.35 Reflectometer data
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Figure 94. Reflectivity of the 18x24 thick panels at 20° (top) and 60°
(bottom) from normal. Error bars are a single standard deviation.

Figure 94 shows reflectivity measurements for the 18x24 thick panels. The
front side was different from the back side, as the back side was smoother.
The reflectometer data suggest differences, but only subtle differences. The
single standard deviation error bars don’t encompass the similar data on the
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opposite side of the panel. However, front and back side data would fall
within a second standard deviation for all bands.

3.4 General Results and Discussion

This section is intended to discuss general findings when considering the test
series as a whole. It provides opportunity to summarize the findings and
compare results to assess the impact of the parameters varied during the
tests on the test results.

3.41 Mass Decomposition Rates

Examining the test results based on the type of force imposed, it is not clear
that there is any effect of the type of force on the decomposition of the fibers.
The oven temperature seems to have an effect, so an attempt was made to
remove that variable as a contributing factor to the outcome of these tests.
Plotted in Figure 95 are the mean glowing reaction rates versus the mean
oven temperature over the same range (the numerical average of both oven
thermocouple temperature readings). Plotted this way, there is a very clear
linear trend between the reaction rate and the oven temperature when the
data is examined by panel type. As a reminder, compression results are
black or a shade of gray, tension tests are shades of green, torsion is red,
and ‘NoForce’ indicating panels without any imposed forces are colored blue
The type of panel is indicted by symbol x=ABDR, 0=18x24 thick, and
¥=19x24 thin. There is a single outlier, which is ABDR compression test 25,
which had oven power loss part way through the test.
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Figure 95. Rate of mass change summary for glowing combustion.
Colors indicate type of loading (standard scheme), while symbols
suggest the material used in the test (x=ABDR, 0=18x24 thick, ¥=19x24
thin).

The outlier is a significant piece of data because the reason for it being an
outlier is well understood. The brief power failure caused a period of lower
temperatures, during which time the reaction rate slowed significantly.
Temperatures and reaction rates were averaged over this outage in the above
data. This suggests that the apparent linear relationships shown in this
section for oven temperature and decomposition rate does not maintain
linearity at lower temperatures.

Regression analysis has been performed on these data to suggest the
linearity of the trends. After omitting the single outlier from the previous
dataset, the ABDR panels were linear with a coefficient of determination (R?)
of 0.98. The 18x24 thick panels are also fairly linear with a coefficient of
determination of 0.80. Less correlated are the 19x24 thin panel results,
(R?=0.688). Table 11 summarizes the correlation results for these data. A
linear fit is presented in the form of y=mx+b, where y is the mass rate of
change, x is the oven temperature, m the slope, and b the intercept. Figure
96 shows the data re-plotted after omitting the outlier, and including linear
trend lines that suggest correlation by panel type.
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Table 11. Summary of linear fit data for glowing rate of mass change to
oven temperature.

Panel R2  Slope (m) Intercept (b)
[kg/ hr°C] [kg/ hr]
ABDR 0.98 -1.98E-3 1.96
18x24 thick 0.80 -3.24E-4 0.239
19x24 thin 0.688 -5.74E-4 0.437
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Figure 96. Re-plotted glowing mass change rate versus oven
temperature omitting the outlier and with linear regression trend lines.

After the analysis including the oven temperature as a parameter, it appears
conclusive that the nature of the structural loading does not have an
appreciable effect on the rate at which the fibers and char decompose for
panels of this type at the length scales and structural loadings studied.
Based on the distortions that the structural loading imposed on the panels,
it was expected that the reaction rate would augment or decrease if the
distortions were mostly towards or away from the oven respectively. In
preliminary testing before the cage was present to inhibit large distortions,
this was a very clear and obvious effect when significant distortions were
seen. The test series presented, however, had panels with distortions
perpendicular to the plate face as large as 5 cm. The cage partially inhibited
these from increasing beyond this point. Distortions in the other direction
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that were not inhibited by the cage were not observed with the composite
materials in this effort, but were in an earlier wood panel test that exhibited
distortions much greater than 10 cm in that direction.

The 19x24 thin panels exhibited no significant distortions other than
swelling. These panels did not buckle under compression, which one would
expect would contribute to the variability in the mass loss rate data. Yet,
those panels have the lowest coefficient of determination (R?). Notice that the
oven temperature did not vary as significantly for the tests on the 19x24 thin
panels as it did for the other panels. This could be a contributing factor, as
correlations are better determined when data are taken over a wider range of
values.

While glowing combustion results show that the reaction results are almost
exclusively a function of furnace temperature and panel type, the flaming
combustion results suggest a different relationship. The rate of reaction is
assessed by evaluating peak flaming rates of mass change. When plotted
versus oven temperature as in Figure 97, there is not a significant linear
response in reaction rate vs. oven temperature. It has already been well
documented that the two tension tests for the 18x24 panels were the only
ones to exhibit back-side flaming. It is therefore no surprise to find those
two as the ones that exhibited the fastest decomposition during flaming.
Ignoring those two data points, the 18x24 thick panels and the ABDR panels
appear to have some linear relation between oven temperature and peak
flaming mass loss rate, but not nearly as pronounced as was found for the
glowing combustion data. No relationship between the type of force and the
burn rate is observable. The 19x24 thin panels suggest no relationship
between oven temperature and peak flaming rate, nor do they suggest a
relationship between the type of forces on the panel and the decomposition
rate. Examining the scale range for Figure 95 and Figure 97, the peak rate
of mass change for flaming is generally about an order of magnitude greater
than the comparable glowing combustion rate.
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Figure 97. Rate of mass change summary for peak flaming combustion.
Colors indicate type of loading (standard scheme), while symbols
suggest the material used in the test (x=ABDR, 0=18x24 thick, ¥=19x24
thin).

This finding, that mass loss has some dependency on the type of force
imposed during flaming combustion, is consistent with the findings of
Elmughrabi et al. (2008), albeit these findings do not trend similarly (they
found trending was somewhat linear according to the applied stress). The
other panels types (besides the 18x24 thick panels) do not exhibit
dependence on imposed force. It is important to note four significant
differences between these tests and the work of Elmughrabi et al. First, the
panels in this test series are much larger. Second, carbon fiber versus glass
fiber was used in these tests. Third, this test series involved flaming
reactions, whereas none was reported in Elmughrabi et al. (2008). Fourth,
the imposed stresses are much lower in these tests (10-100 MPa compared to
< 1 MPa in this work). Samples in the previous work were near the failure
point. Normal operational stresses are considerably lower, which is why by
design this test series exhibits this particular difference. Elmughrabi et al.
speculate that microcracking in the epoxy contributes to the finding that
there is a structural force dependence on the failure strength of the material
in a fire. This might also be consistent with the observation from this test
series that the 18x24 thick panels in tension exhibited greater rates of
reaction. More data are needed to substantiate this theory, as these tests
did not collect data on microcracking.
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3.4.2 Duration of Flaming

Throughout the results sections, data were presented on the duration of
flaming for each panel. Since each panel was exposed to essentially the
same environment, the burn time data should show functionality to the most
significant contributing factors. Panel type and initial panel mass are good
prospective parameters that might be the dominant contributing factor. In
Figure 98, the duration of flaming is plotted versus the initial panel mass.
As with previous plots, color and symbol type are used to indicate the type of
forcing imposed on the panel and the panel type. The clearest relationship
appears to be the most intuitive relationship, which is that the initial panel
mass correlates well with the duration of flaming. Flaming duration was
fairly consistent for each panel type, with the exception of the 18x24 thick
panels. These exhibited a wider range of flaming duration times. For these
panels, the no force results from Test 30 were somewhat of an outlier. The
line in Figure 98 is a best fit line. All 19x24 thin data points fall below the fit
line, suggesting that these panels exhibited moderately longer flaming
durations compared to the expectation given the trends of the other two
panels. This is may be suggestive of a panel specific variation such as an
increased volatile fraction, or a rate limiting factor imposed by the lack of
deformation found for these panels. More work would be required to better
attribute the correct variable that contributes to this finding.

4 O O O I
18x24
Thick
2 31 i
S
ey
)
= 2 5
D
c
@©
o
1 4 -
O T T T T T
0 200 400 600 800 1000 1200

Duration of Flaming (sec.)

Figure 98. Panel weight versus duration of flaming. Colors indicate
type of loading (standard scheme).
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3.4.3 Panel Strenqth

Results indicate that there is not a simple way to predict beforehand the
structural behavior of the panels. The thermal environment resulted in fairly
reproducible behavior in the panels in terms of flaming initiation and
termination. After performing the 18x24 thick panel and ABDR tests, it was
expected that the 19x24 thin panels would distort under compression much
like all others had, or perhaps more readily since they were thin, yet they did
not.

The reason the 19x24 panels were apparently stronger in the fire
environment merits some consideration. Besides the obvious difference in
non-sandwich materials, the 18x24 panels were thicker and slightly
narrower than the 19x24 panels. They flamed for a much longer time,
perhaps due to the quantity of volatile in the thicker materials. This longer
flaming period could create an increased damage state caused by a longer
exposure to the flames, weakening the structural matrix sooner. It is also
important to note that the 19x24 thin panels were made from a different
binder material and from unidirectional fibers. The 18x24 thick panels were
made from woven fabric. What effect this could have relative to the
structural strength is not clear. One possibility is that the fabric because of
the tighter weave makes a better gas seal, and that the decomposition deep
in the layers creates higher and more destructive pressures. The width
difference between the two panels was minor, but the 19x24 thin panels were
able to distribute the weight in the compression tests around the holes that
eventually formed, whereas the 18x24 thick panels grew weak at the edges.
It is important to note that the 18x24 thick panels failed fairly early, which
means that the fact that they failed had nothing to do with the extended time
that the panels were exposed to the oven compared to the 19x24 thin panels.

A basic reason for development and use of composite materials is to generate
a material that takes on characteristic behaviors of the components. Fibers
exhibit almost zero strength in compression. The epoxy is not nearly as
strong as the fibers in tension. By compositing the two materials, one
achieves a material that exhibits a more functional structural behavior for
engineering design that is a combination of the behavior of both
constituencies. @ The compression strength variations are likely most
attributable to the epoxy, since the fibers lack compressive strength.
Residual compressive strength in the 19x24 thin panels is almost certainly
due to a residual strength in the epoxy along the edges of the panel.
Because the panel were nearly identical in width and the oven environment
was reasonably identical, another feature is thought to contribute to the
differences. A significant difference in the reaction rate of the epoxy might be
a contributing factor. Variations in heat transfer might also be a factor.
One can observe temperatures in the IR camera data that would suggest
significant differences along the panel edges. The plots in Figure 69 and
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Figure 91 are not sufficiently precise to be able to discern any significant
difference between the temperatures of the two panels at the edges.

All this suggests a somewhat counter-intuitive finding, which is that there
may be an intermediate material thickness that produces the best structural
strength in a fire as a compromise between flaming off-gassing volatiles and
bulk strength. Since there were many differences between the two panel
types, this test series will not be able to fully explain if this is the driving
factor, or if one of the other factors mentioned above is more significant.
More work will need to be done to better understand the structural behavior
found in these tests.

If one considers strength in fire on the basis of the weight of the panel, the
ABDR panels performed well. Even with significant loading, they were able
to hold the full compressive load for a couple of minutes, and retained
residual strength for 20-30 minutes. In tension, these panels remained stout
under the load for at least 20 minutes. Neither of the panels tested in
torsion did particularly well with that type of force under fire conditions.

In the previous sections, a point has already been made that the ABDR and
18x24 thick panels resisted initial deformation best in tension, then
compression, followed by torsion. Table 12 shows quantitative results of the
remaining percent of initial force on the panel by the end of the test. In a
fiber composite, one normally attributes tensile strength to the fibers.
However, the failure mode was not ever seen to be related to the tensile
failure of the fibers. Rather, the panels tended to fail at the point of
attachment, which can ultimately be ascribed to a compressive failure.

Table 12. Residual force in the panels at the end of the test.
Test Panel Remaining Force

%

Comp24 ABDR 16.98
Comp26 18x24 61.11
Comp27 ABDR 35.37
Tens29 18x24 11.76
Tens31 ABDR 51.79
Tens32 ABDR 21.82
Comp34 18x24 33.33
Tens35 18x24 1.54
Tens41 19x24 17.07
Tors42 19x24 50.00
Tors43 ABDR 32.53

Examining these results by panel, the 19x24 thin panels supported at the
end of the test on average 33.5% of the initial force, the ABDR panels
supported 31.7% of the initial force, and the 18x24 thick panels supported
26.9% of the initial force. Given that repeat tests suggest low repeatability
(on average different by 21.5%), this is insignificant. A more significant
finding is that on average the tension tests had 20.8% of the original force
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still supported by the panels at the end of the test. In compression, the
value was much higher, 36.9%. This, like the rest of the results in this
paragraph does not include the two compression tests for the 19x24 panel
where 100% of the force was still supported at the end of the test. Including
those data, the 36.9% figure would go up significantly (about 20%). Lack of
repeatability prevents this from being a significant conclusion of this work,
but it is something to continue to observe in future experiments. Also, due
to the fact that three of the five tension tests lost strength around the
mounting bolts, significant findings will not be made from these observations
with respect to core panel behavior.

A couple of other observations in regard to the structural response of the
panels are worth note. In no case did the panel yield abruptly. The failure
was often times rapid, but never an instantaneous move from full strength
position and shape to a final deformation. This was true regardless of the
panel type or type of structural loading. As composites weaken in a fire, they
deform gradually over a period of time. The imposed forces for these tests
are probably representative of some of the forces on real transportation
vehicles during normal operations. Such forces are significantly below the
normal (room-temperature) structural failure point. We therefore
hypothesize that a long-term fire involving a composite structure may cause
the airframe to soften and droop with time like a plastic airplane in an oven,
and not snap apart as many materials do near the stress yield limits. Real-
time evaluations of the videos from these panels could not always detect the
motion without careful and precise references on the monitor screens.

344 Broken Panel

One panel (Test 44) was broken prior to the test. This was a 19x24 thin
panel, and the nature of the break was a line crack forming the shape of an
X with the center near the peak point of thermal insult from the oven. This
test was conducted without force. This test fell in line with the rest of the
tests, and no observable differences were seen in the outcome of this test
when compared with the others of the same panel type. This outcome is not
a particularly conclusive finding. What it does suggest is that if previously
damaged material behavior is investigated in future work, a more significant
fracturing method should be used. Aircraft in a real crash might have
materials damaged to a much greater extent. In this test, the initial exposed
surface area did not change appreciably on account of the break. Real
crashes may induce more dramatic panel fractures, increase the exposed
surface area, which in turn might induce different reaction rates in a fire
environment. The effect of pre-damage state on the burn rates probably
relates most to the exposed surface area of the composite, a relationship that
can be examined in more detail in future work.
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3.45 Reflectometer

An obvious finding already discussed is that the ABDR panel back and front
sides can be distinguished by the reflectometer. They are visibly different,
which is not particularly revealing. @ More important is whether the
instrument can tell what type of binder is used. To determine this, results
from the different sections are re-plotted by material type. Furthermore, a
down-select of the best comparison points from the full suite of data is made
to evaluate the ability of the reflectometer to discriminate panels by material
type.

The 19x24 thin panels were ostensibly the same on each side, so the ‘front’
side was chosen. The ABDR front side was smooth, and the same binder as
the 18x24 thick panel. The 18x24 thick panel had texture on the front side,
and was more smooth on the back. Data from the back side are compared to
the ABDR front and the 19x24 data. Reflectivity at 20 degrees is found
plotted in Figure 99 Figure 100 shows the same for 60 degrees angle. The
band-range of 10.5-21.0 mm may be able to distinguish the ABDR material
from the 19x24 material, as at that range the one standard deviation bounds
do not overlap between the two materials at 20 degrees. The 18x24 thick
panels had large uncertainty bounds at that same point, and could not be
thus distinguished from the other panels. At 60 degrees, there is no such
distinction.
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Figure 99. Reflectometer comparison for the three panels at 20
degrees.
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Figure 100. Reflectometer comparison for the three panels at 60
degrees.

A more significant comparison may be between panels with significantly
different binders. The bismaleimide resin is also a common resin used in
aviation transportation vehicles, and may be distinguishable by these
methods. Other resins also exist. The value of an ability to distinguish parts
by their spectral band reflectivity is in the ability to take an unknown part
that visibly appears similar to a known part and to discriminate between the
parts. We presently have a significant quantity of unknown materials, and
could benefit from a simple method to classify the material. Data from this
test series were used in a separate study with more material types to see if
the reflectometer could be used to discriminate composite materials. This
primary hypothesis failed, but there were interesting findings relating to the
optical and spectral analysis of aviation composites (see Brown, 2013 for
more detail).

3.4.6 Model Validation Challenges

One of the objectives of this work was to create a dataset that might be
useful for future model validation work. There is an extent to which this
work succeeded at that goal. There is also a degree to which the dataset will
be found to be less than ideal. One challenge to this goal was that at the
time the tests were being performed, there was not any known existing model
that could adequately describe the dynamics of the test. Some models exist
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for composite behavior in fire that include devolatilization, swelling, and
surface reactions. Some models have been presented for thermal reactions
combined with structural response. But the combination of fidelity between
the two types of models has not been seen in any work discovered in the
open literature. We did not have access to a model with fidelity of sufficient
detail to provide much insight into the outcome of these tests. Efforts are
underway to achieve improved modeling capabilities, but at the time at
which the tests were being conducted the capabilities were still too immature
to provide much insight. Because of a lack of maturity, modeling was not
available to provide guidance to the test design effort.

Some positive aspects of this test series include the fact that there are a lot
of conditions and types of panels with quality and repeatable data. Detailed
modeling should be able to discriminate by panel type, and there were three
types of panels with significantly different behavior for each panel type. A
model that is able to capture the four hour and beyond resilience of the
18x24 thick panels, while correctly predicting the approximately one hour
burn-through of the 19x24 thin panels without calibration parameters will
be a good indication that modeling has reached maturity. This finding is
expected to be difficult to replicate with the models, especially since at
present the explanation for these differences is not obvious to the authors.
The fact that this behavior is fairly repeatable lends confidence to the dataset
and to the use of it as a comparison metric. There are other ways in which
these tests are quite repeatable. Times at which flaming, smoking and
movements occur were repeatable to a certain degree, and these can be also
used as excellent target metrics for model validation. Some of the reaction
rate data were also fairly repeatable. Another significant positive is that
there should be enough data to make a detailed comparison for many points
of interest during each test. This means that when making comparisons, the
metric can include not just flaming time and reaction rate, but also
radiometer readings as a function of time on both sides of the panel and
panel motion due to imposed forces over the course of the whole test. It may
thus be easier to distinguish model results that are deemed acceptable for
the wrong reason from those that are acceptable because they are actually
predicting the full dynamics of the test problem.

Aspects of the tests that were not particularly repeatable do not make as
good of comparison points. The shape of the deforming panel in compression
was not particularly repeatable. Since this feature has not yet been reported,
these results are included from visual frames from video cameras in Figure
101. What may be discernable in these is that the ABDR panels under
compression (Test 24 and 27) tended to separate, with the front face bending
towards the heat source and the other two layers bending away. Mixed
results were found from the 18x24 thick panels (Test 26 and 34), as in one
case the panel wrinkled, and the other bent away from the heat source. The
flaming reaction rate was also quite variable, and will be difficult to use as a
comparison metric for model validation.
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Test 24 at 10 min. 41 sec.: Test 26 at 16 min. 31 sec.:

Figure 101. Stills illustrating the shape of the deforming panels under
compression.

The apparent lack of consistency in the oven temperatures was not a desired
feature of these tests; the steady-state oven thermocouple readings varied
over about 200 °C from test to test. This lack of repeatability was somewhat
surprising, as care was taken to provide a fairly constant power to the
heating elements. The reason for this variability is believed to be from
multiple sources. The oven boxes and the rods had finite lifetime, and were
changed out periodically over the course of the tests. These changes were
documented, but would require day-to-day detailed oven performance
characterization to capture the variability caused by this. Rods were subject
to performance degradation with time, manufacturing variability, and daily
configuration. Ovens also had manufacturing variability. We suspect this to
contribute partially to the findings. Another point that may not be
particularly obvious at this point is that the oven thermocouples and oven
temperature may be functionally related to the panel behavior. Take for
example the 18x24 thick panel test in compression, Test 34. This test
exhibited the lowest oven thermocouple temperatures. It also exhibited
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significant bending away from the oven. Also, it can be seen that towards
the end of the tests for ABDR and 19x24 panels where a hole is created that
the oven temperatures drop off. Both of these are indications that the oven
temperature (and consequently thermal boundary condition) was not just
related to the daily variations, but also significantly influenced by the
reaction of the panel. This feed-back between the thermal source and the
panel response is not a desirable feature for modelers, because it creates an
additional complication that may necessitate modeling the oven performance
for a high-fidelity test comparison.

Our interpretation of the oven characterization can be checked by examining
the radiometer and IR camera data. When a hole was fully open through the
panel, the radiometer aimed ' of the panel height from the bottom would
have a direct view to the oven. Peak flux from these openings were typically
in the range of 120-160 kW/m?2 (see Figure 42 and Figure 67). Some
obscuration with the panel back side may inhibit the radiometer from a full
view of the oven in these cases. IR cameras suggest rod temperatures in the
1200-1400°C range, which can be seen in Figure 44 and Figure 69. Oven
temperatures are in the range of 1000-1200°C. Black-body emission from
1000°C corresponds to about 150 kW/m?2, and emission from 1400°C
corresponds to 440 kW/m?2. All this evidence can be viewed as consistent
with the conclusions in regard to Figure 19, namely that the flux to the
panels was oval in shape with peak flux in the range of 200-300 kW /m?Z.
The peak fluxes extracted from the analysis of the plate thermocouple data
are likely higher than actual peaks, but the general magnitude is mostly
consistent with the rest of the findings of the testing. IR images of the back-
side of the panel also help confirm the shape of the thermal profile induced
by the oven being similar to that found in Figure 15, but of higher
magnitude. Even though oven characterization is not ideally represented,
there should be enough information that the test results can still be used for
model simulation comparison. The oven might be directly modeled using
measured thermal data in a validation exercise, rather than applying directly
a flux from a measurement as a boundary condition.
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4 Conclusions

This report documents results from a composite panel decomposition test
series. A unique aspect of the tests is the size of the panels tested, which is
more characteristic of panel sizes that are typically found on aircraft. The
tests were designed to explore the importance of structural loading on the
fire behavior of decomposing composite panels. The data are presented in
detail, so that they may be used in the future to help validate models for
predicting this class of fire. Major findings include:

During early phases of combustion that included flaming, some
relationship was seen between the type of force imposed on the panels
and the decomposition rate. This was most apparent in the 18x24
thick panels, as the tension tests were the only ones to exhibit back-
side flaming that resulted in significantly higher decomposition rates.
Panels deform differently depending on how they are loaded. The
morphology of the deformation may play a role in how they react,
although these tests did not find quantitative evidence.

Two parameters governed post-flaming reaction rates. These were
panel type and oven temperature. Structural loading had no
discernable effect in this phase of the tests, despite the variations in
deformation morphology (i.e., bending inward or outward).

In the fire environment, a panel resists early deformation due to
tension better than compression. Torsional forces imposed in these
tests resulted in the earliest deformations due to the thermal
environment, despite the fact that the torsional force imposed was a
quarter that of the other two types of force.

The glowing reaction rate was about a tenth of that of the flaming
reaction rate for these tests.

The ABDR sandwich panels exhibited significant flaming compared
mass proportionally to the other panels, presumed to be due to the
exposed edges and the flammable internal materials. The fact that the
edges were not closed is an issue with these data, as most aircraft do
not have exposed sandwich material edges.

Structural force combined with fire induced motion that tended to be
gradual with time given the force levels imposed in these tests, and not
rapid or abrupt.

The reflectometer provides data helpful for characterizing the radiation
boundary condition for the panels.

The three panel types tested each performed differently, suggesting
that there are significant effects of panel variations (i.e., epoxy and
fiber grades, lay-up, weave, etc.) on the behavior of composite panels in
a fire. This dataset was not rich enough to be able to quantify these
effects.
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6 Appendix

6.1 Detailed Oven Characterization

The raw thermocouple traces from the plate as described in Section 2.4.3 are
plotted in Figure 102 through Figure 106. These raw readings were used to
deduce the fluxes found in Figure 19. Horizontal positions (columns) were
labeled with letters from A to F with A at the centerline, while vertical
positions (rows) were numbered consecutively with 1 at the bottom. The
oven was hottest at row 2, and showed as does the contour plot that column
A has a lower temperature than column B or C. This suggests that the
contours showing lower heat fluxes near the center of the panel are simply
reflecting the findings of the raw experimental data. This also supports the
notion that the panel distortions and the worn center of the panel lend to the
finding of peak flux about ten centimeters from the center of the oven.
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Figure 102. Oven characterization column A temperatures.

112



Temperature (C)

Temperature (C)

1200 1 1 1 1 1

1000 -

800 -

600 -

400 -

200 A

O T T T T T
0 300 600 900 1200 1500 1800

Time (s)
Figure 103. Oven characterization column B temperatures.
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Figure 104. Oven characterization row 1 temperatures.
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Figure 105. Oven characterization row 2 temperatures.
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Figure 106. Oven characterization row 3 temperatures.
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Some detailed output from the thermal model of the characterization panel
are found in Figure 107 through Figure 112. Flux was averaged from 228 to
506 seconds to generate the plot found earlier in the body of the paper
(Figure 19). The results plotted herein are a product of the model described
previously. It can be seen that many of the thermocouple locations yielded
fairly constant flux over the duration of the time where the oven was
powered. Notice that for the most part, the predictions are moderately
constant for the duration of the event, and that once power is turned off to
the oven that the model appropriately shows flux decreasing back to ambient
flux values.
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Figure 107. Oven characterization column A fluxes.
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Figure 112. Oven characterization row 4 fluxes.

The model used to interpret these data provides a break-down of flux by
mechanism. A detailed break-down of total flux by selected locations has
been plotted, and these are found in Figure 113 through Figure 115. During
heat-up, the sensible flux is high as the energy going into the panel is stored.
Once power is turned off, it gives up the energy. Energy lost to radiation
emission steadily increases during the temperature increase, and falls back
afterwards. The conduction is a complex function of what neighboring
material temperatures are, and exhibits less regular behavior. With the
dynamics occurring in each sub-element class of flux, it is amazing how well
the total flux appears to be flat over the duration of the test given the curved
nature of the constituency fluxes. This provided confidence that the model
had considered appropriately the important transport phenomena.
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6.2Unused Heat Source Characterization

In addition to the oven, two other heat sources were tested. These provided
significant results, and resulted in the wear on the thermocouple plate. The
details of the characterization are not presented herein, but there are two
figures showing the burners shown in Figure 116 and Figure 117. They had
several issues. One was that it is difficult at a significant burn rate to
maintain a constant propane delivery rate. The other was that the oxygen as
measured by a residual gas analyzer at the hot points was close to zero.

Notwithstanding the lack of oxygen and difficulty maintaining consistent flow
for the propane burners, they were tested for performance. A thin wood
panel pre-test took over an hour to burn through with the pipe burner. This
was believed to be due to the insulative char layer formed and lack of
oxidative reactions near this formed layer. Since wood consumes faster than
composite generally speaking, the propane based burners were abandoned in
favor of the oven that was detailed in the body of the report.
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Figure 116. A photograph of the pipe burner.

Figure 117. A photograph of the weed burner.
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6.3 Wood Pre-tests

Many of the pre-tests not fully documented herein were tests of wood panels,
the purpose of which was to work out issues with the test system as a whole.
In many cases, the data from these tests was not useful because the mass
loss measurements were compromised by the panel touching the oven, or the
frame impacting the ground. Three wood panel tests were successfully
performed, and are reported here. Test 23 and 28 were with a mass-mock
OSB panel for the ABDR sandwich panels. Test 36 was a mass mock for the
18x24 thick panels. Results are plotted in Figure 118. The bigger panel took
longer to burn, but in none of these cases were burn times close to those of
the composites.
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Figure 118. Rate of mass change summary data for the OSB wood
panels.

Oven temperature data are plotted in Figure 119. Radiometer data are found
plotted in Figure 120 through Figure 125. These are plotted for comparison
to the composite data. Fluxes were generally higher for the wood, as the
wood tended to burn with flames more readily than the composites.
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Figure 119. Oven temperatures for the OSB wood panel tests.
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Figure 120. Wood panel radiometer readings from the front of the panel
at 0.5 from the bottom.
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Figure 121. Wood panel radiometer readings from the front of the panel
at 0.75 from the bottom.
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Figure 122. Wood panel radiometer readings from the back of the panel
at 0.75 from the bottom.
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Figure 123. Wood panel radiometer readings from the back of the panel
at 0.5 from the bottom.
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Figure 124. Wood panel radiometer readings from the back of the panel
at 0.25 from the bottom.
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Figure 125. Wood panel radiometer readings from the back of the panel
offset at 0.25 from the bottom.
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