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Summary

Following the tragedy of the Orbiter Columbia (STS—107) on February 1, 2003, a major effort
commenced to develop a better understanding of debris impacts and their effect on the space shuttle
subsystems. An initiative to develop and validate physics-based computer models to predict damage from
such impacts was a fundamental component of this effort. To develop the models it was necessary to
physically characterize reinforced carbon-carbon (RCC) along with ice and foam debris materials, which
could shed on ascent and impact the orbiter RCC leading edges. The validated models enabled the launch
system community to use the impact analysis software LS—-DYNA (Livermore Software Technology Corp.)
to predict damage by potential and actual impact events on the orbiter leading edge and nose cap thermal
protection systems.

Validation of the material models was done through a three-level approach: Level 1—fundamental tests
to obtain independent static and dynamic constitutive model properties of materials of interest, Level 2—
subcomponent impact tests to provide highly controlled impact test data for the correlation and validation of
the models, and Level 3—full-scale orbiter leading-edge impact tests to establish the final level of
confidence for the analysis methodology.

This report discusses the Level 2 test program conducted in the NASA Glenn Research Center (GRC)
Ballistic Impact Laboratory with ice projectile impact tests on flat RCC panels, and presents the data
observed. The Level 2 testing consisted of 54 impact tests in the NASA GRC Ballistic Impact Laboratory on
6- by 6-in. and 6- by 12-in. flat plates of RCC and evaluated three types of debris projectiles: single-crystal,
polycrystal, and “soft” ice. These impact tests helped determine the level of damage generated in the RCC
flat plates by each projectile and validated the use of the ice and RCC models for use in LS—-DYNA.

Introduction

On February 1, 2003, the Orbiter Columbia broke apart during reentry resulting in the loss of seven
crewmembers. For the next several months an extensive investigation of the accident ensued, involving a
nationwide team of experts spanning dozens of technical disciplines from NASA, industry, and academia.

The Columbia Accident Investigation Board (CAIB), a group of experts assembled to conduct an
investigation independent of NASA, concluded in August 2003 that the cause of the loss of Columbia and
its crew was a breach in the left-wing leading-edge reinforced carbon-carbon (RCC) thermal protection
system initiated by the impact of thermal insulating foam that had separated from the orbiter’s external fuel
tank 81 seconds into that mission’s launch. During reentry, this breach allowed superheated air to penetrate
behind the leading edge and erode the aluminum structure of the left wing, which ultimately led to the
breakup of the orbiter.

The CAIB report (ref. 1) made over two dozen recommendations to increase the overall safety of the
shuttle for future launches. Prior to the Columbia accident, there were no sophisticated analysis tools in
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existence to reliably quantify the debris impact damage threat to the shuttle system. As a consequence,
CAIB recommendation R3.8-2 directed NASA to “Develop, validate, and maintain physics-based
computer models to evaluate thermal protection system damage from debris impacts. These tools should
provide realistic and timely estimates of any impact damage from possible debris from any source that
may ultimately impact the orbiter. Establish impact damage thresholds that trigger responsive corrective
action, such as on-orbit inspection and repair, when indicated.” In response to R3.8-2, an Agency debris
assessment team, often informally referred to as the DYNA team, consisting of members from Glenn
Research Center (GRC), Langley Research Center (LaRC), Johnson Space Center (JSC), and Boeing, was
assembled to develop such a tool using LS-DYNA (ref. 2). LS—-DYNA is a commercial finite element
code that utilizes an explicit formulation (as opposed to the more common implicit formulation) to predict
a wide range of transient dynamic phenomena.

As a critical path element of NASA’s Return to Flight Program for the STS—114 mission, the primary
objectives set for the DYNA team were to develop analysis models for potential debris and RCC
materials. RCC is used as the thermal protection system on the orbiter leading edge and nose cap. To
address these objectives, the team established a three-level approach: (1) fundamental tests to obtain
independent static and dynamic constitutive model properties of materials of interest, (2) subcomponent
impact tests to provide highly controlled impact test data for the correlation and validation of the models,
and (3) full-scale impact tests to establish the final level of confidence for the analysis methodology. The
debris materials under primary consideration were external tank thermal protection foams BX-265 and
PDL, and ice, which also might shed off of the external tank.

All of the Level 2 impact testing for this program was conducted at the NASA GRC Ballistic Impact
Laboratory in Cleveland, Ohio. The objective of this report is to provide details of the Level 2 ice impact
test program and the experimental facilities used to conduct the tests, and present the observed data in an
organized form (apps. A through E) for the Space Shuttle Program. Although there are a number of noted
observations made about some of the data throughout, it is beyond the scope of this report to draw any
technical conclusions about what is presented. For the Return to Flight program, both external tank foam
and ice were tested on RCC. This report covers the ice impact testing program, and the foam testing
program is covered in reference 3. Although this report is largely comprehensive in outlining the details
and procedures of the actual testing, a complete description can be obtained in the Orbiter RCC Flat Panel
Impact Testing Plan (ref. 4).

Test Program

Program Objectives

Initially, the objective of the ice impact test program was to establish projectile velocities for high-
and low-density ice types at a fixed size and shape that initiate the threshold of visual damage on simply
supported 6- by 6-in. and 6- by 12-in. flat RCC panels at impact angles of 90° and 45°. However, as
shuttle program requirements evolved, the focus changed to include establishing thresholds for damage
detectable by nondestructive evaluation (NDE) with ultrasound and pulse thermography. In addition,
RCC panel deformations were to be measured with a three-dimensional image correlation (digital
photogrammetry) deformation measurement system throughout the entire spectrum of impact velocities
for each test series. Observations made during each test were used to corroborate the validity of
LS-DYNA deformation and damage RCC and projectile constitutive models to reliably predict actual or
potential threats to the Space Shuttle Orbiter.

Test Series Description

The external tank ice impact testing was divided into five series: high-density ice on 6- by 6-in.
panels at 90° and 45° impact angles, high-density ice on 6- by 12-in. panels at 90° and 45° impact angles,
and low-density ice on 6- by 6-in. panels at a 90° impact angle.
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Each RCC flat panel was visually inspected before and after each impact test to provide an indication
of coating loss (spalling) due to the impact event. A second objective of this visual examination was to
provide guidance for how to proceed with NDE inspection, which was performed on all posttest panels
along with studio digital photography.

Success Criteria

A GRC quality assurance (QA) officer was present and provided QA and configuration control for all
tests. The QA officer verified all test plan requirement compliance and ensured that the resulting test data
sheets were accurate and complete and that all success criteria were met for each test.

Each individual test was deemed successful provided that the projectile remained intact upon exit of
the gun barrel and prior to impact on the RCC target panel and that interpretable high-speed digital video
was acquired from the Vision Research Phantom (Vision Research, Inc.) cameras for velocity and
deformation measurements. In addition, it was highly desirable that each of the following parameters
were met:

e All projectile impact velocity parameters called for in this plan were kept within £20 ft/s
(as measured from digital high-speed video)

e Projectile impacted the expected target area within 0.25 in.

e Projectile rotational motion at impact was <5°, as determined by engineering review of video imagery
after each shot
Vacuum of 0.240.1 psi was maintained in test chamber for each test

e Load cell response data was not compromised by any extraneous vibratory loads independent of the
projectile impact event

Test Facilities

All of the Level 2 RCC impact tests were conducted in the large vacuum gun (fig. 1) at the NASA GRC
Ballistic Impact Laboratory in Cleveland, Ohio. The large vacuum gun is a single-stage compressed helium
type with a 0.33 ft’ pressure vessel. Barrels from 12 to 25 ft long, and inner diameters of 1.25 to 1.5 in.,
were fit to the chamber, depending on the velocity and projectile requirements for each test.

The large vacuum chamber has an inside dimension of 5 by 4 by 4 ft. It currently has provisions for
16 instrumentation feedthroughs. Viewing access ports on the front, side, top, and back allow for photo
instrumentation with high-speed digital cameras. Four 120-V feedthroughs provide power for high-
intensity lighting inside the chamber required for the high-speed digital imagery. The barrels for the large
vacuum gun protrude into the vacuum chamber via a plate attachment that creates a circular opening with
an o-ring seal to the chamber. Each barrel (with its own plate attachment) used with the vacuum chambers
fits snugly against the o-ring to seal it with the chamber itself. This gun utilizes a Mylar (DuPont) burst
disk system to release the helium propellant gas. The burst disk is in contact with an electronically heated
nichrome wire, which melts the Mylar, releasing the propellant. Impact tests are conducted by
simultaneously drawing a vacuum in the vacuum chamber and behind the projectile, to avoid pulling the
projectile down the gun barrel prior to shooting.

Experimental Fixtures

Panel fixtures and mounts made from aluminum were fabricated for use in the large vacuum chamber
to hold the RCC panels at 90° and 45° to the axis of the gun barrel. The construction was designed to be
massive, as well as stiff, to minimize structural ringing due to the impacts, which could adversely affect
load cell and deformation data. Figure 2 shows the panel fixture and mounts of the inside of the large
vacuum chamber in its 45° configuration, with the lighting system on and the high-speed cameras in
place. The side of the panel fixture, shown in figures 3 and 4, is called out in the photograph.
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Figure 1.—Large vacuum gun with 2-in. barrel.
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Figure 2.—Reinforced carbon-carbon (RCC) flat panel fixture assembly mounted in a
large vacuum chamber for 45° impact tests.
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Figure 3.—Overview of reinforced carbon-carbon (RCC) flat panel
holder fixture with load cells at corners (depicted upside down
from actual testing orientation).
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Figure 4 —Exploded view of reinforced carbon-carbon (RCC) flat panel
holder fixture (depicted upside down from actual testing orientation).
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Alignment of the test article with respect to the gun barrel shot line was accomplished through the use
of a center-bore laser alignment tool inserted in the barrel such that the laser beam represented the
centerpoint axis of the gun. The beam projected onto the test targets and was used to establish the correct
fixture alignments and aim points for any given test conditions.

Two panel fixtures were fabricated to accommodate the 6- by 6-in. and 6- by 12-in. RCC panels.
Figures 3 and 4 depict the 6- by 6-in. fixture with a panel in assembled and exploded views, respectively.
Load cells, discussed in the next section, are shown at the corners of the fixture. The 6- by 6-in. panels
were simply supported on all four edges in their mounts by being clamped in the frame between half-
round aluminum bar stock around the complete perimeter of the panels and secured by nine bolts torqued
to 8 in.-1b using a calibrated torque wrench. This torque limit was established with a study to establish the
safe clamping pressure without crushing the RCC material or coating. The 6- by 12-in. panels were only
restrained (simply supported) on the 6-in. edges at the same torque limit. The frames were designed to
contact the RCC panels just inside of each panel edge. Hence, the actual distance between the centerlines
of the half-round aluminum bar supports was 5 7/8 in.> for the 6- by 6-in. frame, and 11 7/8 in. for the 6-
by 12-in. frame.

Instrumentation and Data Acquisition System

Load-time histories in three directions (one axial or normal and two shear to the panel face) were
acquired from four piezoelectric three-axis load cells for each test by using load cells mounted in the
fixture used to hold the flat panels. The fixture had a load cell mounted at each corner of the target panels
shown in figures 3 and 4. Measurements taken from the load cells were averaged and filtered to obtain
force time histories of each impact event.

The load cells were Kistler Model 9067 piezoelectric three-axis load washers (Kistler). They have a
measurement range of £10 000 Ib in the normal axis and £4500 Ib in two shear directions. The load cell
sensitivities are 17 picocoulomb/lb in the normal direction and 35 picocoulomb/Ib in the shear direction.
At the onset of the test program, the full usefulness of the load cell data had yet to be identified, and it
was recorded for each test because it was relatively straightforward to do so. However, because of the
complex dynamic response of the overall large vacuum gun test structure, the load cell data did not
accurately represent the impact loads on the RCC and ultimately were not used for validating the
LS-DYNA models. Consequently, load cell data are not presented or discussed further in this report.

Accelerometers were attached at several locations on the test frame in the large vacuum gun to
identify and resolve potential response anomalies from the impact tests as well as quantify the degree of
movement that the test frame experienced. Fortunately, there were no anomalies that arose during the
entire ice test series, and the test frame displacements were within an expected range.

The application of strain gages to the RCC panels was considered initially as the plan for this test
program was being developed; however, it was determined that strain gage data on RCC could be
misleading and of low quality. This was established through laboratory level tests, which indicated that
strain gages produce erratic data largely due to the craze cracking of the silicon carbide (SiC) coating on
the panels. The full-field three-dimensional deformation measurements taken with the ARAMIS system
(discussed below) ultimately provided full-field strain data that was of high value to the validation effort.

Two data acquisition systems were utilized to record signals from the load cells and accelerometers
during testing: The first was a Spectral Dynamics model VX2805D 8-channel, 16-bit, 5S-Msample/s/
channel system with signal conditioning capabilities. The second was an I0tech WaveBook 516E, 16-bit,
1-Msample/s system with eight analog input channels, eight strain gage conditioning channels, and eight
ICP sensor channels. Dual-mode Kistler model 5010B charge amps were used to power the load cells.

High-Speed Cameras

High-speed digital Phantom cameras were used to document each impact test. For the majority of the
program, both Phantom 5 and Phantom 7 cameras from Vision Research (ref. 5) were used and for a
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select number of tests, Photron (ref. 6) FASTCAMS were used. The cameras measured projectile velocity
and captured the damage and deformation dynamics resulting in each test in addition to being utilized
with the three-dimensional displacement measurement system. Typically, five high-speed cameras would
document one of these impact tests.

Various resolutions and frame rates were used depending on the requirements for each test as there is
a direct tradeoff between frame rates and image resolution with the Phantom cameras. Higher frame rates
result in lower resolution images. Typically frame rates of around 29 000 frames per second or more were
used during these tests at resolutions of 256 by 256 or 256 by 128 pixels. It was a test goal to have
exposure times of 2 to 20 us (driven by light and viewing angle) to try to limit motion blur to 2 pixels.

The Phantom cameras record a continuous 1- to 2-s loop on an internal memory chip until stopped
and do not require a trigger system to start recording. They are triggered manually to stop data acquisition
at the sound of the gun blast, thus capturing the impact event in its entirety. Once the cameras were
triggered, all of the recorded information was downloaded to laptop computers. All high-speed video
captured in this test program has been archived by the Shuttle Program at JSC and is easily accessible for
viewing to the interested reader (contacts: Justin Kerr or Jim Hyde).

Optical Full-Field Three-Dimensional Displacement Image Correlation Measurement System

Deformation and computed strains of the back side (opposite of the impact side) of the RCC panels
were obtained using the ARAMIS system built by GOM mbH (ref. 7) acquired from Trilion Optical Test
Systems (refs. 8 to 10). ARAMIS is a three-dimensional image correlation photogrammetry system that
captures full-field displacement measurements under static, quasi-static, and ballistic impact loading.

The system works off image pairs taken simultaneously with two Phantom 7 cameras set up on a
fixed beam, which viewed the back of the RCC panels undergoing impact. The image pairs were taken at
37.17 increments (~27 000 frames/s). The camera pair was set up outside the large vacuum chamber for
the 90° impact tests and inside the chamber for the 45° tests. Inside mounting was necessary for the 45°
tests to optimize the view of the panel backs. The outside mount configuration is shown in figure 5.

Figure 5.—ARAMIS Three-Dimensional Deformation/Strain Measurement System
shown with static camera assembly setup at large vacuum-gun viewing ports.
Inset in lower right corner depicts paint pattern on the back of a reinforced
carbon-carbon panel.
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In order for the ARAMIS system to make its measurements, a painted speckle or spot pattern must be
applied to the field area of interest. The back side of each panel was painted before the impact testing was
performed. Testing was performed on small samples of RCC that were painted for use with the ARAMIS
system. A scanning electron microscope was used to confirm that the paint did not excessively wick into
the RCC panels and potentially change the RCC material performance and NDE techniques or flash
thermography, and ultrasound tests revealed no adverse interference or artifacts due to the speckled paint
pattern on the back side of the panels. The speckled pattern can be seen on the postimpact photographs in
the appendices of this report. As the test program proceeded, an optimum paint pattern was adapted going
from a “spatter” pattern to a pattern spray painted through a uniform stencil. This accounts for the two
types of patterns seen in the photographs. The paint patterns were created by applying paint to the back of
each test panel in two layers. The first layer is white paint that has a high reflectivity rating followed by
black spray paint applied in a random speckle pattern or through the stencil. The inset in the lower right-
hand corner of figure 5 shows the uniform paint pattern on the back of an RCC panel.

Using photogrammetric principles, the three-dimensional coordinates of the surface of the specimen
can be calculated precisely from observing the paint pattern from two known points of view. On the basis
of the three-dimensional coordinates, the three-dimensional displacements, the strains, and shape of the
specimen were calculated with a high degree of accuracy and resolution. The results can be rapidly
postprocessed after each test and visualized in similar fashion to finite element results. Three types of
ARAMIS output are presented in the appendices of this report: displacement cross sections at various
times on a panel, centerpoint displacements as a function of time, and a full-field color displacement
fringe plot at maximum displacement of each panel. An example of these plots is shown in figure 6.
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between lines . Impact velocity = 1267 ft/sec
0.275 1 ~2cC 208 £ 0200 Average plate thickness = 0.220 in.
c 052 _ N 0160  Panel 26-3
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Figure 6.—Example output plots from the ARAMIS displacement measurement system. (a) Displacement countour
plot. (b) Centerpoint displacement plot. (c) Displacement fringe plot.
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Velocity Measurement

Posttest evaluation of the high-speed Phantom camera video established impact velocities for each
test as well as provided verification of projectile integrity and orientation in flight.

To set up for obtaining projectile velocities, a camera was mounted orthogonal to the path of the
projectile and a calibration bar was seated in the end gun barrel and projected into the test chamber along
the centerline axis of the barrel. The calibration bar had precisely machined markings 0.5 in. apart on a
section the same diameter as the ice projectiles to be shot. Given this device with known markings in the
same plane of the projectile’s motion, the relationship between physical distance in the plane of the
projectile’s trajectory and camera screen pixels was determined. The impact velocity of a projectile in a
given test was then calculated from the following equation:

V, =SF><PIX><B
NF

where V), is the velocity of the projectile, SF is the scaling factor in units of length per pixel, PIX is the
number of pixels a mark on the projectile travels in a given number of frames (NF), and FR is the frame
rate.

Pretest and Posttest RCC Panel Observations
Material Pedigrees

RCC Panel Pedigree and Fabrication

The RCC material used in this ice impact test program was obtained from Lockheed Martin Missiles
and Fire Control in Dallas, Texas, through the Shuttle Program Office. Typically, the material was
provided as-manufactured in 12- by 12-in. panels, with full traceability documentation, and cut to 6- by 6-
in. or 6- by 12-in. sizes at Southern Research Institute (SRI) in Birmingham, Alabama. The cut plan for
the panels is discussed in appendix C of reference 4. In addition, it should be noted that because of
material loss during the cutting process, the panels were delivered to GRC nominally at 5.9 by 5.9 in. and
5.9 by 11.9 in. but are referred to in whole numbers for easier referencing. SRI supported a significant
number of engineering efforts relating to the RCC material studies. Much of this work was
complimentary and of great use to the LS—-DYNA RCC constitutive model development.

Final reports from two of these studies may be of noteworthy interest to those reading this report.
“Silicon Carbide Thickness Measurements of Various RCC Panels and Plates” (ref. 11) provides further
detail on the panels tested in this report. “Correlation of RCC Substrate Properties” (ref. 12) reveals more
on the weighted contributions of substrate RCC properties to the overall properties of coated RCC panels.
In addition, it should be noted that significant work also was performed to obtain static and dynamic
mechanical properties of the RCC material and is presented in references 13 and 14.

RCC material pedigrees to be used in this test program were identified through shipping documents
that accompanied the deliveries to GRC. Reference to relevant shipping documents was recorded by the
quality officer for each test to ensure traceability. For the purpose of identifying test panels, each flat
panel was labeled with the unique identifier relating to the 12- by 12-in. parent panel and then assigned an
additional number identifying the order in which it was cut from the parent panel. The application of this
numbering scheme can be seen in the tables at the beginning of each appendix under the first column
labeled “Test No.” Expanding upon this, a test number identifier was assigned to each test which
incorporated the assigned panel numbers. It included the test number (counted sequentially), the angle of
impact, and the projectile material. An example of the flat panel test identification is given in figure 7.
This example identifies the first impact test in the RCC impact testing was performed on subpanel 1 cut
from parent T8015 and shot with BX-265 at a 90° impact angle. It should be noted that the NASA GRC
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1-90-T801501 -01

I Test run number I

I Parent 12- by 12-in. panel identifier I

| Angle of impact (90 = 90°, 45 = 45°) |

Material used for impact test
(1 = BX-265, 2 = ice, 3 = ablator, 4 = PDL-1034)

Figure 7.—Test numbering scheme for reinforced carbon-carbon flat panel impact tests.

Ballistic Impact Laboratory maintained its own test numbering scheme along with the aforementioned
one. Test numbers were assigned sequentially after the prefix GRCC. It is presented in the appendices for
clarity and completeness as the numbering used for the data archives follows this format.

Ice Pedigree and Fabrication

In the planning stages of the Level 2 ice impact tests, it was established that two types of ice would be
used for projectiles. High-density ice or “hard” ice and a lower density ice or “soft” ice. Ice can form on
the external tank with a wide latitude of densities and character. The assumption was that high-density ice
would provide a worst case from a potential damage perspective to the RCC, and the soft ice would
represent a more typical density observed to form on the external tank.

The hard ice was clear (no air bubbles) ice manufactured by Ice Culture, Inc. in Hensall, Ontario,
Canada. Ice Culture, which traditionally manufactures ice sculptures for entertainment events, was chosen
as the vendor because of their ability to manufacture cylindrical ice projectiles to within NASA’s
specifications using a computer numerically controlled milling machine. Each hard ice cylindrical
projectile was nominally 1.66 in. long by 0.67 in. in diameter at a nominal density of 57.3 Ib/ft’.

The soft ice cylindrical projectiles were manufactured at JSC using shaved ice. These projectiles were
1.9 in. long by 0.8 in. in diameter at an average density of 37.3 Ib/ft’. The cylinders were made by
“shaving” typical freezer ice in a children’s snow cone machine in a controlled freezer room. For each
piece, approximately 9.5 g of shaved ice was tapped into cylindrical molds, cut to projectile dimensions,
with a mandrel (tapping in incremental amounts of the ice over several steps) to obtain as uniform density
as possible. The individuals involved with the procedures and manufacture of these projectiles perfected
their abilities to repeatedly deliver high-quality test articles within specifications for the ballistic and
materials testing.

Ice can form in a very wide variety of types and structures, hence, detailed characterization of all ice
specimens used for this test program was performed to ensure consistency from projectile to projectile.
This was done under NASA contract at Dartmouth University in Hanover, New Hampshire. In the case of
hard ice, both single-crystal and poly-crystal ice specimens were selected for testing from hundreds of
specimens sent to them from Ice Culture. As seen in the testing documents, the majority of projectiles
were poly-crystal. In addition to impact test projectiles, Dartmouth also screened ice specimens for
mechanical properties tests to develop and validate the LS—-DYNA models. References 25 through 28 and
13 provide details of the ice characterization and model development efforts to the interested reader.

Digital Photography

Digital photographs were taken of the front, back, and all four edges of each RCC panel both before
and after impact testing to document any changes in the panel condition after testing. All of the posttest

NASA/TM—2009-213641 10



images are presented in this report for each panel. Both pretest and posttest images have been archived in
digital form by the Shuttle Program and are easily accessible to the interested reader (contacts: Justin Kerr
or Jim Hyde). In addition, these photographs have been all assigned GRC C-numbers (seen in the lower
right-hand corner of the appendices images) and will remain in the GRC archives, accessible through the
GRC Imaging Technology Center.

Nondestructive Evaluation

NDE was performed on each RCC panel before and after testing to baseline the specimens and to
evaluate the damage due to impact. The NDE not only characterized any damage due to the impact
testing, but the findings from each panel’s evaluation helped define the parameters of the panel testing to
follow. All NDE outlined in this report was performed by the NDE group at GRC. Two NDE methods
will be utilized for this program: pulse or flash thermography, and through-transmission ultrasound.

Pulse, or flash, thermography involves the heating of a specimen with a short duration pulse of energy
and monitoring the transient thermal response of the surface of the specimen with an infrared camera. The
thermal energy on the surface conducts into the cooler interior of the sample. In turn, there is a reduction
of the surface temperature over time. This surface cooling will occur in a uniform manner as long as the
material properties are consistent throughout the specimen. Subsurface defects that possess different
material properties (e.g., thermal conductivity, density, or heat capacity) will affect the flow of heat in
that particular region. This resistance in the conductive path causes a different cooling rate at the surface
directly above the defect, when compared to the surrounding, defect-free material. The change in the
subsurface conduction is seen as a nonuniform surface temperature profile as a function of time. Since the
method depends on the interaction of the defect with the advancing thermal front, defects that are located
at greater depths will show up later. Because of lateral diffusion, deeper defects will tend to have less
contrast than near-surface flaws. Therefore, the critical flaw size capability of a thermographic inspection
system is a function of the defect size, depth, and the material properties of the component being tested.
Analysis of thermographic data involves examination of images based on the temperature-time data or
derivatives calculated from the original data sets. Anomalous areas can then be identified based on
deviations in the cooling behavior. Figure 8 (right) shows the thermal imaging setup used to conduct
pulse thermography with an example output image.

|

Figure 8.—Nondestructive evaluation facilities at Glenn Research Center: through-transmission ultrasonic
immersion tank with reinforced carbon-carbon panel undergoing scanning (left) and thermal imaging setup
to perform pulse thermography (right). Insets in the left corners of each photo depict sample output from
each technique.
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Through-transmission ultrasonic inspection utilizes two transducers, placed on opposite sides of a
material for interrogation. One transducer sends an ultrasonic pulse through the material where it is
received by the second. In scanning mode, the transducer pair is moved across the area of interest, and an
image based on the amplitude of the received waveform is generated. Defects and other significant
variations will result in the additional attenuation and scattering of the ultrasonic signal as it passes
through the material, thus reducing the signal amplitude. Flaws are located in the image based on this
decrease in signal amplitude. Minimum flaw resolution is a function of the wavelength of the ultrasonic
signal flaw orientation. Resolution, in general, increases with increasing frequency. Figure 8 (left) shows
the immersion ultrasonic tank and relevant hardware to perform the through-transmission ultrasonic
inspection with a sample image.

Through-transmission ultrasound evaluation will require that the RCC panels be immersed in water
during the scanning process. Each RCC panel was weighed before each scan and then vacuum dried until
the after-scan weight is that of the initial weight to ensure that all water absorbed from the immersion was
removed from the panel. The vacuum drying process was accomplished referencing SRI standard
specification for drying RCC panels. This specification used 180 °F heat while pulling a vacuum of
approximately 107 torr. The weight of the flat panel was monitored until stabilization occurred.

Testing Summaries

Below are brief summaries of the ice impact test program as organized into impact angle and ice
projectile type. Comprehensive data sets reside in each of the six appendices in the back of this report.

High-Density Ice on 6- by 6-in. Reinforced Carbon-Carbon (RCC) Panels at 90°
Impact Angle (Appendix A)

Twenty shots were conducted in this test series with impact velocities ranging from 240 to
641 ft/s. Sixteen of the tests used poly-crystal ice projectiles and four with single-crystal projectiles. The
RCC material for this test series was tested in the as-manufactured condition.

High-Density Ice on 6- by 6-in. Reinforced Carbon-Carbon (RCC) Panels at 45°
Impact Angle (Appendix B)

Thirteen shots were conducted in this test series with impact velocities ranging from 429 to
858 ft/s. All projectiles used poly-crystal ice. The RCC material for this test series was tested in the as-
manufactured condition.

High-Density Ice on 6- by 12-in. Reinforced Carbon-Carbon (RCC) Panels at 90°
Impact Angle (Appendix C)

Five shots were conducted in this test series with impact velocities ranging from 265 to 616 ft/s. All
shots used poly-crystal ice projectiles with the exception of the first test in the series that was single-
crystal. The RCC material for this test series was tested in the as-manufactured condition. All of the 6- by
12-in. panel tests were only simply supported on two ends. As a consequence, the wave propagation in
these panels were dramatically different and less controlled and damped than in the 6- by 6-in. panels,
which were supported on all four edges. The impact response of the 6- by 12-in. panels showed additional
modes of vibration that are identified in the ARAMIS data presented in the appendix.
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High-Density Ice on 6- by 12-in. Reinforced Carbon-Carbon (RCC) Panels at 45°
Impact Angle (Appendix D)

Six shots were conducted in this test series with impact velocities ranging from 493 to 809 ft/s. All
shots used poly-crystal ice projectiles. The RCC material for this test series was tested in the as-
manufactured condition. All of the 6- by 12-in. panel tests were only simply supported on two ends. As a
consequence, the wave propagation in these panels were dramatically different and less controlled and
damped than in the 6- by 6-in. panels which were supported on all four edges. The impact response of the
6- by 12-in. panels showed additional modes of vibration which are identified in the ARAMIS data
presented in the appendix.

Low-Density Ice on 6- by 6-in. Reinforced Carbon-Carbon (RCC) Panels at 90°
Impact Angle (Appendix E)

Ten shots were conducted in this test series on nine RCC panels with impact velocities ranging from
431 to 612 ft/s. Panel 64-3 was shot twice in GRCC144 and GRCC151. This was a consequence of the
panel being deemed “undamaged” in GRCC144 making it available for additional testing. The RCC
material for this test series was tested in the as-manufactured condition. Low-density ice projectiles,
manufactured at JSC, were used for each of these 10 tests.

Concluding Remarks

The Level 2 reinforced carbon-carbon (RCC) flat panel impact test program at the NASA Glenn
Research Center Ballistic Impact Laboratory was successfully completed on time supporting NASA’s
Return to Flight with the STS—114 mission. The data in the appendices of this report present the results
from 54 ice projectile impact tests, which were used to demonstrate the validity of ice and RCC models
developed and implemented in the LS—DYNA impact analysis program. As a point of interest, the final
validation step of the LS—-DYNA models was through correlation with observations from follow-on full-
scale orbiter wing leading edge and nose cap impact tests performed at Southwest Research Institute
(SwRI).

In preparation for the STS—114 launch, virtually hundreds of analyses with LS-DYNA were
performed to establish certified impact damage thresholds for RCC thermal protection systems on the
orbiter helping to recertify the shuttle system for flight. For the interested reader, references 15 through 25
provide additional details on much of the analysis development process with LS—DYNA, and references
26 through 28 highlight the efforts performed to evaluate ice impacts on RCC. Reference 3 is the
companion report that provides all of the postimpact test data on the RCC panels from the external tank
foam test program.
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Appendixes

Data from the external tank foam impact tests are presented in the following five appendixes
(A through E) as follows:

Appendix A—High-Density Ice Impact Testing at 90° Angle on 6- by 6-in. Reinforced Carbon-
Carbon (RCC) Flat Panels

Appendix B—High-Density Ice Impact Testing at 45° Angle on 6- by 6-in. Reinforced Carbon-
Carbon (RCC) Flat Panels

Appendix C—High-Density Ice Impact Testing at 90° Angle on 6- by 12-in. Reinforced Carbon-
Carbon (RCC) Flat Panels

Appendix D—High-Density Ice Impact Testing at 45° Angle on 6- by 12-in. Reinforced Carbon-
Carbon (RCC) Flat Panels

Appendix E—Low-Density Ice Impact Testing at 90° Angle on 6- by 6-in. Reinforced Carbon-
Carbon Flat Panels

In each appendix, the data are organized in the following fashion:

1.
2.

A table summarizing the appendix test series.

Baseline and posttest imagery from ultrasound and thermography nondestructive evaluations
arranged in order of ascending impact velocities. (It should be noted that in the thermography
imagery, black spots appear in the upper left or right corners of the panels. This is an artifact of
the fixturing to hold the panels during evaluation.)

Displacement contours output from ARAMIS showing the displacements along a cross-sectional
line on the back of the panels at uniform increments of time as the panels were impacted. Note
the sectional line for the 6- by 12-in. panels were taken along the long edge of the panels.
Displacement trace plots output from ARAMIS of the panel centerpoints as a function of time.
ARAMIS full-field color fringe plots taken from the point of maximum displacement of the panel
resulting from the impact. (Note that in some of these plots, coating loss on the back side of the
panels obscured ARAMIS from measuring accurate displacements. In these cases, the plots
shown were selected just before or after failure of the panels. Knowing maximum displacement
for a panel subject to failure is less meaningful for analysis correlation since the structure of the
panel is compromised.)

High-resolution digital photography of each panel show front, back, and edge composite views as
well as isometric views of both front and back of each panel.
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Appendix A.—High-Density Ice Impact Testing at 90° Angle on 6- by 6-in.
Reinforced Carbon-Carbon (RCC) Flat Panels

Notable Observations From the Appendix A Test Series

1. The last four panels tested in this series (GRCC 139, 141, 142, and 143) were tested with single-

crystal ice.
2. ARAMIS data existed for nearly all ice impact tests, but are not presented when considered to be

uninterpretable.

NASA/TM—2009-213641 15



OL¥5-EL B3 SFELL FLE'S95 930 £99'1 58 SO'EGL £9'302 a|duies niyy ajoy EEZD b-¥3 695 GELD2HD MO~ LFS06-C
CHSEL 8T SIFELSL 00895 £99°0 199°L 558 FZ'502 £5'502 gs0| Buieod yaeqauol 4 0520 54 aes EFLI0HD ¥0-259-06-C
SHEEL 8 SIFELSL BEE'9S 2390 aciy ar's 81'802 96°40C afiewep apis yoeg/oe4D U4 9570 -89 215 ZF LoD E0-159-06-C
Bx5ElL 8 SIVELL 56195 5330 199°L 158 co'i0c 7480z | s30| Bulend spisyIeq aeld junig 6720 [ rar LFL2DHD Z0-2F3067T
S|suied uod.aed-uoqied paliojuiay .9 X .0 U0 sia)slleled )sal .—UMEE_ mm_\_m_m_n_ 06 891 _w.—mh._o m_m:_m b_m:m_n_ .._m__._
Py t= i ] FOSLA0L | BERES 490 991 06 Fr o061 18Z0z [Bued jo 48jusa ruyj ajoy 0ZZ0 LEL 173 9502249 LO-LEL-O5-E
Chdd-LL e yOvELAaOL VEL2S ¥290 6591 0488 58261 LATLOE 50| Buieod 3aeqauol 4 0zz'o ol 215 [Fineel. D] 90-Zr 1062
El¥d-LL e FOBLAOL | ELLBS 8390 6591 0468 S5'E02 S0v02 gs0| Buieod yaeqauol 4 0zz'0 FEl LS F3020H5 ¥O-FEL-06-C
T HdEL B oL L 621745 2390 5591 558 FELLE Z5LLE slewep apisyoeg ZZz’0 L-SF 605 FLLOOHD LT 5F06T
EZHAEL B POl 29145 82330 sy Fi'8 Fr i oy e afiewep apis yaeq pue o4 [ £5r 105 9112249 BC-ESF-06T
Bl-¥d-El @3 FOELL B82S 9390 99l 148 9.'661 aL'iog sBEwIER RIS HIEQ PUE JUDI4 0zz'0 ¥-0Z 26l ELLDOHD 9-F0-06C
SHd-lL 8 FOELAOL | SE0'ES 5990 £99°) 0958 91’502 SFrOC sdiya-y2eq uo sso| Buen) EZZ0 ¥l SEY [Fivgielala] 80-FFI-06-C
Ob-xd-LL e FOELAOL | EFOBS L4S0 £99° 0958 CE'Z0C £E'Z0C ss0| Bugenayaliewep apisyoeg EZZ0 £l SEY 2400749 LO0EFIOET
9L-¥d-LL B9l FOELA0L | BFE'ES 2990 259 005’8 54661 21661 suieapul ueayiulls opy 0zz'0 4l D6t 24002049 LL-ESL-05-C
FZRdEL B3 PO L [STaraas] 8590 991 ar's 62°0LC ¥Zole sso| Bugenayaliewep apisyoeq EZZ0 =iy Gy 5112049 BC-ESv-06-C
[ayt=l ] FOBLAOL | ZFELS £490 39l 018’8 FZ'00C LB'EEL ss0| Buigena apis yoeg Lz L ¥l 38y 0002049 SO-I¥ 06T
[ Set= R FOELAOL | BZYLS 1490 099l 0288 55102 L6002 sunieapul ueayiulls opy Zz’0 -9l ¥y FLO020HD 60-191-06-C
Sl¥d-LL @A FOELAOL | 9ZE'BS 6390 £99°) 0568 SE'EDC 8702 suniedipul ueayufils opy 0ZZ'0 -4l Liv 500049 OL-291-06-C
Hd-1L 8T FOBLAOL | FETLS 5490 accy ors's 84708 Zl'Z0g {sdiya 7] ¥aeq uo sso| Bugen) EZZ0 el Bey 8300049 EO0-EEI-06C
Ed-lL 8l FOSLAOL | 9FS'ES 2990 799l OFe'8 S6'¥0C 0402 suoleapul ueayiulis op 5770 el 062 28022045 Z0-ZEL-06C
[y =l ] FOELAOL | BES'BS 2390 199°L 0os's 19710z 8110z sunedIpul ueayufils opy 2120 ¥4l ore 8002049 Zl-F9l-06-C
(swiedd) | (swesd) [sayaur
A0 {un 158] 158} alojeq SSAUNIIYL [2asm) laquinpy
Ausuaq | Jelewel] (un yibuaT () ssep  Jeye jaued  |aued |Jaue4 Jaquinp | AN20les, | edualalEy
laquing) ) 8piaslong | elegisal | apoelong | appalug | appalolg | apgaslolg | o ssel |0 ssER suonedasq afiewe |ensis, sfelany | | |aueq | oedwy | 1s8] uua|g "op) 158

sjaued uogled-uoqies pallojuidy .0 X .0 Uo siajaweled 1sal joedw| aaibaq 06 321 leisAid-Alod Ausuaq ybiH

SALIdG 1S9, V xipudddy

16

NASA/TM—2009-213641



NDE From 90 Degree Impact Tests with High Density Poly Crystal Ice on 6”x 6” RCC Panels

Velocity Thermography Ultrasound
& ID Numbers Baseline Post Test Baseline Post Test

240 ft/sec

Glenn Test GRCC 78
NASA #2-90-164-12
Panel 16-4

Avg. Thickness 0.217”

290 ft/sec

Glenn Test GRCC 67
NASA #2-90-132-02
Panel 13-2

Avg. Thickness 0.225”

438 ft/sec

Glenn Test GRCC 68
NASA #2-90-133-03
Panel 13-3

Avg. Thickness 0.223"

471 ft/sec

Glenn Test GRCC 75
NASA #2-90-162-10
Panel 16-2

Avg. Thickness 0.220"

474 ftisec

Glenn Test GRCC 74
NASA #2-90-161-09
Panel 16-1

Avg. Thickness 0.222"

486 ft/sec

Glenn Test GRCC 70
NASA #2-90-141-05
Panel 14-1

Avg. Thickness 0.221”

489 ft/sec

Glenn Test GRCC 115
NASA #2-90-452-28
Panel 45-2

Avg. Thickness 0.223”

490 ft/sec

Glenn Test GRCC 77
NASA #2-90-163-11
Panel 16-3

Avg. Thickness 0.220”

Figure A1—1.—Pulse thermography and ultrasound post impact pre- and posttest images of reinforced carbon-carbon
6- by 6-in. flat panels impacted with high-density poly-crystal ice cylinders (nominally 0.66 in. in diameter by
1.66 in.) at a 90° angle.
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NDE From 90 Degree Impact Tests with High Density Poly Crystal Ice on 6”x 6” RCC Panels

Velocity Thermography Ultrasound
& ID Numbers Baseline Post Test Baseline Post Test

495 ft/sec

Glenn Test GRCC 72
NASA #2-90-143-07
Panel 14-3

Avg. Thickness 0.223”

495 ft/sec

Glenn Test GRCC 73
NASA #2-90-144-08
Panel 14-4

Avg. Thickness 0.223”

498 ft/sec

Glenn Test GRCC 113
NASA #2-90-204-26
Panel 20-4

Avg. Thickness 0.220”

501 ft/sec

Glenn Test GRCC 116
NASA #2-90-453-29
Panel 45-3

Avg. Thickness 0.222"

509 ft/sec

Glenn Test GRCC 114
NASA #2-90-451-27
Panel 45-1

Avg. Thickness 0.222"

511 ft/sec

Glenn Test GRCC 69
NASA #2-90-134-04
Panel 13-4

Avg. Thickness 0.220”

517 ft/sec

Glenn Test GRCC 71
NASA #2-90-142-06
Panel 14-2

Avg. Thickness 0.220”

641 ft/sec

Glenn Test GRCC 66
NASA #2-90-131-01
Panel 13-1

Avg. Thickness 0.220”

Figure A1—2.—Pulse thermography and ultrasound post impact pre- and posttest images of reinforced carbon-
carbon 6- by 6-in. flat panels impacted with high-density poly-crystal ice cylinders (nominally 0.66 in. in diameter
by 1.66 in.) at a 90° angle.
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NDE From 90 Degree Impact Tests with High Density Single Crystal Ice on 6"x 6” RCC Panels

Velocity Thermography Ultrasound
& ID Numbers Baseline Post Test Baseline Post Test

484 ft/sec

Glenn Test GRCC 141
NASA #2-90-642-02
Panel 64-2

Avg. Thickness 0.229"

517 ft/sec

Glenn Test GRCC 142
NASA #2-90-651-03
Panel 65-1

Avg. Thickness 0.236"

528 ft/sec

Glenn Test GRCC 143
NASA #2-90-652-04
Panel 65-2

Avg. Thickness 0.230"

589 ft/sec

Glenn Test GRCC 139
NASA #2-90-641-01
Panel 64-1

Avg. Thickness 0.233"

Figure A1-3.—Pulse thermography and ultrasound post impact pre- and posttest images of reinforced carbon-carbon
6- by 6-in. flat panels impacted with high-density poly-crystal ice cylinders (nominally 0.66 in. in diameter by
1.66 in.) at a 90° angle.
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Aramis Displacement Contours from 90 Degree Impact Tests with High Density Poly-Crystal Ice
on 6’x 6" RCC Panels
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Figure A2—1.—ARAMIS out-of-plane deformation contours across centerline of 6- by 6-in. reinforced carbon-carbon
flat panels measured at 37 us increments undergoing impact with high-density poly-crystal ice cylinders (nominally
0.66 in. in diameter by 1.66 in.) at a 90° angle.
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Aramis Displacement Contours from 90 Degree Impact Tests with High Density Poly-Crystal Ice
on 6”x 6" RCC Panels
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Figure A2—2.—ARAMIS out-of-plane deformation contours across centerline of 6- by 6-in. reinforced carbon-carbon

flat panels plotted at 37 us increments undergoing impact with high-density poly-crystal ice cylinders (nominally
0.66 in. in diameter by 1.66 in.) at a 90° angle.
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Aramis Displacement Contours from 90 Degree Impact Tests with High Density Single Crystal Ice
on 6”x 6" RCC Panels
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Figure A2—2.—Concluded.
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Aramis Centerpoint Displacements from 90 Degree Impact Tests with
High Density Poly-Crystal Ice on 6” x 6” RCC Panels
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Figure A3—1.—ARAMIS centerpoint out-of-plane deformation vs. time of 6- by 6-in. reinforced carbon-carbon
flat panels impacted with high-density poly-crystal ice cylinders (nominally 0.66 in. in diameter by 1.66 in.) at
a 90° angle.
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Aramis Centerpoint Displacements from 90 Degree Impact Tests with
High Density Poly-Crystal Ice on 6” x 6” RCC Panels
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Figure A3—2.—ARAMIS centerpoint out-of-plane deformation versus time of 6- by 6-in. reinforced carbon-carbon
flat panels impacted with high-density poly-crystal ice cylinders (nominally 0.66 in. in diameter by 1.66 in.) at a
90° angle.
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Aramis Centerpoint Displacements from 90 Degree Impact Tests with
High Density Single-Crystal Ice on 6” x 6” RCC Panels
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Figure A3—3.—ARAMIS centerpoint out-of-plane deformation versus time of 6- by 6-in. reinforced carbon-carbon

flat panels impacted with high-density single-crystal ice cylinders (nominally 0.66 in. in diameter by 1.66 in.) at a
90° angle.
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Aramis Maximum Displacement Fringe Plots from 90 Degree Impact Tests
with High Density Poly-Crystal Ice on 6” x 6” RCC Panels

GRCC 78 Impact Veloclty 240 ftisec fin] GRCC 70 Impact Ve\oclty 486 ft/sec in]

0.0498 o.218
0.0450 0200
0.180

10,0400
0160

10,0350
0.140

0.0300
0.120
0.0250 0100
0.0200 0.080
0.0150 0.060

' L) f
‘) Panel 164 0.0079 * Panel 14-1 0.028
GRCC 67 Impact Veloclty 290 f/sec iy GRCC 115 Impact Velocity = 489 fsec
NA: . |

Iu 0715 e | NN o j0.185
0.0600 0.160
0.0525 [0
450 0.120
0375 0.100
0300 0.080
10225 0.000
Y -
A Panel 13-2 0.0106 0.025

GRCC 68 Impact Veloclty 438 fusec ;)
0.140

Impact Velocny 490 ft/sec fin]

0.162
10.150
0.135

0120

GRCC 77

0.120
0.105

0.105

%u 075
' (1 'f

Panel 13-3 0.023

GRCC 72 Impact Veloclty 495 filsec [y

GRCC 75 Impact Veloclty 471 filsec )
= 5 0.156

0.135

U 120

0.105
0.075

Y
: " Panel 16-2 0.024

GRCC 74

ImpactVeIoclty 474 ftisec in] Impact Veloclty 495 f/sec fin]

0.152 0.203

Iu,m lu.xsn

0.120 10160

0105 o140

.090 0.120

075 0100

060 0080

045 0.060

s . . | : 0.040
Panel 16-1 1022 Panel 14-4 0.026

Figure A4—1.—ARAMIS color fringe plots depicting maximum deformation prior to material failure of 6- by 6-in.
reinforced carbon-carbon flat panels as they undergo impact with high-density poly-crystal ice cylinders
(nominally 0.66 in. in diameter by 1.66 in.) at a 90° angle.
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Aramis Maximum Displacement Fringe Plots from 90 Degree Impact Tests
with High Density Poly-Crystal Ice on 6” x 6” RCC Panels
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Figure A4—2.—ARAMIS color fringe plots depicting maximum deformation prior to material failure of 6- by 6-in.
reinforced carbon-carbon flat panels as they undergo impact with high-density poly-crystal ice cylinders
(nominally 0.66 in. in diameter by 1.66 in.) at a 90° angle.
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Aramis Maximum Displacement Fringe Plots from 90 Degree Impact Tests
with High Density Single Crystal Ice on 6” x 6" RCC Panels
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Figure A4—2.—ARAMIS color fringe plots depicting maximum deformation prior to material failure of 6- by 6-in.

reinforced carbon-carbon flat panels as they undergo impact with high-density single-crystal ice cylinders
(nominally 0.66 in. in diameter by 1.66 in.) at a 90° angle.
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Figure A5—2.—Front (impact side) of panel 16-4 at 240 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact angle. Test GRCC 78.
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Figure A5—-3.—Back face of panel 16-4 at 240 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 90° impact angle. Test GRCC 7
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1.—Edges and faces of panel 13-2 at 290 ft/s with a high

0.66 in. in diameter by 1.66 in.) at 90° impact. Test GRCC 67.
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Figure A6—2.—Front (impact side) of panel 13-2 at 290 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact angle. Test GRCC 67.
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Figure A6—3.—Back face of panel 13-2 at 290 ft/s with a high-density, poly-crystal ice cylinder (nhominally 0.66 in.
in diameter by 1.66 in.) at 90° impact angle. Test GRCC 67.
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1.—Edges and faces of panel 13-3 at 438 ft/s with a high
0.66 in. in diameter by 1.66 in.) at 90° impact. Test GRCC 68.
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Figure A7-2.—Front (impact side) of panel 13-3 at 438 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact angle. Test GRCC 68.
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Figure A7-3.—Back face of panel 13-3 at 438 ft/s with a high-density, poly-crystal ice cylinder (nhominally 0.66 in.
in diameter by 1.66 in.) at 90° impact angle. Test GRCC 68.
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Figure A8—1.—Edges and faces of panel 16-2 at 470 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact. Test GRCC 75.

NASA/TM—2009-213641 38



©
N
n
-
1
<
=]
o
N
O

Figure A8—2.—Front (impact side) of panel 16-2 at 470 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact angle. Test GRCC 75.

NASA/TM—2009-213641 39



Figure A8—3.—Back face of panel 16-2 at 470 ft/s with a high-density, poly-crystal ice cylinder (nhominally 0.66 in.
in diameter by 1.66 in.) at 90° impact angle. Test GRCC 75.
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Figure A9—1.—Edges and faces of panel 16-1 at 474 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact. Test GRCC 74.
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Figure A9—2.—Front (impact side) of panel 16-1 at 474 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact angle. Test GRCC 74.
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Figure A9—3.—Back face of panel 16-1 at 474 ft/s with a high-density, poly-crystal ice cylinder (nhominally 0.66 in.
in diameter by 1.66 in.) at 90° impact angle. Test GRCC 74.
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Figure A10-1.—Edges and faces of panel 14-1 at 486 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact. Test GRCC 70.
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Figure A10-2.—Front (impact side) of panel 14-1 at 486 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact angle. Test GRCC 70.
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Figure A10-3.—Back face of panel 14-1at 486 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 90° impact angle. Test GRCC 70.
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Figure A11-1.—Edges and faces of panel 45-2 at 489 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact. Test GRCC 115.
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Figure A11-2.—Front (impact side) of panel 45-2 at 489 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact angle. Test GRCC 115.
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Figure A11-3.—Back face of panel 45-2 at 489 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 90° impact angle. Test GRCC 115.
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Figure A12—1.—Edges and faces of panel 16-3 at 490 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact. Test GRCC 77.
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Figure A12-2.—Front (impact side) of panel 16-3 at 490 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact angle. Test GRCC 77.
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Figure A12-3.—Back face of panel 16-3 at 490 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 90° impact angle. Test GRCC 77.
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Figure A13-1.—Edges and faces of panel 14-3 at 495 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact. Test GRCC 72.
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Figure A13-2.—Front (impact side) of panel 14-3 at 495 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact angle. Test GRCC 72.
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Figure A13-3.—Back face of panel 14-3 at 495 ft/s with a high-density, poly- i i i in.
in diameter by 1.66 in.) at 90° impact angle. Test GRCC 72.
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Figure A14-2.—Front (impact side) of panel 14-4 at 495 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact angle. Test GRCC 73.
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Figure A14-3.—Back face of panel 14-4 at 495 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 90° impact angle. Test GRCC 73.
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Figure A15—-1.—Edges and faces of panel 20-4 at 498 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact. Test GRCC 113.
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Figure A15-2.—Front (impact side) of panel 20-4 at 498 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact angle. Test GRCC 113.
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Figure A15-3.—Back face of panel 20-4 at 498 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 90° impact angle. Test GRCC 113.
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Figure A16—1.—Edges and faces of panel 45-3 at 501 ft/s with a high-density, poly-crystal ice cylinder
0.66 in. in diameter by 1.66 in.) at 90° impact. Test GRCC 116.
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Figure A16—2.—Front (impact side) of panel 45-3 at 501 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact angle. Test GRCC 116.
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Figure A16—-3.—Back face of panel 45-3 at 501 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 90° impact angle. Test GRCC 116.
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Figure A17-1.—Edges and faces of panel 45-1 at 509 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact. Test GRCC 114.
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Figure A17-2.—Front (impact side) of panel 45-1 at 509 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact angle. Test GRCC 114.
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Figure A17-3.—Back face of panel 45-1 at 509 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 90° impact angle. Test GRCC 114.
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Figure A18—1.—Edges and faces of panel 13-4 at 511 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact. Test GRCC 69.
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Figure A18—2.—Front (impact side) of panel 13-4 at 511 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact angle. Test GRCC 69.
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Figure A18-3.—Back face of panel 13-4 at 511 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 90° impact angle. Test GRCC 69.
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Figure A19-1.—Edges and faces of panel 14-2 at 517 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact. Test GRCC 71.
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Figure A19-2.—Front (impact side) of panel 14-2 at 517 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact angle. Test GRCC 71.
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Figure A19-3.—Back face of panel 14-2 at 517 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 90° impact angle. Test GRCC 71.
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Figure A20-2.—Front (impact side) of panel 13-1 at 641 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact angle. Test GRCC 66.
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Figure A20-3.—Back face of panel 13-1 at 641 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 90° impact angle. Test GRCC 66.
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Figure A21-1.—Edges and faces of panel 64-2 at 484 ft/s with a high-density, single-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact. Test GRCC 141.
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Figure A21-2.—Front (impact side) of panel 64-2 at 484 ft/s with a high-density, single-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact angle. Test GRCC 141.
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Figure A21-3.—Back face of panel 64-2 at 484 ft/s with a high-density, single-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 90° impact angle. Test GRCC 141.
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Figure A22—1.—Edges and faces of panel 65-1 at 517 ft/s with a high-density, single-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact. Test GRCC 142.
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Figure A22-2.—Front (impact side) of panel 65-1 at 517 ft/s with a high-density, single-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact angle. Test GRCC 142.
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Figure A23-1.—Edges and faces of panel 65-2 at 528 ft/s with a high
0.66 in. in diameter by 1.66 in.) at 90° impact. Test GRCC 143.
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Figure A23—-2.—Front (impact side) of panel 65-2 at 528 ft/s with a high-density, single-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact angle. Test GRCC 143.
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Figure A23-3.—Back face of panel 65-2 at 528 ft/s with a high-density, single-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 90° impact angle. Test GRCC 143.
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—1.—Edges and faces of panel 64-1 at 589 ft/s with a high

0.66 in. in diameter by 1.66 in.) at 90° impact. Test GRCC 139.
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Figure A24—-2.—Front (impact side) of panel 64-1 at 589 ft/s with a high-density, single-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact angle. Test GRCC 139.
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Appendix B.—Test Data

High-Density Ice Impact Testing at 45° Angle on 6- by 6-in. Reinforced Carbon-Carbon
Flat Panels

Notable Observations From the Appendix B Test Series

1. ARAMIIS data existed for nearly all ice impact tests but are not presented when considered to be
uninterpretable.
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NDE From 45 Degree Impact Tests with High Density Poly Crystal Ice on 6"x 6” RCC Panels

Velocity Thermography Ultrasound
& 1D Numbers Baseline Post Test Baseline Post Test
429 ft/sec
Glenn Test GRCC 98
NASA #2-45-192-14
Panel 19-2
Avg. Thickness 0.218”
607 ft/sec
Glenn Test GRCC 99
NASA #2-45-193-15
Panel 19-3
Avg. Thickness 0.217”
674 ft/sec
Glenn Test GRCC 100
NASA #2-45-194-16
Panel 19-4
Avg. Thickness 0.218"
777 ft/sec

Glenn Test GRCC 101
NASA #2-45-181-17
Panel 18-1

Avg. Thickness 0.218"

780 ft/sec

Glenn Test GRCC 102
NASA #2-45-182-18
Panel 18-2

Avg. Thickness 0.218"

802 ft/sec

Glenn Test GRCC 103
NASA #2-45-183-19
Panel 18-3

Avg. Thickness 0.219”

816 ft/sec

Glenn Test GRCC 106
NASA #2-45-151-21
Panel 15-1

Avg. Thickness 0.221”

819 ft/sec

Glenn Test GRCC 110
NASA #2-45-203-25
Panel 20-3

Avg. Thickness 0.220”

Figure B1—1.—Pulse thermography and ultrasound post impact pre- and posttest images of RCC 6- by 6-in. flat
panels impacted with high-density ice cylinders (nominally 0.66 in. in diameter by 1.66 in.) at 45° angle.

NASA/TM—2009-213641 91



NDE From 45 Degree Impact Tests with High Density Poly Crystal Ice on 6’x 6" RCC Panels

Velocity Thermography Ultrasound
& ID Numbers Baseline Post Test Baseline Post Test

826 ft/sec

Glenn Test GRCC 109
NASA #2-45-152-24
Panel 15-2

Avg. Thickness 0.223”

830 ft/sec

Glenn Test GRCC 105
NASA #2-45-184-20
Panel 18-4

Avg. Thickness 0.217”

830 ft/sec

Glenn Test GRCC 108
NASA #2-34-201-23
Panel 20-1

Avg. Thickness 0.224”

833 ft/sec

Glenn Test GRCC 107
NASA #2-45-202-22
Panel 20-2

Avg. Thickness 0.220”

858 ft/sec

Glenn Test GRCC 83
NASA #2-45-191-13
Panel 19-1

Avg. Thickness 0.218”

Figure B1—2.—Pulse thermography and ultrasound post impact pre- and posttest images of reinforced carbon-
carbon 6- by 6-in. flat panels impacted with high-density ice cylinders (nominally 0.66 in. in diameter by 1.66 in.)
at 45° angle.
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Aramis Displacement Contours from 45 Degree Impact Tests with High Density Poly-Crystal Ice on 6°x 6” RCC Panels

GRCC 98 37.17 Microseconds Between Lines GRCC 103 37.17 Microseconds Between Lines
0350 0.350-
0.320- Impact Velocity = 429 fi/sec 0.320- Impact Velocity = 802 fi/sec
Average Plate Thickness = 0.218" Average Plate Thickness =0.219"
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_| Average Plate Thickness = 0.217" Average Plate Thickness = 0.221"
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Section length (in) Section length (in)
GRCC 100 37.17 Microseconds Between Lines GRCC 110 37.17 Microseconds Between Lines
0.350- 0350
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-~ | Average Plate Thickness = 0.218" 0280 Average Plate Thickness = 0.220".
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Section length (in) Section length (in)

Figure B2—1.—ARAMIS out-of-plane deformation contours across centerline of 6- by 6-in. RCC flat panels measured
at 37 us increments undergoing impact with high-density ice cylinders (nominally 0.66 in. in diameter by 1.66 in.) at
45° angle.
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Aramis Displacement Contours from 45 Degree Impact Tests with High Density Poly-Crystal Ice on 6"x 6 RCC Panels

GRCC 108

Impact Velocity = 830 ft/sec
Average Plate Thickness = 0.224"

Panel 20-1
No Meaningful Aramis Section Data
Acquired for GRCC 108
GRCC 107 37.17 Microseconds Between Lines

0.35
0320+ Impact Velocity = 833 ftisec
0280 Average Plate Thickness = 0-2207

Panel 20-2
0.240+
0.200
0.120+
0.080—

T T T T T T T T T T
0.00 040 080 120 160 200 240 280 320 360 4.00 432
Section length (in)

Displacement Z (in)
o
e
3
T

GRCC 83

Impact Velocity = 858 ft/'sec
Average Plate Thickness = 0.218"
Panel 18-1

No Meaningful Aramis Section Data
Acquired for GRCC 83

Figure B2—2.—ARAMIS out-of-plane deformation contours across centerline of 6- by 6-in. reinforced carbon-carbon
flat panels plotted at 37 us increments undergoing impact with high-density ice cylinders (nominally 0.66 in. in
diameter by 1.66 in.) at 45° angle.
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Aramis Centerpoint Displacements from 45 Degree Impact Tests with
High Density Poly-Crystal Ice on 6” x6” RCC Panels

Displacement Z (in)

Displacement Z (in)

Displacement Z (in)

Displacement Z (in)

Figure B3—1.—ARAMIS centerpoint out-of-plane deformation vs. time of 6- by 6-in. reinforced carbon-carbon flat
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panels impacted with high-density ice cylinders (nominally 0.66 in. in diameter by 1.66 in.) at 45° angle.
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Aramis Centerpoint Displacements from 45 Degree Impact Tests with
High Density Poly-Crystal Ice on 6” x6” RCC Panels

GRCC 108

Impact Velocity = 4830 ft/sec
Average Plate Thickness = 0.224"

No Meaningful Aramis Centerpoint Data
Acquired for GRCC 108

GRCC 107

Impact Velocity = 833 ft/sec
Average Plate Thickness = 0.220"

No Meaningful Aramis Centerpoint Data
Acquired for GRCC 107

GRCC 83

Impact Velocity = 858 ft/sec
Average Plate Thickness = 0.218"

No Meaningful Aramis Centerpoint Data
Acquired for GRCC 83

Figure B3—2.—ARAMIS centerpoint out-of-plane deformation versus time of 6- by 6-in. reinforced carbon-carbon flat
panels impacted with high-density ice cylinders (nominally 0.66 in. in diameter by 1.66 in.) at 45° angle.
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Aramis Maximum Displacement Fringe Plots from 45 Degree Impact Tests
with High Density Poly-Crystal Ice on 6” x 6” RCC Panels

GRCC 98 Impact Velocity = 429 ft/sec GRCC 103 Impact Velocity = 802 ft'sec |
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Figure B4—1.—ARAMIS color fringe plots depicting maximum deformation prior to material failure of 6- by 6-in.
reinforced carbon-carbon flat panels as they undergo impact with high-density ice cylinders (nominally 0.66 in.
in diameter by 1.66 in.) at 45° angle.
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Aramis Maximum Displacement Fringe Plots from 45 Degree Impact Tests
with High Density Poly-Crystal Ice on 6” x 6” RCC Panels

GRCC 108 Impact Velocity = 4830 ft/sec

No Meaningful Aramis Fringe Data
Acquired for GRCC 108

GRCC 107 Impact Velocity = 833 fisec
R 0.694

0.600
0.525
0450
0375
0300
0.225
0.150
0.075

0.024

GRCC 83 Impact Velocity = 858 ft/sec

No Meaningful Aramis Fringe Data
Acquired for GRCC 108

Figure B4—2.—ARAMIS color fringe plots depicting maximum deformation prior to material failure of 6- by 6-in.

reinforced carbon-carbon flat panels as they undergo impact with high-density ice cylinders (nominally 0.66 in.
in diameter by 1.66 in.) at 45° angle.
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Figure B5-2.—Front (impact side) of panel 19-2 at 429 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 45° impact angle. Test GRCC 98.
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Figure B5-3.—Back face of panel 19-2 at 429 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 45° impact angle. Test GRCC 98.
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Figure B6—2.—Front (impact side) of panel 19-3 at 607 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 45° impact angle. Test GRCC 99.
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Figure B6—3.—Back face of panel 19-3 at 607 ft/s with a high-density, poly-crystal ice cylinder (nhominally 0.66 in.
in diameter by 1.66 in.) at 45° impact angle. Test GRCC 99.

NASA/TM—2009-213641




¢991-v002-2

|aued jo apis j1oedw|

gobp3 ¢ abp3

| Bp3 2 abp3

crystal ice cylinder (nominally

density, poly-

105

1.—Edges and faces of panel 19-4 at 674 ft/s with a high
0.66 in. in diameter by 1.66 in.) at 45° impact. Test GRCC 100.
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Figure B7—2.—Front (impact side) of panel 19-4 at 674 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 45° impact angle. Test GRCC 100.
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Figure B7—3.—Back face of panel 19-4 at 674 ft/s with a high-density, poly-crystal ice cylinder (nhominally 0.66 in.
in diameter by 1.66 in.) at 45° impact angle. Test GRCC 100.
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Figure B8—1.—Edges and faces of panel 18-
0.66 in. in diameter by 1.66 in.) at 45° impact. Test GRCC 101.
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Figure B8—2.—Front (impact side) of panel 18-1 at 777 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 45° impact angle. Test GRCC 101.
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1.—Edges and faces of panel 18-2 at 780 ft/s with a high
0.66 in. in diameter by 1.66 in.) at 45° impact. Test GRCC 102.
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Figure B9—
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Figure B9—2.—Front (impact side) of panel 18-2 at 780 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 45° impact angle. Test GRCC 102.
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Figure B9—3.—Back face of panel 18-2 at 780 ft/s with a high-density, poly-crystal ice cylinder (nhominally 0.66 in.
in diameter by 1.66 in.) at 45° impact angle. Test GRCC 102.
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1.—Edges and faces of panel 18
0.66 in. in diameter by 1.66 in.) at 45° impact. Test GRCC 103.

Figure B10—
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Figure B10—2.—Front (impact side) of panel 18-3 at 802 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 45° impact angle. Test GRCC 103.
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Figure B10-3.—Back face of panel 18-3 at 802 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 45° impact angle. Test GRCC 103.
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Figure B11-1.—Edges and faces of panel 15-1 at 816 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 45° impact. Test GRCC 106.
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Figure B11—-2.—Front (impact side) of panel 15-1 at 816 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 45° impact angle. Test GRCC 106.
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Figure B11-3.—Back face of panel 15-1 at 816 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 45° impact angle. Test GRCC 106.
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Figure B12—-1.—Edges and faces of panel 20-3 at 819 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 45° impact. Test GRCC 110.
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Figure B12-2.—Front (impact side) of panel 20-3 at 819 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 45° impact angle. Test GRCC 110.
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Figure B12—-3.—Back face of panel 20-3 at 819 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 45° impact angle. Test GRCC 110.
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Figure B13-1.—Edges and faces of panel 15-2 at 826 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 45° impact. Test GRCC 109.
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Figure B13—2.—Front (impact side) of panel 15-2 at 826 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 45° impact angle. Test GRCC 109.
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Figure B13-3.—Back face of panel 15-2 at 826 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 45° impact angle. Test GRCC 109.
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Figure B14—-1.—Edges and faces of panel 18-4 at 830 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 45° impact. Test GRCC 105.
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Figure B14—2.—Front (impact side) of panel 18-4 at 830 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 45° impact angle. Test GRCC 105.
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Figure B14-3.—Back face of panel 18-4 at 830 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 45° impact angle. Test GRCC 105.
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Figure B1 —Edges and faces of panel 20-1 at 830 ft/s with a high-density, poly-
0.66 in. in diameter by 1.66 in.) at 45° impact. Test GRCC 108.
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Figure B15-2.—Front (impact side) of panel 20-1 at 830 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 45° impact angle. Test GRCC 108.
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Figure B15-3.—Back face of panel 20-1 at 830 ft/s with a high-density, poly- i i nominally 0.66 in.
in diameter by 1.66 in.) at 45° impact angle. Test GRCC 108.
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Figure B16—-1.—Edges and faces of panel 20-2 at 833 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 45° impact. Test GRCC 107.
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Figure B16—-2.—Front (impact side) of panel 20-2 at 833 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 45° impact angle. Test GRCC 107.
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Figure B16—3.—Back face of panel 20-2 at 833 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 45° impact angle. Test GRCC 107.
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Figure B17—-1.—Edges and faces of panel 19-1 at 858 ft/s with a high

0.66 in. in diameter by 1.66 in.) at 45° impact. Test GRCC 83.
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Figure B17—2.—Front (impact side) of panel 19-1 at 858 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 45° impact angle. Test GRCC 83.
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Figure B17-3.—Back face of panel 19-1 at 858 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 45° impact angle. Test GRCC 83.
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Appendix C.—High-Density Ice Impact Testing at 90° Angle on 6- by 12-in.
Reinforced Carbon-Carbon (RCC) Flat Panels

Notable Observations From the Appendix C Test Series

1. ARAMIIS data existed for nearly all ice impact tests but are not presented when considered to be
uninterpretable.
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NDE From 90 Degree Impact Tests with High Density Poly Crystal Ice on 6"x 12" RCC Panels

Velocity Thermography Ultrasound
& ID Numbers Baseline Post Test Baseline Post Test

265 ft/sec

Glenn Test GRCC 159
NASA #2-90-402-05
Panel 40-2

Avg. Thickness 0.222”

319 ft/sec

Glenn Test GRCC 157
NASA #2-90-401-4
Panel 40-1

Avg. Thickness 0.224”

350 ft/sec

Glenn Test GRCC 156
NASA #2-90-382-3
Panel 38-2

Avg. Thickness 0.222”

398 ft/sec

Glenn Test GRCC 154
NASA #2-90-153-01
Panel 15-3

Avg. Thickness 0.221”

Figure C1-1.—Pulse thermography and ultrasound post impact pre- and posttest images of reinforced carbon-carbon
6- by 12-in. flat panels impacted with high-density poly-crystal ice cylinders (nominally 0.66 in. in diameter by
1.66 in.) at a 90° angle.
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NDE From 90 Degree Impact Tests with High Density Poly Crystal Ice on 6’x 12” RCC Panels

Velocity Thermography Ultrasound
& ID Numbers Baseline Post Test Baseline Post Test

616 ft/sec

Glenn Test GRCC 155
NASA #2-90-381-02
Panel 38-1

Avg. Thickness 0.225”

Figure C1-2.—Pulse thermography and ultrasound post impact pre- and posttest images of reinforced carbon-carbon

6- by 12-in. flat panels impacted with high-density poly-crystal ice cylinders (nominally 0.66 in. in diameter by
1.66 in.) at a 90° angle.
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Aramis Displacement Contours from 90 Degree Impact Tests with High Density Poly-Crystal Ice on 6"x 12" RCC Panels

GRCC 159 37.17 Microseconds Between Lines
030 Impact Velocity = 265 ft/sec
0.27-Average Plate Thickness = 0.222"
0.24 Panel 40-2

0.21+
0.18-
0.15+

Displacement Z (in)

6.0 £ . 1 9.8
Section length (in)

4.0 5.0

GRCC 157 37.17 Microseconds Between Lines
Impact Velocity = 319 ft/sec
0.27- Average Plate Thickness = 0.224"
0.24- Panel 40-1

0.30

0.21+
0.18+
0.15+
0.12

0.09+
0.06
0.03

Displacement Z (in)

A—

.00 T T
000 100 200 3.00 400 500 6.00 700 800 9.00 1037
Section length (in)

GRCC 156 37.17 Microseconds Between Lines
0.30 [Impact Velocity = 350 ft/'sec |
0.27-|Average Plate Thickness = 0.
0.24 | Panel 38-2

0.214
0.184
0.15

Displacement Z (in)

0.0 10 20 30 40 50 60 70 80 90 100106
Section length (in)

GRCC 154 37.17 Microseconds Between Lines

0 limpact Velocity = 398 fi/sec ]
0.27- Average Plate Thickne:

|=0.221" y

Panel 15-3

Displacement Z (in)
=)
G

00 10 20 30 40 50 60 70 80 90 99
Section length (in)

GRCC 155 37.17 Microseconds Between Lines
Impact Velocity = 616 ft/'sec

Average Plate Thickness = 0.225"

Panel 38-1

No Meaningful Aramis Section Data
Acquired for GRCC 155

Figure C2-1.—ARAMIS out-of-plane deformation contours across centerline of 6- by 12-in. reinforced carbon-carbon
flat panels measured at 37 us increments undergoing impact with high-density poly-crystal ice cylinders (nominally
0.66 in. in diameter by 1.66 in.) at a 90° angle.
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Aramis Centerpoint Displacements from 90 Degree Impact Tests with
High Density Poly-Crystal Ice on 6" x12" RCC Panels

GRCC 158
0.300

0.250~
0.200
0.150
0.100
0.050

0.000

Displacement Z (in)

0050 mpact Veelocity = 265 fi/sec

0.100- Average Plate Thickness = 0.222"

Panel 40-2
78 60 40 20 00 20 40 60 80 99
Time (ms)
GRCC 157
0.300
0.250-

Displacement Z (in)
o
2
2

0050 | mpact Velocity = 319 ft'sec
-0.100- Average Plate Thickness = 0.224"

s Panel 40-1
65 40 20 00 20 40 60 80 100 121
Time  (ms)
GRCC 156
0.300
0.250
0.200
T 01504
Y o100
£
g
£ 00501
k]
2 0.000
o
0050 Impact Velocity = 350 ft/sec
0.100- Average Plate Thickness = 0.222"
s Panel 38-2
57 40 20 00 20 40 60 80 100 129
Time (ms)
GRCC 154
00
Impact Velocity = 398 ft/sec
02501 Average Plate Thickness = 0.221"
0.200 Panel 15-3
T 0150
N
& 0100 \
g
5 o050
k]
S 0.000
o

20 40 6.0 80 100 120 140 160 178
Time (ms)

GRCC 155

Impact Velocity = 616 ft/sec
Average Plate Thickness = 0.225"
Panel 38-1

No Meaningful Aramis Centerpoint Data
Acquired for GRCC 155

Figure C3—-1.—ARAMIS centerpoint out-of-plane deformation vs. time of 6- by 12-in. reinforced carbon-carbon flat
panels impacted with high-density poly-crystal ice cylinders (nominally 0.66 in. in diameter by 1.66 in.) at a
90° angle.
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Aramis Maximum Displacement Fringe Plots from 90 Degree Impact Tests
with High Density Poly-crystal Ice on 6” x 12” RCC Panels

GRCC 159 Impact Velocity = 265 ft/sec {in]

Panel 40-2 0.035

GRCC 157 Impact Velocity = 319 ft/sec in}

GRCC 156 Impact Velocity = 350 ft/sec {in]

GRCC 154 Impact Velocity = 398 ft/sec fin]

GRCC 155 Impact Velocity = 616 ft/sec

No Meaningful Aramis Fringe Data
Acquired for GRCC 155

Figure C4—1.—ARAMIS color fringe plots depicting maximum deformation prior to material failure of 6- by 12-in.
reinforced carbon-carbon flat panels as they undergo impact with high-density poly-crystal ice cylinders
(nominally 0.66 in. in diameter by 1.66 in.) at a 90° angle.
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Figure C5-1.—Edges and faces of panel 40-2 at 265 ft/s with a high-density, single-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact angle. Test GRCC 159.
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Figure C5-2.—Front (impact side) of panel 40-2 at 265 ft/s with a high-density, single-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact angle. Test GRCC 159.
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Figure C5-3.—Back face of panel 40-2 at 265 ft/s with a high-density, single-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 90° impact angle. Test GRCC 159.
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1.—Edges and faces of panel 40—1 at 319 ft/s with a high-density, poly-crystal ice cylinder (nominally

Figure C6—

0.66 in. in diameter by 1.66 in.) at 90° impact. Test GRCC 157.
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Figure C6-2.—Front (impact side) of panel 40-1 at 319 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact angle. Test GRCC 157.
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Figure C6-3.—Back face of panel 40-1 at 319 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 90° impact angle. Test GRCC 157.
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1.—Edges and faces of panel 38-2 at 350 ft/s with a high-density, poly-crystal ice cylinder (nominally

Figure C7—

0.66 in. in diameter by 1.66 in.) at 90° impact. Test GRCC 156.
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Figure C7—-2.—Front (impact side) of panel 38-2 at 350 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact angle. Test GRCC 156.
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Figure C7-3.—Back face of panel 38-2 at 350 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 90° impact angle. Test GRCC 156.
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Figure C8-1.—Edges and faces of panel 15-3 at 398 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact. Test GRCC 154.
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Figure C8-2.—Front (impact side) of panel 15-3 at 398 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact angle. Test GRCC 154.
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Figure C8-3.—Back face of panel 15-3 at 398 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 90° impact angle. Test GRCC 154.
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1.—Edges and faces of panel 38-1 at 616 ft/s with a high-density, poly-crystal ice cylinder (nominally

Figure C9—

0.66 in. in diameter by 1.66 in.) at 90° impact. Test GRCC 155.
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Figure C9-2.—Front (impact side) of panel 38-1 at 616 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 90° impact angle. Test GRCC 155.
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Figure C9-3.—Back face of panel 38-1 at 616 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 90° impact angle. Test GRCC 155.
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Appendix D.—High-Density Ice Testing at 45° Angle on 6- by 12-in.
Reinforced Carbon-Carbon (RCC) Flat Panels

Notable Observations From the Appendix D Test Series

1. ARAMIS data existed for nearly all ice impact tests but are not presented when considered to be
uninterpretable.
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NDE From 45 Degree Impact Tests with High Density Poly Crystal Ice on 6"x 12" RCC Panels

Velocity Thermography Ultrasound
& ID Numbers Baseline Post Test Baseline Post Test

493 ft/sec

Glenn Test GRCC 182
NASA #2-45-251-01
Panel 25-1

Avg. Thickness 0.220"

621 ft/sec

Glenn Test GRCC 183
NASA #2-45-252-02
Panel 25-2

Avg. Thickness 0.221”

664 ft/sec

Glenn Test GRCC 189
NASA #2-45-322-06
Panel 32-2

Avg. Thickness 0.218”

709 ft/sec

Glenn Test GRCC 185
NASA #2-45-311-03
Panel 31-1

Avg. Thickness 0.221”

Figure D1-1.—Pulse thermography and ultrasound post impact pre- and posttest images of reinforced carbon-
carbon 6- by 12-in. flat panels impacted with high-density ice cylinders (nominally 0.66 in. in diameter by 1.66 in.)
at 45° angle.
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NDE From 45 Degree Impact Tests with High Density Poly Crystal Ice on 6"x 12" RCC Panels

Velocity
& ID Numbers

750 ft/sec

Glenn Test GRCC 188
NASA #2-45-321-05
Panel 32-1

Avg. Thickness 0.219”

809 ft/sec

Glenn Test GRCC 187
NASA #2-45-312-04
Panel 31-2

Avg. Thickness 0.220"

Thermography
Baseline Post Test

Ultrasound
Baseline Post Test

Figure D1-2.—Pulse thermography and ultrasound post impact pre- and posttest images of reinforced carbon-carbon
6- by 12-in. flat panels impacted with high-density ice cylinders (nominally 0.66 in. in diameter by 1.66 in.) at

45° angle.
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Aramis Displacement Contours from 45 Degree Impact Tests with High Density Poly-Crystal Ice on 6"x 12" RCC Panels
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Figure D2—-1.—ARAMIS out-of-plane deformation contours across centerline of 6- by 12-in. reinforced carbon-carbon
flat panels measured at 37 us increments undergoing impact with high-density ice cylinders (nominally 0.66 in. in

diameter by 1.66 in.) at 45° angle.
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Aramis Centerpoint Displacements from 45 Degree Impact Tests with
High Density Poly-Crystal Ice on 6" x12" RCC Panels

s GRCC 182 GRCC 187
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Figure D3—1.—ARAMIS centerpoint out-of-plane deformation vs. time of 6- by 12-in. reinforced carbon-carbon flat
panels impacted with high-density ice cylinders (nominally 0.66 in. in diameter by 1.66 in.) at 45° angle.
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Aramis Maximum Displacement Fringe Plots from 45 Degree Impact Tests
with High Density Poly-Crystal Ice on 6” x 12” RCC Panels

GRCC 182 in] Impact Velocity = 493 ft/sec GRCC 187 (il Impact Velocity = 809 ft/sec
. 0.270 0.481
0.250
o2z Fo.400
0-200 0350
Foars .30
0.150
0.250
0.125
0.200
Fo.100
0.150
0.075
0.100
0.050
0.029 .048
GRCC 183 im Impact Velocity = 621 ft/sec
. .352
1320
0.280
~0.240

080
Panel 25-2 0.031

GRCC 189 ] Impact Velocity = 664 ft/sec

GRCC 185 in]  Impact Velocity = 709 ft/'sec

GRCC 188 Impact Velocity = 750 ft/sec

Figure D4—1.—ARAMIS color fringe plots depicting maximum deformation prior to material failure of 6- by 12-in.
reinforced carbon-carbon flat panels as they undergo impact with high-density ice cylinders (nominally 0.66 in.
in diameter by 1.66 in.) at 45° angle.
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.—Edges and faces of panel 25-1 at 493 ft/s with a high-density, poly-crystal ice cylinder (nominally
168

1

0.66 in. in diameter by 1.66 in.) at 45° impact angle. Test GRCC 182.
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Figure D5-2.—Front (impact side) of panel 25-1 at 493 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 45° impact angle. Test GRCC 182.
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Figure D5-3.—Back face of panel 25-1 at 493 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 45° impact angle. Test GRCC 182.
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Figure D6—1.—Edges and faces of panel 25-2 at 621 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 45° impact. Test GRCC 183.
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Figure D6—2.—Front (impact side) of panel 25-2 at 621 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 45° impact angle. Test GRCC 183.
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Figure D6—3.—Back face of panel 25-2 at 621 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 45° impact angle. Test GRCC 183.
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Figure D7—-1.—Edges and faces of panel 32-2 at 664 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 45° impact. Test GRCC 189.
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Figure D7—2.—Front (impact side) of panel 32-2 at 664 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 45° impact angle. Test GRCC 189.
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Figure D7-3.—Back face of panel 32-2 at 664 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 45° impact angle. Test GRCC 189.
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Figure D8-1.—Edges and faces of panel 31-1 at 709 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 45° impact. Test GRCC 185.
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Figure D8-2.—Front (impact side) of panel 31-1 at 709 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 45° impact angle. Test GRCC 185.

NASA/TM—2009-213641 178



©
=]
®
W
=]
=]
by
o

Figure D8-3.—Back face of panel 31-1 at 709 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 45° impact angle. Test GRCC 185.
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Figure D9-1.—Edges and faces of panel 32-1 at 750 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 45° impact. Test GRCC 188.
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Figure D9-2.—Front (impact side) of panel 32-1 at 750 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 45° impact angle. Test GRCC 188.
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Figure D9-3.—Back face of panel 32-1 at 750 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 45° impact angle. Test GRCC 188.
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Figure D10-1.—Edges and faces of panel 31-2 at 809 ft/s with a high-density, poly-crystal ice cylinder (nominally

0.66 in. in diameter by 1.66 in.) at 45° impact. Test GRCC 187.
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Figure D10-2.—Front (impact side) of panel 31-2 at 809 ft/s with a high-density, poly-crystal ice cylinder (nominally
0.66 in. in diameter by 1.66 in.) at 45° impact angle. Test GRCC 187.
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Figure D10-3.—Back face of panel 31-2 at 809 ft/s with a high-density, poly-crystal ice cylinder (nominally 0.66 in.
in diameter by 1.66 in.) at 45° impact angle. Test GRCC 187.
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Appendix E.—Low-Density Ice Impact Testing at 90° Angle on 6- by 6-in.
Reinforced Carbon-Carbon (RCC) Flat Panels

Notable Observations From the Appendix E Test Series

1. ARAMIIS data existed for nearly all ice impact tests but are not presented when considered to be
uninterpretable.
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NDE From 90 Degree Impact Tests with Low Density Ice on 6"x 6” RCC Panels

Velocity Thermography Ultrasound
& ID Numbers Baseline Post Test Baseline Post Test

431 ft/sec

Glenn Test GRCC 144
NASA #2-90-643-05
Panel 64-3

Avg. Thickness 0.230"

441 ft/sec

Glenn Test GRCC 149
NASA #2-90-654-08
Panel 65-4

Avg. Thickness 0.227”

471 ftisec

Glenn Test GRCC 127
NASA #2-90-454-05
Panel 45-4

Avg. Thickness 0.220”

476 ft/sec

Glenn Test GRCC 146
NASA #2-90-644-06
Panel 64-4

Avg. Thickness 0.226”

494 ft/sec

Glenn Test GRCC 123
NASA #2-90-491-01
Panel 49-1

Avg. Thickness 0.227"

502 ft/sec

Glenn Test GRCC 148
NASA #2-90-653-07
Panel 65-3

Avg. Thickness 0.230”

526 ft/sec

Glenn Test GRCC 124
NASA #2-90-492-02
Panel 49-2

Avg. Thickness 0.223”

556 ft/sec

Glenn Test GRCC 126
NASA #2-90-494-04
Panel 49-4

Avg. Thickness 0.222”

Figure E1—1.—Pulse thermography and ultrasound post impact pretest and posttest images of reinforced carbon-
carbon 6- by 6-in. flat panels impacted with low-density ice cylinders (nominally 0.80 in. in diameter by 1.90 in.)
ata 90° angle.
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NDE From 90 Degree Impact Tests with Low Density Ice on 6”’x 6" RCC Panels

Velocity Thermography Ultrasound
& ID Numbers Baseline Post Test Baseline Post Test

607 ft/sec

Glenn Test GRCC 125
NASA #2-90-493-03
Panel 49-3

Avg. Thickness 0.222"

612 ft/sec

Glenn Test GRCC 151
NASA #2-90-643-09
Panel 64-3

Avg. Thickness 0.228" i
(retested from GRCC 144)

Figure E1—2.—Pulse thermography and ultrasound post impact pretest and posttest images of reinforced carbon-
carbon 6- by 6-in. flat panels impacted with low-density ice cylinders (nominally 0.80 in. in diameter by 1.90 in.)
ata 90° angle.
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Aramis Displacement Contours from 90 Degree Impact Tests with Low Density Ice on 6”x 6” RCC Panels
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Figure E2—1.—ARAMIS out-of-plane deformation contours across centerline of 6- by 6-in. reinforced carbon-carbon

flat panels measured at 37 us increments undergoing impact with low-density ice cylinders (nominally 0.80 in. in
diameter by 1.90 in.) at a 90° angle.
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Aramis Centerpoint Displacements from 90 Degree Impact Tests with
Low Density Ice on 6” x6” RCC Panels
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Figure E3—1.—ARAMIS centerpoint out-of-plane deformation vs. time of 6- by 6-in. reinforced carbon-carbon flat
panels impacted with low-density ice cylinders (nominally 0.80 in. in diameter by 1.90 in.) at a 90° angle.
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Aramis Maximum Displacement Fringe Plots from 90 Degree Impact Tests
with Low Density Ice on 6” x 6” RCC Panels
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Figure E4—1.—ARAMIS color fringe plots depicting maximum deformation prior to material failure of 6- by 6-in.
reinforced carbon-carbon flat panels as they undergo impact with low-density ice cylinders (nominally 0.80 in.
in diameter by 1.90 in.) at a 90° angle.
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density soft ice cylinder

1.—Edges and faces of panel 64-3 at 431 ft/s with a low-

Figure E5—

in diameter by 1.90 in.) at 90° impact angle. Test GRCC 144.
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Panel 64-3, tested in GRCC144

Figure E5—2.—Front (impact side) of panel 64-3 at 431 ft/s with a low-density soft ice cylinder (nominally 0.80 in.
in diameter by 1.90 in.) at 90° impact angle. Test GRCC 144.
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Panel 64-3, tested in GRCC144

Figure E5-3.—Back face of panel 64-3 at 431 ft/s with a low-density soft ice cylinder (nominally 0.80 in. in diameter
by 1.90 in.) at 90° impact angle. Test GRCC 144.
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Figure E6-1.—Edges and faces of panel 65-4 at 441 ft/s with a low-density soft ice cylinder (nominally 0.8 in.
in diameter by 1.90 in.) at 90° impact. Test GRCC 149.
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Figure E6-2.—Front (impact side) of panel 65-4 at 441 ft/s with a low-density soft ice cylinder (nominally 0.80 in.
in diameter by 1.90 in.) at 90° impact angle. Test GRCC 149.
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Figure E6-3.—Back face of panel 65-4 at 441 ft/s with a low-density soft ice cylinder (nominally 0.80 in. in diameter
by 1.90 in.) at 90° impact angle. Test GRCC 149.
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1.—Edges and faces of panel 45-4 at 471 ft/s with a low-density soft ice cylinder (nominally 0.8 in.

Figure E7—

in diameter by 1.90 in.) at 90° impact. Test GRCC 127.
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Figure E7—2.—Front (impact side) of panel 45-4 at 471 ft/s with a low-density soft ice cylinder (nominally 0.80 in.
in diameter by 1.90 in.) at 90° impact angle. Test GRCC 127.
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Figure E7-3.—Back face of panel 45-4 at 471 ft/s with a low-density soft ice cylinder (nominally 0.80 in. in diameter
by 1.90 in.) at 90° impact angle. Test GRCC 127.
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Figure E8—1.—Edges and faces of panel 64-

in diameter by 1.90 in.) at 90° impact. Test GRCC 146.
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Figure E8—2.—Front (impact side) of panel 64-4 at 476 ft/s with a low-density soft ice cylinder (nominally 0.80 in.
in diameter by 1.90 in.) at 90° impact angle. Test GRCC 146.
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Figure E9—1.—Edges and faces of panel 49-1 at 494 ft/s with a low-density soft ice cylinder (nominally 0.8 in.
in diameter by 1.90 in.) at 90° impact. Test GRCC 123.
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Figure E9—2.—Front (impact side) of panel 49-1 at 494 ft/s with a low-density soft ice cylinder (nominally 0.80 in.
in diameter by 1.90 in.) at 90° impact angle. Test GRCC 123.
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Figure E9—3.—Back face of panel 49-1 at 494 ft/s with a low-density soft ice cylinder (nominally 0.80 in. in diameter
by 1.90 in.) at 90° impact angle. Test GRCC 123.
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Figure E10-1.—Edges and faces of panel 65-

in diameter by 1.90 in.) at 90° impact. Test GRCC 148.
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Figure E10-2.—Front (impact side) of panel 65-3 at 502 ft/s with a low-density soft ice cylinder (nominally 0.80 in.
in diameter by 1.90 in.) at 90° impact angle. Test GRCC 148.
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Figure E11-1.—Edges and faces of panel 49-2 at 526 ft/s with a low-density soft ice cylinder (nominally 0.8 in.

in diameter by 1.90 in.) at 90° impact. Test GRCC 124.
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Figure E11-2.—Front (impact side) of panel 49-2 at 526 ft/s with a low-density soft ice cylinder (nominally 0.80 in.
in diameter by 1.90 in.) at 90° impact angle. Test GRCC 124.
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Figure E11-3.—Back face of panel 49-2 at 526 ft/s with a low-density soft ice cylinder (nominally 0.80 in. in diameter
by 1.90 in.) at 90° impact angle. Test GRCC 124.
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1.—Edges and faces of panel 49-4 at 556 ft/s with a low-density soft ice cylinder (nominally 0.8 in.

Figure E12

in diameter by 1.90 in.) at 90° impact. Test GRCC 126.
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Figure E12—2.—Front (impact side) of panel 49-4 at 556 ft/s with a low-density soft ice cylinder (nominally 0.80 in.
in diameter by 1.90 in.) at 90° impact angle. Test GRCC 126.
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Figure E12—-3.—Back face of panel 49-4 at 556 ft/s with a low-density soft ice cylinder (nominally 0.80 in. in diameter
by 1.90 in.) at 90° impact angle. Test GRCC 126.

NASA/TM—2009-213641




081-5002-D

At

../ _mcmn_ uo‘ apis uu.mn_E A

gabp3 ¥ ebp3

m
[= X
(=]
@
n
m
Q.
(=]
(o]
-

nominally 0.8 in.

(

density soft ice cylinder

Figure E13-1.—Edges and faces of panel 49-3 at 607 ft/s with a low-

in diameter by 1.90 in.) at 90° impact. Test GRCC 125.
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Figure E13—2.—Front (impact side) of panel 49-3 at 607 ft/s with a low-density soft ice cylinder (nominally 0.80 in.
in diameter by 1.90 in.) at 90° impact angle. Test GRCC 125.
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Figure E13-3.—Back face of panel 49-3 at 607 ft/s with a low-density soft ice cylinder (nominally 0.80 in. in diameter
by 1.90 in.) at 90° impact angle. Test GRCC 125.
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Figure E14—1.—Edges and faces of panel 64-3 at 612 ft/s with a low-density soft ice cylinder (nominally 0.8 in.
in diameter by 1.90 in.) at 90° impact. Test GRCC 151.
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Figure E14—2.—Front (impact side) of panel 64-3 at 612 ft/s with a low-density soft ice cylinder (nominally 0.80 in.
in diameter by 1.90 in.) at 90° impact angle. Test GRCC 151.
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Figure E14-3.—Back face of panel 64-3 at 612 ft/s with a low-density soft ice cylinder (nominally 0.80 in. in diameter
by 1.90 in.) at 90° impact angle. Test GRCC 151.
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characterize reinforced carbon-carbon (RCC) along with ice and foam debris materials, which could shed on ascent and impact the orbiter
RCC leading edges. The validated models enabled the launch system community to use the impact analysis software LS-DYNA (Livermore
Software Technology Corp.) to predict damage by potential and actual impact events on the orbiter leading edge and nose cap thermal
protection systems. Validation of the material models was done through a three-level approach: Level 1--fundamental tests to obtain
independent static and dynamic constitutive model properties of materials of interest, Level 2--subcomponent impact tests to provide highly
controlled impact test data for the correlation and validation of the models, and Level 3--full-scale orbiter leading-edge impact tests to
establish the final level of confidence for the analysis methodology. This report discusses the Level 2 test program conducted in the NASA
Glenn Research Center (GRC) Ballistic Impact Laboratory with ice projectile impact tests on flat RCC panels, and presents the data
observed. The Level 2 testing consisted of 54 impact tests in the NASA GRC Ballistic Impact Laboratory on 6- by 6-in. and 6- by 12-in. flat
plates of RCC and evaluated three types of debris projectiles: Single-crystal, polycrystal, and “soft” ice. These impact tests helped determine
the level of damage generated in the RCC flat plates by each projectile and validated the use of the ice and RCC models for use in LS-
DYNA.
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