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NESC Composite Overwrapped Pressure Vessel Hypervelocity Impact Study:
Phase A—Acoustic Emission Review

Introduction

Acoustic emission (AE) measurements were performed as a component of a NASA Engineering and
Safety Center (NESC) sponsored study to understand how Composite Overwrapped Pressure Vessels
(COPV) respond to hypervelocity impacts (HVI) while pressurized. Of general interest to the NESC
was whether there were any obvious indications in AE data that could foretell pending failure after
an impact. It was of particular interest where an HVI event did not fully penetrate a pressurized
COPV, to detect post-impact AE events that could indicate damage growth under continued pressure
loading that might allow experts to anticipate future failure. Where an HVI event penetrated the
COPV, it was of some interest to know if AE events supported an assessment of the initial degree of
damage and correlated with whether the bottle vented or detonated.

Test Objectives

AE test objectives were to determine if AE could be used to predict the post-impact behavior of a
pressurized COPV. Concerns raised by the test team focused on characterizing the damage to the
composite overwrap by an HVI event and whether the damaged COPVs were stable under load or
whether the damaged composite overwrap would further degrade under the pressure load and
ultimately lead to COPV failure.

AE Test Setup

An acoustic emission system was employed to monitor a series of COPV HVI tests. The system was
an eight channel laboratory system made by Digital Wave Corp. (DWC). This modular AE amplifier
system was connected to a compatible digital acquisition computer system.

COPV test articles were manufactured by General Dynamics and had a nominal 0.5 m (20”) length
by 0.16 m (6.5") diameter. The cylindrical section of the COPV had an axial length of approximately
0.36 m (14”). Prior to the installation of the COPV into the hypervelocity test tank, the AE sensors
were attached to the exterior of the COPV and their locations were measured and recorded. Fig. 1
shows the layout of the sensor installation pattern. Four factory calibrated AE sensors, DWC model
B1025, were attached. Of the four transducers, one sensor was adhered onto the dome-shaped A-end
of the tank as shown in Fig. 1 while the other three were located on the cylindrical section of the tank
overwrap. The sensors were adhered to the COPV tank using Lord type 202/18 acrylic two-part
adhesive. This adhesive was mixed in an off-specification ratio of about 25% extra of the Lord 202
part 1 to facilitate safe sensor removal from the tank after testing and thus allow for its subsequent
reuse after the hypervelocity impact. Mixing at the manufactured specified ratios bonded the
transducer so well that it led to the destruction of the sensors upon removal. At the off-nominal
mixture ratio, the bond was slightly weaker, which generally allowed the sensors to be safely removed
for reuse. This lower bond strength level came with a risk that a sensor might not stay bonded during
a violent impact.
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Figure 1. lllustration of a COPV tank type used for this effort showing the general AE transducer locations.

AE Equipment Configuration

Once the COPV was installed into the HVI target chamber and connected to the high-pressure feed
line, the transducers were connected to the AE electronics. Each transducer was attached to either a
six- or nine-foot-long, double-shielded sensor cable with a microdot connector on one end for
connecting to the transducer and a BNC connector on the other end for connecting to an RF attenuator
in line with a preamp/signal driver, DWC Model PAO. Initially, a 6 dB RF attenuator was used,
though later that was swapped for a 20-dB RF attenuator, which helped to avoid signal clipping by
the preamp. The six- or nine-foot sensor cable lengths allowed the preamp to be located a short
distance away from the COPV. Besides preventing signal clipping in the first stage of gain, the RF
attenuator provided some protection to the PAO preamplifier from possible over voltages that an
impact might generate within the sensor. The PAO provided 0 dB of gain with the ability to drive the
signals for 300 meters if needed. For HVI shots, the HVI target tank required evacuation during
testing. Hence, the output from the PAO line-drivers were connected by relatively short BNC cables
to a pressure port feed-through in the HVI tank. On the outside of the HVI target tank, long 15 m
BNC cables guided the signals into an underground bunker where they were connected to a DWC
model FM1 signal conditioner/amplifier. The gain and filters of the FM1 signal conditioner/amplifier
were set to provide the maximum non-saturating signal level for the HVI shot and for post impact AE
event detection. The output of the signal conditioner was then connected to a computer that had an
8-channel, 10 MHz, 16-bit analog-to-digital converter installed. The computer had DWC software
installed for recording the data. The amount of gain at the FM1 added into the DWC system was
based on the experience gained from prior HVI impacts. All gains, filters, and trigger levels were
recorded for post-test signal processing.

Once the AE system was connected, a pencil lead break on the COPV wall adjacent to the sensor’s
location using a 0.5 mm type H2 lead was performed to verify the sensor’s operation. The test was
performed in accordance with ASTM E976. For this test, the gains were adjusted and multiple lead
breaks were performed. Subsequently, that data was reviewed to verify that the signal levels and



frequency content were as expected. If those signals were off-nominal, then efforts were made to
check and replace any errant components, and the pencil lead break test procedure was repeated. This
step was also repeated just prior to closing the impact chamber for an HVI shot to make sure that the
system was working correctly from end to end at the last moment of access to the COPV. Common
issues were sensors that became detached or poorly attached because of cable mishandling, pressure
line installation interference, gun monitoring test hardware setup, exposure to severe temperature
ranges, and inadvertent mishaps with other pretest operations. Sometimes inadvertent mishaps
occurred after the final pencil lead break test during tank close out operations, which would affect a
channel’s recording of the HVI shot.

Test procedure

After the HVI tank was closed, it was evacuated and then pressurization of the COPV commenced.
At that point, no further hands on testing of the enclosed AE hardware could be performed due to
personnel safety rules. The AE system was then configured with gain and trigger settings estimated
as appropriate for the HVI shot. The protocol was initially set up to have the AE system record the
direct impact and if the COPV was not penetrated, then the protocol was to record all subsequent AE
events for the next two hours. If the COPV was punctured, the COPV lost pressure quickly, ending
the test.

After the first HVI shot on an unpressurized COPV tank, it was observed that many of the electronic
activities related to operation of the gun controls along with the vacuum and pump controls of the gun
barrel could cause errant triggers in the AE instrumentation. Protocols were modified to deal with
these issues.

In addition, after the first few pressurized tests, the post impact AE events didn’t happen frequently
after the first ten minutes. Subsequently, the protocol for monitoring post impact AE events was
shortened to fifteen minutes.

The initial gain settings for these hypervelocity shots were for a net gain of 42 dB. On the first shot,
HITF16078, signal clipping was evident. For the second shot, HITF16079, the impactor was larger,
so the net gain was reduced to 24 dB overall. There was still some clipping at this gain range. For
the following shot, HITF16080, the gain was set at 12 dB on the signal amplifier. Again, some signal
clipping occurred. For the fourth shot, the preamp and amplifier gain were set at 0 dB. This left only
6 dB RF attenuator in the signal line. Finally, values of 2 to 8 dB of total attenuation per channel
were used for the remaining tests and provided good signal amplitude and linearity for an HVI.

Once a test was completed and the post-test documentation was accomplished, any sensors still
attached after the test were removed by twisting the sensor from the surface of the COPV. If they
were undamaged from the impact/removal process, then they could be cleaned up for subsequent
reuse.

COPV AE Wave Velocity Measurements

For some types of AE calculations, such as event localizations, ultrasonic wave speeds are required.
In a thin-walled COPV, ultrasonic waves travel as dispersive guided waves. They may be treated as
guided flat plate waves for the wavelengths where the A < radius of the bottles. For longer
wavelengths, one would need to consider general cylindrical guided wave modes. The wave speeds
will be anisotropic because of the composite layup pattern. To measure these wave speeds, guided
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waves were generated using pencil lead breaks and recorded with a pair of sensors. The pencil lead
breaks were generated at the center of the cylindrical section of the COPV. An AE sensor was
centered 0.0125 m (0.5")away from the pencil lead break point source and oriented along the COPV’s
axial direction from the point source. That sensor triggered the AE system and provided a known
trigger time delay. With the pencil lead break’s location used as the center of a 0.125 m (5”) circle
laid out on the surface of the COPV wall, a second sensor was moved along the 0.125 m (5”) radial
arc which provided the signal transit time. The distances were measured manually with a tape
measure placed on the curved surface of the COPV. This has some small error associated with the
distance measurement as the tape measure is affected by the roughness of the composite surface and
the effects of manually measuring over a curved surface. Wave measurements were made in 10 degree
increments along the circle to cover an angular range of 0 to 180 degrees. The measurements were
then repeated in the reverse angular direction, travelling from 180 to O degrees, providing a duplicate
measurement set. The two sets of angular measurements over the 180 arc were used to compute the
resulting wave speed versus angle on the COPV surface.

Pencil lead breaks produce two readily distinguishable plate waves: a first-order symmetric mode
wave, So, and a first-order flexural mode wave, A.. The symmetric mode, which has a faster speed
at low frequencies, arrives first and then the slower flexural wave arrives second. In these tests, the
flexural waveform had about 90 percent of the wave energy while the symmetric mode was on the
order of 10 percent of the wave energy. Despite the lower signal level of the symmetric mode, the
relatively non-dispersive, low frequency components of the symmetric mode wave arrived first and
were often easier to discern.

Fig. 2 shows a graph of the measured lowest order flexural wave speeds over the range of -90° to +90°
and Fig. 3 shows a graph of the measured low order symmetric wave speeds over the same range. In
both figures, because of the symmetry of the ply layups, the data was assumed to be symmetrical
about the 0° angle, which is the hoop direction, so data from corresponding angles could be averaged
together to improve the error bars of that data somewhat. Thus, the -90° to 0" wave speeds were treated
as identical to the 0" to +90° data, as shown. The flexural wave speed ranged from about 1900 m/s up
to 2500 m/s. The symmetric wave speed ranged from about 5500 m/s up to 7500 m/s. In both cases,
the maximum speed is centered at the 0° direction where the hoop fibers affect the wave speed, and
the minimum occurring at the +90° direction, which is the axial direction. For AE data processing of
an HVI impact, if an HVI impact produces both types of waves, then the faster symmetric wave
should be the first to arrive at a sensor and will be the triggering wave. It should also be noted that
the tensile loading of the pressure shell will have the effect of increasing the speed somewhat since
the pressure-induced stresses will have the effect of stiffening the COPV shell. [1,2] In addition,
during pressurization, the temperature of the bottles increased, which will affect wave speed. The
pressurization protocol required that the bottle temperature be monitored and limited. The maximum
temperature approached was controlled by the pressurization rate. The impact shots were supposed
to be on bottles with a temperature below 50°C.

A few comments about the wave speeds of additional relevant materials to consider to understand if
there are other pathways for sound to travel, which could lead to premature triggers. Aluminum has
a bulk compressional wave velocity of about 6400 m/s and is isotropic in character. Uniaxial
composites often have bulk compressional wave velocities near 9000 m/s in uniaxial fibers and about
~2500 m/s across the fiber resin mixture demonstrating a large anisotropic character in between those
directions. Also, it is appropriate to understand the ultrasonic velocity effects of N2 gas under
pressure. At one atmosphere, N2 gas has a velocity of about 330 m/s, similar to air. Under very high
pressures, the wave speeds increase. For example, for N2 gas at room temperature and about 65,300
psi, the wave speed was reported to be near 1650 m/s. [3, 4] Even at that speed, the ultrasonic
symmetric plate waves in the solid COPV shell should easily arrive at a transducer mounted on the
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Figure 2. Flexural wave velocity in units of m/s vs. angle from -90 to 90 degrees. The vertical axis
is velocity in m/s and ranges from 0 to 3500 m/s. The error bar estimates at each angle are shown.

COPV before any gas borne waves can arrive. At the COPV’s Maximum Estimated Operating
Pressure (MEOP) of 4200 psi, the gas wave speed will be significantly less than 1650 m/s that occur
at 63,000 psi, so any gas borne waves can be ignored as a trigger source in these tests. Another
possible trigger source could happen if the projectile struck the wall, and some material spalled off
the interior wall and that debris might impact the back side of the COPV. Similarly, if a projectile
fully punctured the COPV’s pressure wall, and the projectile still maintained some of its mass, i.e.
didn't vaporize or disintegrate, and it was still traveling at supersonic speeds, the projectile could
impact the far wall of the inside of the COPV. In those cases, it is possible that the projectile’s
secondary impact might trigger a sensor before the initial impact generated symmetric wave triggers
a sensor. Thus, which sensor is triggered first would depend on the geometry of the sensor locations
relative to the sources for the two waves generated, either the primary impact wave vs. any secondary
generated impact waves. For the geometries and sensor locations used in these tests, it is expected
that all the first impact, plate wave signals on these tests should cause the triggering of the system. If
a different wave source was to trigger the system, then the impact site location algorithm should
indicate the discrepancy.
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Figure 3. Symmetric wave velocity in units of m/s vs. angle from -90 to 90 degrees. The vertical
axis is velocity in m/s and ranges from 0 to 9000 m/s. The error bar estimates at each angle are shown.

AE Event Location Methodology on COPV Impact Tests

The algorithm used for location of an impact is based on a minimization algorithm computing the
minimized least square error between sensor impact times and the computed time of flight from the
impact location to the sensor locations. In these equations, there are three unknown variables to solve
for: the axial and circumferential locations of the impact and the time of flight of the impact signal
to the first triggered sensor. While any three of the four sensor locations could be used to estimate
the impact location algebraically, it was chosen to use a minimization algorithm based on the MatLab
Curve Fitting Toolbox function called “Isgnonlin()”. In principle, when using three or more sensor
locations, this should give the best fit in the sense of least square error. For the case of three or more
sensor locations, there might be multiple minima, so one needs to check for the lowest least square
minimum point. With these bottles, when choosing an initial location near the target impact location,
one always ended up with a solution typically within 0.032 m (~1.25”) of the true impact location.
That level of accuracy is most likely a reflection of the local velocity accuracies. While location
accuracy results for simple aluminum plates are more like 0.00635 m (~0.25”) or better, in those
cases, velocities are accurately known. Here, the level of accuracy for COPV structures that is
reported is close to what previous measurements have achieved with COPV structures, where the
fiber wraps are a bit more structurally complex and variable than simple aluminum plates.



With the three sensors on the cylindrical part of the pressure wall, the geometry for the distance
between two points is simple. Still, one needs to ensure that the correct circumferential distances are
chosen for whether the shortest path from the impact location to the sensor is achieved by travelling
clockwise or counterclockwise in the circumferential direction. For the case of the sensor on the
dome region, sensor 4, the geodetic geometry becomes much more complicated for computing the
geodesic distance and the solution is more convoluted. If the dome is truly a hemispherical shape,
calculating the geodesic distance is in principle doable analytically. In reality, the dome is not exactly
a hemisphere, but is somewhat flattened compared to a hemisphere. Further, the ply layups and
densities, as well as the metal’s thickness, varies in the dome region, which yields potentially very
different speeds throughout that region. Thus, using the sensor on the dome in the Isgnonlin() function
software was problematic as the algorithm requires a functional form for its fitting algorithm, which
we don’t have for the fourth sensor location. If we have larger cylinders and more sensors, this
software framework can be adapted for cases where one might use more than three sensor locations
placed on the cylindrical wall

One of the initial issues tested from this data was the validity of the velocity estimates measured from
the pencil lead breaks both without pressurization and those velocity values affected by the pressure
of the bottles. Using the symmetric mode velocity data, Fig. 3, with a spline interpolation produced
more accurate answers than fitting a functional model to the velocity data, such as a Gaussian
function.

By inverting the fitting algorithm to fit the velocity data using the known locations of the sensors and
known impact locations for impacts on pressurized COPVs, one can develop an estimate of the
velocity function over angles with both unpressurized and pressurized bottles. For that calculation,
the shape of the velocity data curve in Fig. 3 was assumed, while the maximum and minimum range
were treated as the unknowns. The pencil lead break derived symmetric velocities in the unpressurized
COPVs uniformly appeared to be within 2% of the calculated values. In the case of the two
unpressurized tests, the location calculations were within 0.025 m (~1") accuracy of the actual
measured impact location for one test and 0.01 m (~0.4”) for the second test. This level of accuracy
reflects the variability between COPVs. Similar velocity computations were done for the flexural
mode velocity, but the time of arrival signals was less accurate overall for the flexural mode.

As mentioned previously, the pressures inside the COPV should cause an increase in the wave
velocities, and the wave velocities will also be affected by the elevated temperatures from the
pressurization process. The aforementioned process for adjusting the velocity curves was again
applied to COPV bottles that were pressurized, but did not rupture. In these bottles, the impact
locations were known and thus the velocities could be estimated as in the unpressurized case.
Subsequently, the Fig. 3 velocity profile’s shape was fitted for the case where the COPVs were
pressurized. That process suggested that the pressurized velocity data was between 10 to 20% higher
when compared with the unpressurized test results. With the ruptured bottles, where there was no
post impact information related to the exact impact location, velocity values that were adjusted
upwards by 20% were used in the location fitting algorithm. With those levels of adjustments, the
impact location accuracies in the pressurized bottles ranged from ~ 0.01 m to 0.036 m (~0.4” to
~1.4”), which were in a similar range to the unpressurized impact location accuracies.

AE Signal Energy

The signal energy (SE) from AE measurements are computed from the voltage vs. time recording of
the AE data, according to the equation:



SE = YV (t;)? At, Eqg. 1

where V (t;) is the digitized voltage at time ti and At is the sampling rate in time per data point and n
represent the number of points used to compute the SE. In these tests, At was 0.5 ps/point. It is
important to appreciate that in Eqg. 1, the length of time that one takes data is important when
comparing data.

In the first few pathfinder hypervelocity shots, 4096 us of data were recorded after which it was
realized that less than 25% of that data was actually of interest. Subsequently, in this early phase of
this work, the time recorded was adjusted to 1024 ps per sensor. Later in the testing, after measuring
the first few bottles that ruptured, it was deemed necessary to increase the time measured to 2048 us
to better document the results of those types of events, and that time length seemed to better
represented all the data overall as the project progressed. The 2048 s record length was used for the
remainder of this study. The longer times of 2048 ps did not simply double the SE compared to the
case of the 1024 us measured data, since the majority of the signal’s amplitude exists early in the
recording, during the impact’s response, and then died away. To make viable corrections to the signal
energy calculation from the 1024 ps data to allow it to be compared to the 2048 us data on an equal
footing, one needs to understand the types of noise sources that were present and make adjustments
accordingly.

We estimate that there are five types of noise sources that contribute to the signal energy overall.
There is the initial impact signal that is a fast, large temporal initial signal with a following decaying
signal which might last for many tens of microseconds as the signal radiates from the impact and
spreads out and dissipates. There are also signals from the post impact damage growth in the
composite and metal that are short burst signals that might occur during the following microseconds
after the impact and could include some derivative impacts from debris striking areas of the inner
liner after penetration. That signal can be erratic in its temporal and magnitude behavior as the type
and degree of material damage effects are unpredictable. Third, there can be noise generated as high
pressure air escapes through the leak orifice, if present. Fourth, with COPV detonation, there will be
a fast rising signal at the time of detonation as the COPV rapidly comes apart and expands outward.
Even when the sensors have disbonded because of the violence of the impact and appear to be “dead”
for many microseconds, the detonation signal will be large at the transducers, as they will not have
had any significant time to fall away and out of the path of the COPV debris. Hence, the sensors will
be struck by the pieces of the COPV, which accelerate the sensors away from their resting positions.
Finally, instrumentation noise can be a factor. In these tests, compared to the initial impact signals
with the gain turned down to avoid signal saturation, the instrument noise is not a significantly
contributing value to the signal energy in this part of the AE recordings.

For purposes of making adjustments to the signal energy as a result of different signal time lengths,
in the case of the shorter signals, if one realizes that the noise from the initial impact will have
dissipated by the end of the recorded AE signal, then the signal near the end of the record would
mostly consist of latent post impact damage growth noise and leaking gas noise, if present. Thus,
using a measurement of the signal energy at the end of the signal, one can obtain an approximate
value for the leak noise and latent impact growth noise for the 1024us recorded signals, Under the
assumption that the noise components at the end of 1024us of data will continue to make noise at that
level for the next 1024pus one can use those values of signal energy to adjust the shorter time length
signals to be equivalent to the longer time length signals. To estimate the leak noise and latent impact
growth noise signal levels, both the last 10% and last 25% of the shorter data records were tested.
They were isolated and scaled up respectively and used as an estimate of noise needed to correct the
signal energy of the initial 1024ps time length to represent an estimate of signal energy for a longer



2048ps time length. Using this process, both the leak noise and latent impact growth noise ranges
from the last 10% or 25%, were reasonably close to each in their size of the signal energy value
corrections.

In the case of a simple impact that did not fully penetrate the wall, the main signal sources appear to
be from the impact signal and any subsequent damage in the vicinity of the impact. If there are
correlations between either the signal energy, the energy of the impactor, or some feature of the degree
of damage, then the signal energy could be a predictor for the degree of damage. Some simple tests
of this correlation concept were to: (1) plot the signal energy against the projectile energy; (2) plot
the signal energy against the cross sectional area of damage; and (3) plot the signal energy against the
circumference of the area of damage. Those three parameters were numbers that we could measure,
compute, or estimate. First, the projectile’s kinetic energy was measured by systems that were a part
of the hypervelocity gun system and that impactor energy was deposited locally into the wall creating
a small crater in the COPV wall. In this scenario, the proportionality with projectile energy would be
disrupted once penetration occurred, as then, not all the impactor’s kinetic energy is deposited into
the COPV’s wall, changing the nature of the damage process. Secondly, from the measurements of
the damage crater, we generated rough dimensions of the area and circumference of the impact.
Proportionality with volume couldn’t be directly tested, since the crater depth information was not
available, but the areal damage could be estimated as a simple ellipse. Interest in the circumference
comparison arises as there may be contributions to the signal energy from the metal straining or failing
at the outer edge of the impact, which is then an edge that is more free to move and create signal
noise. The time course of the post impact damage growth, i.e. how long the damage growth might
continue to occur within the pressurized bottle, was something that we could not predict in these tests.

In the case projectile penetration and therefore generation of leak noise, since that noise is related to
the gas velocity as it escapes, which is proportional to the pressure drop, that effect should follow an
exponential decay with time. But, over the first few milliseconds of time, the pressure won't have
had much time to decay, hence for our purposes, we can estimate the leak noise signal energy as
approximately constant over that short time frame. The amplitude of that noise also depends on the
generation mechanism, which appears to be the turbulent gas flowing at the edges of the penetration.
Other tests for the leak noise from an ISS metal skin showed an approximately direct correlation
between the logarithm of the signal energy from the leak noise with the circumference of the hole.
[5] It should be noted that the metal surface of the ISS skin is much less attenuative than the wall of
a COPV and the reverberant noise effects will be different comparing the ISS structure to the COPV
structure. Furthermore, the noise signal’s generation is also affected by the roughness of the leak
hole’s edges, which in the case of an HV1 test can vary significantly, sometimes being a rather simple
hole and other times having a great deal of structure, such as rough metal edges. Hence, because of
the complexity of the hole’s dimension and complex shape from a hypervelocity impact, it is hard to
predict the exact dependence of the signal energy vs. the hole’s dimension and shape.

Hypervelocity COPV Tests

Table 1 shows the listing of the HVI testing of the Phase A work and is organized by the results of
those shots. In this report, 19 HVI shots are reviewed regarding the acoustic emission measurements.
Column one lists seven HVI shots that resulted in damage to the COPV that neither vented nor
ruptured the COPV. Column 2 lists six HVI shots that resulted in penetration and venting, but not
the rupture of the COPV. Column 3 lists another six HVI shots that resulted in the penetration and
detonation of the COPV.



Table 1. List of HVI shots sorted by result

Non-Penetrating Penetrating/ VVenting Penetrating/
Shots Shots Detonating Shots
HITF 16078 HITF 16160 HITF 16161
HITF 16079 HITF 16164 HITF 16162
HITF 16080 HITF 16165 HITF 16167
HITF 16081 HITF 16166 HITF 16168
HITF 16159 HITF 16169 HITF 16170
HITF 16163 HITF 16504B HITF 16505
HITF 16171

Non-Penetrating Shots

Table 2 provides a listing of the hypervelocity shot parameters for the cases where the projectile did
not penetrate the COPV’s wall. The table is broken into three sections: Pathfinder, Part 1, and Part
2. The first four shots were a part of a Pathfinder series of shots for defining the setup parameters.
The first two shots of the Pathfinder series were not pressurized. For the remaining five shots, the
tanks were pressurized. In the table, Part 1 refers to work focused on defining the region of the tank
which is most vulnerable to a penetration. Part 2 refers to work to define the ballistic limit for the
weakest region. Here, the ballistic limit is defined as the energy to penetrate the COPV wall fully.
These non-puncturing shots were in the cylinder region except for shot HITF16163, which was
referred to as a shoulder shot and was where the cylinder region transitioned into the dome region.
The shots were generally in order of more severe projectile energies, not counting an impact to the
COPV shoulder region.

Table 3 describes the resulting damage from the impacts for the non-penetrating shots. Table 3 is
followed by graphs showing the AE signal vs. time or frequency for each of the non-penetrating shots
that were recorded in these tests, and which correlate with the first column of HITF numbers in Table
1 and the listing of damage outlined in Table 3.

Figures 4 through 24 show the AE signal vs. time or frequency for each hypervelocity shot that did
not fully penetrate the COPV target. The order of these figures directly correlates with the first
column of HITF numbers in Table 2. The figures are ordered with the first view as an “early time
close up”, ~100 ps of data, view of each AE signal channel recording of an HVI shot. This is followed
by a graph of the amplitude vs. the full-time sequence of the AE results for each channel. The third
figure in each group shows the frequency data for each of the sensors for that shot. The frequency
data is plotted on a frequency scale of 0 to 1000KHz. The figure formats have panels (a), (b), (c),
and (d) as sensors 1, 2, 3, and 4, respectively.
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Table 2. List of HVI shot parameters for shots that did not fully penetrate the COPV. The column
labelled “Perpendicular Momentum” is the momentum component perpendicular to the surface at the

impact point.

HITF Actual Perpen-
Number/ Tank Projec- Projectile | Actual Actual | Impact | Projectile | Momen- | dicular
Tank S/N / Pressure tile Diameter | Projectile | Velocit | Angle | Energy tum (Kg- | Momen-
Impact (psi) Type (mm) Mass (g) |y (km/s) | (deg) J) m/s) tum (Kg-
Location P m/s)
Pathfinder
#A
HITF16078 Ambient Al 2017- 0.3 0.00004 6.98 _
S/N 195 | pressure T4 . . . 45 0.9298 0.0002664 | 0.0001884
Cylinder
#B
HITF16079 Ambient Al 2017- 0.5 0.00018 6.92 )
S/N 190 | pressure T4 45 4.2311 0.0012229 | 0.0008647
Cylinder
#1
HITF16080 Al 2017- 0.00004 | 7.24 i
S/N 201 4500 Ta 0.3 . : 45 0.9352 0.000267 | 0.0001889
Cylinder
#2

HITF16081 Al 2017- | g 5 0.00018 | 6.82 i
S/N 190 4500 Ta . . . 45 4.3295 0.001237 | 0.0008747
Cylinder

Part 1
#3
S/N 190 4234 T4 . . . 47 38.8122 0.0104756 | 0.0071444
Cylinder
#7

HITF16163 Al 2017-
S/N 194 4212 T4 1.52 0.00514 | 7.04 45 123.0293 | 0.0349515 | 0.0247144
Shoulder

Part 2
#15

HITF16171 Al 2017-
S/N 202 4270 T4 2.01 0.01194 | 4.08 45 95.5522 0.0468393 | 0.0331204
Cylinder
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Table 3 List of results of HVI shots shown in Table 2

Test Number / HITF
Number/ Tank S/N /
Impact Location

Damage Assessments (dimensions are in mm) Areal damage is denoted as a
length x width.

(Note, TBD values were not known at the time of the writing of this report.
This table was copied from a preliminary report that was not complete at the
writing of this report.)

Pathfinder

#A HITF16078 S/N 195
Cylinder

Overall impact damage = severed fibers and ply delamination present within a
2.4 x 1.5 area surrounding the projectile entry crater. Crater dimensions =

0.8 x 0.5. Maximum crater depth = TBD. Sub-surface damage = TBD,
Liner damage = TBD, Ten-minute monitoring time after impact.

#B HITF16079 S/N 190
Cylinder

Overall impact damage = severed fibers and ply delamination present within a
13.3 x 1.5 area surrounding the projectile entry crater. Crater dimensions =1.4
x 1.1. Maximum crater depth = TBD. Sub-surface damage = TBD, Liner
damage = TBD, Ten-minute monitoring time after impact.

#1 HITF16080 S/N 201
Cylinder

No venting or rupture occurred. Overall impact damage = severed fibers
and ply delamination present within a 1.4 x 2.1 area surrounding the projectile
entry crater. Crater dimensions =0.9 x 0.8. Maximum crater depth = TBD.
Sub-surface damage = TBD. Liner damage = TBD, Two-hour monitoring
time after impact.

#2 HITF 16081 S/N 203
Cylinder

No venting or rupture occurred. Overall impact damage = severed fibers
and ply delamination present within a 3.7 x 40.6 area surrounding the projectile
entry crater. Crater dimensions = 1.6 x 1.4. Maximum crater depth = TBD.
Sub-surface damage = TBD. Liner damage = TBD, Two-hour monitoring
time after impact.

Part 1

#3 HITF16159 S/N 190
Cylinder

No venting or rupture occurred. Overall impact damage = severed fibers
and ply delamination present that has a 4.8 maximum height and extends around
the tank ~270 degrees from the origin of impact. Crater dimensions = 3.5 x
3.2. Maximum crater depth = TBD Sub-surface damage = TBD Liner
damage = visible bump to the liner inside of the tank

#7 HITF16163 S/N 194
Shoulder

No venting or rupture occurred. Overall impact damage = severed fibers
and ply delamination present within 35.7 x 23.3 area from origin of impact, most
damage contained within helical wrap area, minimal hoop wrap damage at wrap
transition. Ball impacted 85.0 from tank boss Crater dimensions = 5.0 x 4.4
Maximum crater depth = 2.0 (estimated) Sub-surface damage = TBD Liner
damage = crater present, visible bump present within liner

Part 2

#15 HITF16171
202 Cylinder

S/N

No venting or rupture occurred. Overall impact damage = severed fibers
and ply delamination present that has a maximum height of 9.2 that runs from 9
o’clock to 3 o’clock from the origin of impact that has a maximum length of
466.9 Crater dimensions = 4.1 x 45 Maximum crater depth = 4.5
(estimated) from overwrap surface plane. Sub-surface damage = TBD Liner
damage = 4.1 x 4.5 exposed liner present, pronounced bump visibly present
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Fig. 4 shows the signal amplitude vs. time for the four sensors mounted on the COPV for
hypervelocity shot HITF16078. Inspection of Fig. 4 shows that the first arrival signal occurred on
sensor 3, followed by sensor 1, sensor 2, and then sensor 4. The pre-trigger time was set to record
512 ps of data before the trigger for this shot. The high frequency, symmetric mode arrived first,
followed by the lower frequency, flexural mode at about 30 ps later on the nearest sensors and about
50 ps later on sensor 2 which is further away. The wave types in Fig. 4d are more complex because
the thickness is changing over the dome, which affects the plate wave’s frequencies and velocities. It

is clear in the graphs that a significant amount of saturation occurred on the sensors.
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Figure 4. Time of arrival/temporal results of HITF16078 in volts vs. time over the range of 500 to

600 ps.
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Fig 5 shows the voltage vs. time for the first 4000 ps out of 4096 ps of the signal that was captured,
and the full extent of the signal saturation is evident in this figure. The signal saturation lasted for
about 400 ps on the furthest sensor from the impact site, chan. 4, and up to 600 us on the closest
sensor to the impact, chan. 3.
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Figure 5. Full temporal results of HITF16078 in volts vs. time over the range of 0 to 4000 ps.
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Fig. 6 shows the amplitude vs frequency of the sensors’ responses to the impact HITF16078. The
main frequency peaks are broad and appear to be near 100 KHz and 500 KHz. The first peak
amplitude is near -45 dB on all the channels. The sensor’s response is specified as “flat” between 50
- 1,000 KHz. Itis possible that the lower frequency peak is affected by the sensor’s response cut-off
below the 50 KHz frequency. Since the sensors were heavily saturated as seen in Fig. 5, the
amplitudes will be strongly attenuated. Also, the saturation will introduce significant higher
frequency distortion. For a thickness of composite overwrap of 2.54 mm thickness and a 2 mm thick
liner, a simple calculation of the thickness resonant frequency would be slightly below 400 KHz. The
500 KHz peak, which is broad, probably represents the fundamental thickness vibration mode of the
COPV wall in the cylinder section, which has relevance to the lowest symmetric wave mode. Sensor
4, which is on the dome region where the COPV wall becomes thicker, will experience shifts of the

frequencies downwards and is probably why peaks are not as evident in sensor 4.

FFT of Impact Waveform: HITF 16078, Ch 1

Amplitude (dB ref 1 mv)

-80 W“‘ ‘\ ‘ “'|

0 200 400 600 800 1000
Frequency (KHz)

(a) Sensor Channel 1

FFT of Impact Waveform: HITF 16078, Ch 3

&
3

!
I

-80 H i

Amplitude (dB ref 1 mv)

l! Il \‘ I \’H\ ‘\U“\

0 200 400 600 800 1000
Frequency (KHz)

(c) Sensor Channel 3

Figure 6. Frequency results of HITF16078. The vertical data is amplitude on a dB scale, referenced
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to 1 mV. The amplitude ranges from -100 to -30 dB.
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Fig. 7 shows the signal amplitude vs. time for the four sensors mounted on the COPV for the second
hypervelocity shot, HITF16079. Inspection of Fig. 7 shows that the first arrival signal occurred on
sensor 2, followed by arrival at sensor 3, sensor 1, and then sensor 4. The pre-trigger time was again
set for 512 s of data for this shot. The high frequency, symmetric mode arrived first, followed by
the lower frequency, flexural mode at about 10 s later on the nearest sensors, sensor 2, and about 20
ps later on sensor 3 which is slightly further away. Waves on channel 1 don’t show any strong
antisymmetric waves arriving within this time frame. As in Fig. 4, the wave types in Fig. 7d are more
complex because the thicknesses are varying over the dome and the changes in thicknesses affect the
plate wave’s frequencies. It should be noted even after adjusting the gain for this shot to eliminate
saturation, that a significant amount of saturation still occurred on the sensors, which is clear in these
graphs and further evident in Fig. 8.

Impact AE Waveform: HITF 16079, Ch 1 Impact AE Waveform: HITF 16079, Ch 2
0.08 0.08
0.06 0.06
004 | | /| 004 - | W‘ | (\ e
I NI S [ T L
P i < I
i it Pl
g 'l ‘ g \ ‘
<E( -0.02 /N\‘ ‘/ \J‘U “}// | W —Chan. 1 <E( -0.02 }J Hi !\J} L J r\\ “‘ l ‘\‘ “‘ —Chan. 2
004 ‘ 0.04 J H“ \\ " | [ [ﬂ‘“ |
A I
0.06 -0.06 } i |
oo 500 520 540 560 580 600 oo 500 520 540 560 580 600
Time (us) Time (us)
(a) Sensor Channel 1 (b) Sensor Channel 2
Impact AE Waveform: HITF 16079, Ch 3 Impact AE Waveform: HITF 16079, Ch 4
0.08 0.08
0.06 “ ‘ 0.06
| |
004 H“ f | ‘1“‘ ““‘ }‘ “ | “ 004 [f“
S o “M‘H‘EH\“} “H‘j}“ ‘ s o i M}“
5, AT FLIE | 5, [
A gl
< e 1 HiHH i ‘i i 1 chans 5 o ‘lc’ \ \ {1 —chan.4
TP il
-0.04 ; ‘ J ‘ ‘ | ! -0.04
0.06 T 0.06
008 500 520 540 560 580 600 008 500 520 540 560 580 600
Time (us) Time (us)
(c) Sensor Channel 3 (d) Sensor Channel 4

Figure 7. Time of arrival/temporal results of HITF16079 in volts vs. time over the range of 500 to
600 us. The amplitude of the graphs range from +0.08 V.
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Fig. 8 shows the voltage vs. time for the first 4000 us of the 4096 us of the signal that was captured.
The extent of the signal saturation is clear in Fig. 8. Gains were adjusted lower for this shot to address
the saturation in the previous shot, HITF16078. The projectile size was about 4.5 times more massive,
so the impact was proportionally more energetic. Even with the reduced gain, there were significant
saturations. The signal saturation times ranged from about 500 ps on sensor 3 down to ~100 us on
sensor 4. With the lower gain settings, the saturation was now clipping the signal at 0.06 V in contrast
to the prior shot where the clipping was clear at 0.008 V.
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Figure 8. Full temporal results of HITF16079 in volts vs. time over the range of 0 to 4000 ps.




Fig. 9 shows the amplitude vs. frequency of the sensors’ response to the impact HITF16079. The
data parallels the results from HTIF16078, except with the lower gain, less of the energy was lost and
now the signal levels peaked near -25 dB around the first peak at 100 KHz. Again, since the sensors
were heavily saturated, as seen in Fig. 8, the amplitudes will be strongly attenuated. Plus, the
saturation will introduce significantly higher frequency distortion. As seen in HITF16078, the data
has a similar peak just below 500 KHz. In this shot, Fig. 9(d), chan. 4 also shows a lower, broader
amplitude peak in that frequency range.
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Figure 9. Frequency results of HITF16079. The vertical data is amplitude on a dB scale referenced
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Fig. 10 shows the signal amplitude vs. time for the four sensors mounted on the COPV for
hypervelocity shot HITF16080. This was the first pressurized impact test. The projectile size and
speed were comparable to the unpressurized hypervelocity shot HITF16078. The amplitude ranges
between £0.3 V and the time shown ranges from 120 to 240 ps. For all the remaining shots, the pre-
trigger time was set for 128 ps of data and the plots show data from 120 to 240 ps. Inspection of Fig.
10 shows that the first arrival signal occurred on sensor 2, followed by arrival at sensor 3, then sensor
1, and finally sensor 4. The high frequency, symmetric mode arrived first, followed by the lower
frequency, flexural mode at about 20 ps later on the nearest sensors, sensor 2, and about 20 ps later
on sensor 3 which is slightly further away. Waves on channel 1 show the antisymmetric waves
arriving possibly around 35 ps later. As shown in Fig. 7, the wave types in Fig. 10d are more complex
because the thicknesses are changing over the dome. It should be noted that a significant amount of
saturation occurred on the sensors, which is clear in these graphs and further evident in Fig. 11.
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Figure 10. Time of arrival/temporal results of HITF16080 in volts vs. time over the range of 120 to
240 ps. The vertical scale ranged from £ 0.3 V.
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Fig 11 shows the voltage vs. time for the full signal of 1024 ps of data that was captured. For this
shot, gains were adjusted to address the saturation in the previous shot, HITF16079 and to account
for differences in the projectile’s size, which was about 4.5 times less massive, than the previous shot.
Even with the gain adjustments, significant saturation occurred as seen in Fig. 11. With these gain
settings, the saturations were now clipping the signal at about 0.25 V in contrast to the prior shot
where the clipping was evident at 0.06 V.
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Figure 11. Full temporal results of HITF16080 in volts vs. time over the range of 0 to 1000 ps. A
significant amount of saturation occurred on the sensors.
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Fig. 12 shows the amplitude vs frequency of the sensors’ response to the impact of HITF16080. The
signal levels peaked near 100 KHz near an amplitude of -5 dB. Again, since the sensors were heavily
saturated the amplitudes are strongly attenuated. Plus, the saturation will introduce significantly
higher frequency distortion. In this data, the peaks seen near 500 KHz are much weaker, which may
result from the saturation effects. Finally, the added effect of the bottle’s pressurization plays a large
role in the differences between this shot and HTIF16078, which were similar in shot parameters.
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Figure 12. Frequency results of HITF16080
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to 1 mV. The amplitude ranges from -60 to +10 dB.
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Fig. 13 shows the signal amplitude vs. time for the four sensors mounted on the COPV for
hypervelocity shot HITF16081. This was the second pressurized impact test. The projectile size and
speed were comparable to the unpressurized hypervelocity shot HITF16079. Inspection of Fig. 13
shows that the first arrival signal occurred on sensor 2, followed quickly by arrival at sensor 3, then
sensor 1, and then sensor 4. The high frequency, symmetric mode arrived first, followed by the lower
frequency flexural mode at about 20 us later on the nearest sensors, sensor 2, and about 40 ps later
on sensor 3 which is slightly further away. Waves on channel 1 show the antisymmetric waves
arriving possibly around 50 us later. Asin Fig. 10, the wave types in Fig. 13d are different in character
because the COPV’s wall thicknesses are varying over the dome causing the wave to show more low
frequency character. With additional gain adjustments for this shot with a total gain = -6 dB, only a
few saturations occurred on sensor 2.
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Figure 13. Time of arrival/temporal results of HITF16081 in volts vs. time over the range of 120 to
240 ps. The vertical scale ranged from £ 0.6 V.
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With those gain settings, secondary AE events are now visible above the bottle’s impact signal’s ring
down. As seen in Fig. 14(a), there is a large signal that arrives on channel 1 at about 500 ps, which
is about 350 s after the impact trigger time. Comparison of that event and the timing of signal events
from the other channels does not fit the same temporal pattern of signal arrivals from an AE event
near the initial impact site. Hence, that event signal did not originate from near the impact site but
from somewhere else. The large signal at sensor 1 is rather singular, with the other channels being
much lower near the time of arrival time frames. The other sensors being rather low in signal
amplitude near those times are compatible with the suggestion that the AE event is closer to or directly
at sensor 1. Figs. 14(b), (c), and (d) also show a secondary event time near 550 ps. That time
difference suggests that the events seen close in time at sensors 2, 3, and 4 are probably not related to
the 500 ps signal detected at sensor 1. A closer look at the signal at 550 ps seen at sensors 2, 3, and
4, have arrival times roughly of 550 ps at sensor 2, 540 ps at sensor 3, and 560 s at sensor 4, which
IS a pattern that mirrors the initial impact timing relationships, so those events are probably related to
the impact site as the source. Another set of signals indicated an event was located near the axial-
location of 0.027 m (1.06”) and circumferential-location of 0.243 m (9.56”), which suggests that the
signal source was possibly from the mounting bracket region of the bottle. It is possible there might
have been some movement/recoil/ or friction at that point that generated some detectable signals.
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Figure 14. Full temporal results of HITF16081 in volts vs. time over the range of 0 to 1024 us. The
vertical scale ranged from £0.6 V.
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Fig. 15 shows the amplitude vs frequency of the sensors’ response to the impact of HITF16081. The
signal levels peaked near 100 KHz near an amplitude of -10 to -20 dB. In this data, the peaks seen
near 500 KHz are near -30 dB, similar to HTF16080. Finally, the effect of the added pressure plays
a role in the differences between this shot and HTIF16079, which is shown in Fig. 9, which were
similar in shot parameters. In all the remaining HVI shots, the frequency data is plotted with the
vertical amplitude ranging from -70 to 0 dB and referenced to 1 mV. The frequency ranges from 0 to
1000 KHz.
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Figure 15. Frequency results of HITF16081.
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Fig. 16 shows the signal amplitude vs. time for the four sensors mounted on the COPV for
hypervelocity shot HITF16159. This was the third pressurized impact test. The amplitude ranges
between £1.2 V and the time shown ranges from 120 to 240 ps. Inspection of Fig. 16 shows that the
first arrival signal occurred on sensor 2, followed quickly by arrival at sensor 3, then sensor 1, and
then sensor 4. The high frequency, symmetric mode arrived first, followed by the lower frequency,
flexural mode at about 30 ps later on the nearest sensor, sensor 2. The antisymmetric signal on sensor
3 arrived about 35 ps after the symmetric mode arrived. Waves on channel 1 don’t show the
antisymmetric waves arriving very clearly. Asin Fig. 13, the wave types in Fig. 16(d) are much lower
in frequency because the COPV’s wall thickness is different and the changes in thickness over the
dome introduces complexity. With additional gain adjustments for this shot, the net attenuation was
set at a 2 dB loss and now there are no measured saturation on the sensors in Fig. 16 and Fig. 17. The
signal in Fig. 16 (a) has a unique character because the impact’s location is very close to being directly
on the opposite side from the sensor and therefore, the signal’s arrival consists of waves travelling
from the clockwise and counterclockwise directions. Hence, one can see two versions of the same
signal very close to each other in the time signal.
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Figure 16. Time of arrival/temporal results of HITF16159 in volts vs. time over the range of 120 to

240 ps.
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Fig. 17 shows the full voltage vs. time signal. A signal on sensor 1 at roughly 500 ps doesn’t appear
to correlate with signals on the other signal channels. There are a few later indications on channels 2
and 3 at about 660 ps. The events on channels 2 and 3 and possibly near the 700 ps range on channel
4 might be a secondary event that aligns with a source roughly near the impact region, but the
indication on channel 4 is pretty much at the noise levels after the signal’s ring-down levels, as are

the signals on channel 1.
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Figure 17. Full temporal results of HITF16159 in volts vs. time over the range of 0 to 1024 ps.
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Fig. 18 shows the amplitude vs frequency of the sensors’ response to the impact of HITF16159. The
signal levels peaked near 100 KHz near an amplitude of -5 to -15 dB. The signals near the 400-500
KHz frequency have an amplitude near -20 dB. In this data, the peaks seen near 400-500 KHz on
channels 1 and 3 are almost as large as the peaks at 100 KHz. The 400-500 KHz peak on channel 2
is about 10 dB smaller than the peak at 100 KHz, and on channel 4 it is about 20 dB smaller.
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Figure 18. Frequency results of HITF16159.
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Fig. 19 shows the signal amplitude vs. time for the four sensors mounted on the COPV for
hypervelocity shot HITF16163. This was the seventh pressurized hypervelocity impact in these test
series. This shot was a shoulder site impact. For that sensor geometry, the first arrival signal occurred
on channel 4, followed by channel 3, channel 2, and then channel 1. Sensor 4 had a few saturations
in its signal. Channel 2 appeared to have suffered a partial sensor disbonding, as its signal was ~20
dB smaller than expected. As mentioned under earlier impacts, one would see low frequencies arrive
first and then the higher frequencies arrive later, which is what is suggested by sensors 1, 2 and 3.
Because of the COPV thickness variations at the shoulder, there might have been a wider number of
frequencies generated than is seen in HVI shots in the barrel regions. For this figure and the remaining
figures related to the signal-time presentations, the vertical amplitudes range from £1.2 V unless
otherwise noted in the figure caption.
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Fig. 20 shows the full time vs voltage plots of the data for HTIF16163. After the previous shot,
HITF16162, which resulted in the bottle detonation just after 1ms, the time scale was expanded to
2048 s to capture such failures on subsequent tests. A small amount of saturation appeared to occur
on sensor 4, which was the closest sensor to the impact. Relatively large secondary events seemed to
occur for sensor 3 at roughly 500 us, on sensor 1 at roughly 600 ps, and followed by sensor 2 at
roughly 650 ps. The timing of those secondary signal events times indicate signals that were not
related to a single event source within the COPV. Other secondary signal events in this data did not
arise above the background signal ring-down sufficiently to make any clear timing references for
triangulations on this bottle.
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Figure 20. Full temporal results of HITF16163 in volts vs. time over the range of 0 to 2048 pus. The
vertical scale on channels 1, 3, and 4 ranged from + 1.2 V. The vertical scale on channel 2 ranged
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Fig. 21 shows the amplitude vs frequency of the sensors’ response to the impact of HITF16163. The
signal levels peaked near 100 KHz near an amplitude of -5 to -10 dB, except for channel 2 which
appeared to have a 20 dB signal loss, hence that channel is -25 dB in amplitude. Channels 1 to 3
show a strong peak near the 500 KHz frequency. The peak at ~500 KHz probably is shifted to lower
frequencies on channel 4, because channel 4 is on the “dome” region, which has varying thicknesses.
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Figure 21. Frequency results of HITF16163.
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Fig. 22 shows the signal amplitude vs. time for the four sensors mounted on the COPV for
hypervelocity shot HITF16171, the fifteenth pressurized shot. The figure shows the 120 us of the
early data. The first arrival signal occurred on channel 2, followed by channel 3, and channel 1.

Channel 4 did not record any data.
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Fig. 22. Time of arrival/temporal results of HITF16171 in volts vs. time over the range of 120 to 240
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Fig. 23 shows the full time vs voltage plots for HITF16171. Relatively large secondary events seemed
to occur for sensors 1 to 3 at roughly 500 s in the data. A review of some larger secondary signals
showed that there were never three clear sensor events that correlated for the impact event location,

which was like previously discussed results.
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Figure 23. Full temporal results of HITF16171 in volts vs. time over the range of 0 to 2048 ps. In
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this test, sensor 4 recorded no signal. The horizontal time scale ranges from 0 to 2048 ps.
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Fig. 24 shows the amplitude vs frequency of the sensors’ response to the impact of HITF16171. The
signal levels peaked near 100 KHz near an amplitude of -10 dB, except for channel 4, which did not
record a signal. Channels 1 to 3 show a strong peak near the 400-500 KHz frequency having an
amplitude near -20 to -25 dB.
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Figure 24. Frequency results of HITF16171.
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Table 4 shows the targeting parameters and the relative times of arrival from the trigger signal that
were measured for the impact signal on each sensor for the list of shots shown in Table 2. These
temporal reference times were subsequently used in the fitting algorithm to identify the estimated
impact location. Most of the hypervelocity shots in these tests were done at approximately the same
axial locations on the cylindrical section of the bottles, except HITF16163, which was a shoulder
shot.

Table 4. List of target locations and the corresponding temporal results of HVI shots shown in Table
2

Test Number /
HITF

Number/
Tank S/N /
Impact
Region

Target
position
axial

(m)

Target
position
circum.
(deg)

Target
angle
(deg)

Delta
time
sensor 1
(Us)

Delta
time
sensor 2
(Us)

Delta
time
sensor
(Us)

3

Delta
time
sensor
(Us)

4

Pathfinder

#A HITF16078
SIN 195
Cylinder
#B HITF16079
S/N 190
Cylinder
#1 HITF16080
S/N 201
Cylinder

#2 HITF 16081
S/IN 203
Cylinder

Part 1

#3 HITF16159
S/IN 190
Cylinder

#7 HITF16163
SIN 194
Shoulder

Part 2

#15
HITF16171
S/IN 202
Cylinder

0.254 0 7.5 135 0 38.5

0.254 90 27 0 255 48

0.254 180 24.4 0 13.8 29.3

0.254 180 22.5 0 7.5 40

0.254 180 255 0 7 30.5

0.0805 | 180 355 21.7 0 -10.4

0.254 180 23 0 7 -
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Table 5 lists the measured impact locations in the COPVs that were not penetrated and the resultant
estimates of the impact locations computed from the data in Table 4 and the sensor locations. The
table also computes the accuracy of the computed position estimate relative to the actual
measurements. As explained in the section “COPV AE Wave Velocity Measurements” from the first
two unpressurized bottles listed in the table, a 10-20% increase in the symmetric wave speed was
required to get accurate impact locations on the subsequent pressurized bottles in this section because
of pressurization and temperature effects on the velocity of ultrasound in the bottle’s walls. For the
rest of the testing, where the bottles were penetrated, a velocity adjustment of 20% was made to the
velocities of Fig. 3 for computing the impact locations in those bottles.

Table 5. Impact location table for non-penetrating impact showing the AE triangulation results.
Increases in the velocity values of 10 to 20% were required because of pressurization effects on the
bottles compared to the unpressurized bottle velocities. Accuracies in the location estimation and are
noted in the 7 column of the table. Finally, the shoulder shot was computed as if it was located on
the barrel area even though it was just above that region. Note, Bottle #190 was used for two impact
tests.

Cireum Estimated | Estimated Velocit
Axial Locatioh Axial Circum. Ad'ustn)wlent Location
Shot No. Bottle # | Location of Location | Location J Error
. of Impact for
Impact (in) (m) of Impact [ of Impact Pressure* (m)
(m) (m)
HITF16078 | 195 0.264 -0.0318 0.276 -0.0099 0.0251
HITF16079 | 190 0.300 0.130 0.310 0.130 0.0102
additional
HITF16080 | 201 0.248 0.248 0.266 0.275 10% 0.00968
additional
HITF16081 | 203 0.264 0.257 0.276 0.256 20% 0.0126
additional
HITF16159 | 190 0.257 0.229 0.237 0.252 20% 0.0313
additional
HITF16163 | 194 0.086 0.270 0.0686 | 0.277 10% 0.0185
additional
HITF16171 | 202 0.232 -0.227 0.259 -0.247 10% 0.0337

*Note, velocity shifts were required due to the pressurization effects as noted in text.
Post impact AE event data.

After the initial impact signals on bottles that did not penetrate, the equipment was monitored for
additional events. These events could indicate that the pressurized bottles were continuing to suffer
matrix and fiber damage due to the stresses in the pressure wall. In all those bottles, the gain had to
be adjusted upward post impact. This required that the measurements be halted while the gain settings
were being adjusted on the equipment. During that period, the HVI gun operator was also venting
gases from the gun barrel, which would trigger the AE equipment if it was actively monitored at that
moment. For the first two pressurized bottles tested, HITF16080 and HITF16081, the AE equipment
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was monitored for one-hour post impact. During the first pressurized test, there were four post impact
triggers that had signals commensurate with fiber matrix damage generating AE like signals. These
signals all occurred within the first 10 minutes after the impact. Table 6 lists the event times, event
location estimates in minutes after impact, and the signal energies of the AE events. During the
second test, there was one post impact trigger that had signals commensurate with a fiber matrix event
causing AE like signals. That event occurred within a few minutes after the impact. Since the post

Table 6. Event location table, resulting from non-penetrating impacts. Includes the AE triangulation
calculation for AE events for the initial impact plus subsequent events that were recorded post impact.
The table also shows the signal energy levels of each event.

Axial Circum. | Estimated | Estimated | Time R:)s;qemce

Location | Location | Axial Circum. | from impact Average Total
Shot No. Bottle # | of of Location | Location | HVI Logation Signal Energy

Impact Impact of Impact | of Impact | shot (in Estimate (in V2-ps)

(m) (m) (m) (m) min) (m)

1.63E+021*

HITF16080 | 201 0248 |0248 |0.266 0.275 0 0.0968 | (~5.04E-01)**
1% event
post shot 0.266 0.271 038 |o00207 [|344E-01*
2" event
post shot 0.293 0.303 395 |oo0714 |418E-02%
34 event
post shot 0.216 0.120 4.08 10132 3.91E-02*
4" event
post shot 0.300 0.348 651 10113 9.29E-02*
HITF16081 | 203 0.264 [0257 |0276 |0256 |0 0.0126 | 2-16E+00**
1% event
post shot 0.256 0.288 122 100126 | 6:06E-01*
HITF16159 | 190 0257 |0.229 0.237 0.252 0 00313 | /-12E+00**
HITF16163 | 194 0.086 |0270 [0069  [0277 |0 0.0185 | 1-34E+0T"
HITF16171 | 202 0232 |-0.227 |0.259 0247 |0 0.0337 | 5-40E+00"
1% event -
0ost shot 0.259 0257 | 1046 |go406 |°O7E-01

T Significant saturation present, which resulted in lost information. Estimated energy is relative to HITF16081

projectile energy ratio to HITF16080.
* Signal length is 1024 ps.

** Signal length is 1024 ps. Signal Energy was adjusted to represent 2048 ps. (see “Signal Energy and AE

Results” section)

~ Signal length is 2048 ps
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impact AE signals all occurred within the first ~10 minutes after impact, subsequent bottles that did
not result in penetration were only monitored for about 10 minutes.

HITF16171 had a post impact event that occurred just after the 10-minute mark and was recorded.
Two of the pressurized bottles with non-penetrating impacts did not record any post impact AE
events. In bottle 201, HITF16080, the four post impact events had axial dimensions not too far from
the axial location of the impact point, but the circumferential location dimensions were greater and
seemed to correlate roughly with more distance from impact. The 1%, 2", and 4™ post impact events
seemed to have positions diagonal to the impact locations and circumferentially counterclockwise
from the impact location. The 3™ post impact event was clockwise diagonal from the impact location.
This suggests that the helical fiber directions are more affected by the impact than the hoop directions
at these damage orientations.

Also of interest was the signal energy of these events. Comparing the signal energies from the impacts
with subsequent AE event noises in Table 6 show that the impact signal energies from the impacts
are much greater than the signal energies for AE events that followed the impact. The estimate for
the signal energy from HITF16080 had a signal energy nearly 1 to 2 orders of magnitude larger than
the following AE events in that bottle. The first AE event after the impact, which occurred about 30
seconds after the impact was about one order of magnitude smaller, and the subsequent later events
at two orders smaller. Similarly, HITF16081 had a following AE event with a signal energy about
two orders of magnitude smaller. HITF16171 had a secondary AE event that was about three orders
of magnitude smaller than the signal energy from the impact. It appears that because there weren’t
very many succeeding AE events to these impacts that the damage growth quickly stabilized in the
damaged, but unpenetrated COPVs.

The signal energy for impact shot 16080 was highly saturated which makes the energy calculation in
that case inaccurate. If we assume that the signal energy of the impact is proportional to the energy
of the projectile, then by comparing HITF16080 with HITF16081, we would estimate that the signal
energy of the impact would be about 1.6x10* V2 s. Comparing the signal energies of the pressurized
impact bottles from Table 6 with the projectile energies in table 2 one can see that there is a rough
correlation between the two energies: as the projectile energies increase, so do the average signal
energies for these impacts on the COPVs, which support the assumption about the correlation between
the signal energies and the projectile energy between HITF16080 and HITF16081.

Fig. 25 shows a graph of the relationship between projectile energies and the resulting average signal
energies recorded by the four sensors attached to the COPV. As noted in the earliest impact test,
HITF16080, had significantly saturated signals and hence are not reported in this graph because of
the distortion that saturation introduces into a signal energy calculation. Two of the impact tests in
this graph had a signal length of only 1024 ps, while the other two had signal lengths of 2048 ps.
With the shorter data lengths, their signal energy was adjusted to represent 2048 ps as explained in
the section on “Signal Energy and AE Results”. In Fig. 25, the projectile energies ranged from 4 to
127 J for impact numbers HITF16081, HITF16159, HITF16163 and HITF16171. The signal energies
represent several noise sources, such as the impact noise and noise from subsequent damage growth
in the COPV. Since the projectile did not penetrate the pressure wall, almost all the projectile energy
will be deposited into the COPV wall with resulting damage in the form of a small crater, plus there
will be damage growth resulting from the shock wave in the COPV wall generated by the impact and
the high resulting stresses from the pressure and the damage near the impact point and any residual
stresses within the COPV. These damage growth mechanisms will generate AE noises that contribute
to the signal levels besides the impact noise.
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Total Signal Energy vs. Projectile Energy
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Figure 25. Shows the relationship between projectile energies for projectiles that did not penetrate
the pressurized COPV wall of HITF16081, HITF16159, HITF16163 and HITF16171 and the resulting
average signal energies recorded by the four sensors mounted on the COPV. The vertical scale is the
signal energy and scales from 0 to 18 V2 us. The horizontal scale is the projectile energy and ranges
from 0 to 200 J. The general trend is roughly an increasing linear relationship.
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Fig. 26 shows the relationship between the impact signal energies vs. damage circumference and Fig.
27 shows the relationship between the impact signal energies vs. damage area. The circumference
and area of damage is estimated from equations for ellipses with the major and minor axis known,
which is taken from the measurements reported in Table 3. These AE signals, which were the same
data shown in Fig. 25, are not saturated signals and hence not biased by saturation in the data. Both
graphs show the total signal energy of each sensor and their average values. Both graphs also show
moderate correlation coefficients for a linear line of the average data, with the correlation to the
damage area being slightly better than the correlation with the damage circumference. Presumably,
the correlation with damage volume might be even better, since the three-dimensional crater might
correlate better with the projectile’s energy. Unfortunately, the impact’s crater depth was not available
so that volumetric comparison with projectile energy wasn’t graphed.
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Figure 26. Shows the relationship between the impact’s damage circumference and average signal
energy for projectiles that did not penetrate the pressurized COPV wall. The horizontal axis is the
estimate of the damage circumference at the outer wall surface, which was based on the assumption
of an elliptical-shaped damage region. The general trend of the average total signal energy is roughly
an increasing linear relationship.
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Damage Area vs. Impact Signal Noise

Non penetrating impacts
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Figure 27. Shows the relationship between impact’s damage area and average signal energy for
projectiles that did not penetrate the pressurized COPV wall. The horizontal axis is the estimate of
the damage area at the outer wall surface, which was based on the assumption of an elliptical-shaped
damage region. The general trend is roughly an increasing linear relationship.
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Penetrated and Vented Shots

Table 7 is a listing of the hypervelocity shot parameters for the six cases where the projectile
penetrated the COPV’s wall, resulting in the gas venting but did not cause these bottles to detonate.
These puncturing shots were in the cylinder region except for the one shoulder shot, HITF16164.
These HVI shots were made with aluminum projectiles, except for HITF16504B, which was a small
but denser stainless steel projectile. The projectile energies ranged from 127 to 308 J. The projectile
momenta ranged from 0.036 to 0.0856 Kg-m/s. The column labelled “Perpendicular Momentum” is
the momentum component perpendicular to the surface at the impact point. Table 8 describes the
resulting damage for each of the shots in Table 7.

Table 7. provides a listing of the hypervelocity shot parameters for the six cases where the projectile
penetrated the COPV’s wall and resulted in the gas venting, but did not rupture the COPV.

Test
Number
HITF
Number/
Tank S/N
Impact
Location

/

/

Actual
tank
Pressure

(psi)

Projectile
['ype

Projectile
Diameter

(m)

Actual
Projectile
Mass (KQ)

Actual
velocity
(m/s)

Impact
Angle
(deg)

Projectile
Energy (J)

Momen
-tum
(Kg-
m/s)

Perpen-
dicular
Momen
-tum
(Kg-
m/s)

Part 1

#4
HITF16160
S/N 193
Cylinder

4186

Al 2017-T4

0.00152

0.00000510

7060

48

127.10

0.0360

0.0241

#8
HITF16164
S/N 223
Shoulder

4214

Al 2017-T4

0.00201

0.0000119

7190

45

307.59

0.0856

0.0605

Part 2

#9
HITF16165
S/N 205
Cylinder

4226

Al 2017-T4

0.00172

0.00000741

7230

45

193.67

0.0536

0.0379

#10
HITF16166
S/N 192
Cylinder

4075

Al 2017-T4

0.00151

0.00000505

7240

132.35

0.0366

0.0366

#13
HITF16169
S/N 198
Cylinder

4220

Al 2017-T4

0.00201

0.0000119

7080

60

298.50

0.0843

0.0422

#16
HITF16504
B S/N 201
Cylinder

4175

SS

0.00110

0.00000534

7130

45

135.73

0.0381

0.0269
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Table 8 List of Results of HVI shots that penetrated and vented the COPV and are shown in Table 7

Test Number /
HITF Number/
Tank S/IN /
Impact Location

Damage Assessments (mm)

Part 1

#4  HITF16160
S/N 193 Cylinder

Venting occurred/no rupture. Overall impact damage = severed fibers and
ply delamination present that has a 14.9 maximum height and extends
completely around tank from origin of impact. Crater dimensions =
perforation. Maximum crater depth = perforation. Sub-surface damage =
TBD. Liner damage = 2.0 x 2.3 irregular shaped perforation, no cratering or
pitting found on far side liner.

#38 HITF16164

Venting occurred/no rupture. Overall impact damage = severed fibers and
ply delamination present that has a maximum height of 39.4 that runs from 9
o’clock to 3 o’clock from the origin of impact that has a maximum length of

S/N 223 | 124.3. Projectile impacted 90.0 from tank boss. Crater dimensions = N/A.

Shoulder Maximum crater depth = N/A. Sub-surface damage = TBD. Liner damage
= 6.1 x 5.3 perforation, four fragments found within the COPV tank post-test
(likely liner material), with the largest being 6.0 x 5.6 (irregular shaped).

Part 2

#9  HITF16165
S/N 205 Cylinder

Venting occurred/no rupture. Overall impact damage = severed fibers and
ply delamination present that has a 17.3 maximum height and extends around
tank from origin of impact. Crater dimensions = perforation. Maximum
crater depth = N/A. Sub-surface damage = TBD. Liner damage = 3.3 x
3.3 perforation, a single 3.8 x 3.7 (irregular shaped) fragment found within the
COPV tank post-test (likely liner material).

#10 HITF16166
S/N 192 Cylinder

Venting occurred/no rupture. Overall impact damage = severed fibers and
ply delamination present that has a 16.3 maximum height and extends around
tank from origin of impact. Crater dimensions = N/A. Maximum crater
depth = N/A. Sub-surface damage = TBD. Liner damage = 4.4 diameter
perforation, a single 3.7 x 3.0 (irregular shaped) fragment found within the
COPV tank post-test (likely liner material).

#13 HITF16169
S/N 198 Cylinder

Venting occurred/no rupture. Overall impact damage = severed fibers and
ply delamination present that has a 31.3 maximum height and extends around
tank from origin of impact. Crater dimensions = TBD. Maximum crater
depth = N/A. Sub-surface damage = TBD. Liner damage = 7.5 x 7.9
exposed liner visibly present, liner has a 2.4 x 2.1 perforation, a single 3.6 x 2.3
fragment found within the COPV tank post-test (likely liner material), no
visible pitting or cratering present on far side liner.

#16 HITF16504B
S/N 201 Cylinder

Venting occurred/no rupture. Overall impact damage = severed fibers and
ply delamination present that has a 31.3 maximum height and extends around
tank from origin of impact. Crater dimensions = TBD. Maximum crater
depth = N/A. Sub-surface damage = TBD. Liner damage = 6.6 x 6.4
exposed liner visibly present, liner has a 4.4 x 3.5 perforation, multiple
fragments found within the COPV tank post-test with the largest being 4.1 x
3.8, no visible pitting or cratering present on far side liner.
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Figs. 28 through 44 show the AE signal vs. time or frequency for each of the COPV hypervelocity
shots that were recorded in these tests with projectile penetration and gas venting only. The order of
these figures directly correlates with the first column of HITF numbers in Table 7. The figures are
ordered with the first view as an “early time close up” view of each AE signal channel recording of
an HVI shot’s AE result over the time range of 120 ps to 240 ps, followed by a graph of the full
amplitude vs. time sequence of the AE results for that shot, and then followed by the frequency data
for each of the sensors for that shot, with the frequency over the range of 0 to 1000 KHz. In each
figure, panels (a), (b), (c), and (d) are for sensors 1, 2, 3, and 4, respectively. Generally, all of these
impacts recorded 2048 s of data with 128 ps of pre-trigger data, except for the first shot of this series
which recorded only 1024 ps of data. The system’s gain was at -2 dB per channel. The vertical scale
for the figures was set to £1.2V for the voltage vs. time graphs unless noted otherwise. For the voltage
vs. frequency graphs, the vertical scale was -70 dB to 0 dB referenced to 1 mv.

A few general notes on this group of impacts. Because of the projectile’s penetration of these COPV
bottles, not all the projectile’s energy is being deposited into the wall as for the previous cases where
the shots did not breach the wall fully. Thus, less signal energy may be generated in the COPV wall
in these shots in relation to the impactor’s total energy. This is especially true for the component of
the signal energy derived by flexural waves. Also, for these impacts which only vented, the ringing
down of the initial signals, plus the venting noises are sufficiently loud enough to make any clear
timing references for triangulating of post impact events on these bottles problematic.
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Figure 28 shows the signal amplitude vs. time for the four sensors mounted on the COPV for
hypervelocity shot HITF16160, the fourth pressurized shot. The first arrival signal occurred on
channel 2, followed by channel 3, then channel 1 and then channel 4. The first triggered channel had
the largest signal, while channels 3 and then 1 were decreasing in amplitude as the distance from the
impact site increased. Channel 4, which was the furthest from the impact site, had a large amplitude.
It is believed that the mounting hardware, which includes the gas feed line and was closest to sensor
4, could contribute to the increase in noise at that location.
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Figure 28. Shows the signal amplitude vs. the time for the four sensors mounted on the COPV for
hypervelocity shot HITF16160.
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Figure 29 shows the signal amplitude vs. the full recorded time for the four sensors mounted on the
COPV for hypervelocity shot HITF16160. In this view, the signal amplitudes from the leaking gas
signals are reverberating throughout the bottle. The recorded data for sensors 1, 2, and 3 show a
parallel pattern to the impact amplitudes with the closest sensor being loudest, while further away
sensors have correspondingly smaller amplitudes. Sensor 4 shows a higher signal level during the
leaking sound, which we attribute to the effects of that sensor being near the mounting structure,
which includes the gas feed line. This was the only impact in this group of COPVs that the time
recorded covered 0 to 1024 ps.
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Figure 29. Shows the signal amplitude vs. the full recorded time for the four sensors mounted on the
COPV for hypervelocity shot HITF16160.
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Figure 30 shows the amplitude vs frequency of the sensors’ response to the impact of HITF16160.
The signal levels peaked near 100 KHz near an amplitude of -10 dB. Channels 1 to 3 show a strong
broad peak near the 400-500 KHz frequency having an amplitude near -25 dB.
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Figure 30. Frequency results of HITF16160.
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Figure 31 shows the signal amplitude vs. time for the four sensors mounted on the COPV for
hypervelocity shot HITF16164, the eighth pressurized shot. HITF16164 impacted the COPV in the
shoulder region of the COPV. The first arrival signal occurred on channel 4 followed by channel 3,
then channel 2 and then channel 1. Channels 2 and 3 both appeared to suffer partial sensor disbonding
with sensor recording a much smaller signal than recorded by channels 1 and 4. To compensate for
that effect, Fig 31(b) and (c) have the vertical ranges of the graphs adjusted to + 0.24 V to make the
data more visible.
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Figure 31. Shows the signal amplitude vs. the time for hypervelocity shot HITF16164. The vertical

scale ranged from £1.2 V on channels 1 and 4 and £ 0.24 V for channels 2 and 3. Channels 2 and 3
appeared to have suffered partial disbonding
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Figure 32 shows the full-time vs voltage plots for HITF16164.
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Figure 32. Full temporal results of HITF16164 in volts vs. time. The vertical scale ranged from +1.2
V on channels 1 and 4 and +£0.24 V for channels 2 and 3. Channels 2 and 3 may have suffered a

partial disbonding of the transducer.
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Figure 33 shows the amplitude vs frequency of the sensors’ response to the impact of HITF16164.
The signal levels peaked near 100 KHz near an amplitude of -5 dB on channels 1 and 4. The 100
KHz peak in channels 2 and 3 are near the range of -25 dB. Channels 1, 2, and 3 show a broad peak
near the 400-500 KHz frequency having an amplitude near -25 dB on channel 1 and ~ -40 dB on
channels 2 and 3.
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Figure 33. Frequency results of HITF16164.
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Fig. 34 shows the signal amplitude vs. time for the four sensors mounted on the COPV for
hypervelocity shot HITF16165, the ninth pressurized shot, which was in the cylinder region of the
COPV. The first arrival signal occurred on channel 2, followed by channel 3, then channel 1, and then
channel 4. The signal from sensor for channel 1 appears to be much weaker after 185 ps, which
indicates the sensor becoming detached from the COPV after the impact. After the test, inspection
showed that this transducer was no longer attached and was on the bottom of the target tank.
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Figure 34. Shows the signal amplitude vs. the time for the four sensors mounted on the COPV for
hypervelocity shot HITF16165.
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Figure 35 shows the full-time vs voltage plots for HITF16165. The signal on channel 1 looks very
abnormal at about 180 ps and 500 ps in the data. That type of signal is seen with sensor failures, such
as disbonding where the sensor is nearly broken away and then additional separation follows with
ultimate disbonding. This correlates with the signal characteristics seen in Fig. 34(a) which also
appears to have an odd amplitude drop at 185 ps. Even though this sensor appears to be suffering
disbonding, within this short time frame of 2ms, the sensor will not have had time to fully move away
from the surface of the COPV and hence it may still detect some surface wave motions before it fully

drops away.
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Figure 35. Full temporal results of HITF16165 in volts vs. time. Besides the odd amplitude drop at
185 ps noted in Fig. 34(a), there was another abnormal signal at 500 ps on channel 1, after which the
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lack of a signal shows that transducer was no longer attached.
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Fig. 36 shows the amplitude vs frequency of the sensors’ response to the impact of HITF16165. The
signal levels peaked near 100 KHz near an amplitude of -10 dB on channels 2 and 4. The 100 KHz
peak in channel 1 was near the range of -25 dB. The apparent loss of good sensor contact to the
COPV after 185 ps on channel 1 resulted in the lower signal amplitude recorded. Channels 1 to 3
show a broad peak near the 400-500 KHz frequency range, having an amplitude near -20 dB on
channels 2 and 3 and ~ -30 dB on channel 1.
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Figure 36. Frequency results of HITF16165.
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Figure 37 shows the signal amplitude vs. time for the four sensors mounted on the COPV for
hypervelocity shot HITF16166, the tenth pressurized shot, which was in the cylinder region of the
COPV. The first arrival signal occurred on channel 2, followed by channel 3, then channel 1, and

then channel 4.
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Figure 37. Shows the signal amplitude vs. the time for the four sensors mounted on the COPV for
hypervelocity shot HITF16166.
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Figure 38 shows the full-time vs voltage plots for HITF16166.
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Figure 38. Full temporal results of HITF16166 in volts vs. time.
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Figure 39 shows the amplitude vs frequency of the sensors’ response to the impact of HITF16166.
The signal levels peaked near 100 KHz at an amplitude of -5 to -10 dB on channels 1 through 4.
Channels 1 to 3 show a broad peak near the 400-500 KHz frequency range, having an amplitude near

-20to -25dB
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Figure 39. Frequency results of HITF16166.
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Figure 40 shows the signal amplitude vs. time for the four sensors mounted on the COPV for
hypervelocity shot HITF16169, the thirteenth pressurized shot, which was in the cylinder region of
the COPV. The first arrival signal occurred on channel 2, followed by channel 3, then channel 1 and
then channel 4.
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Figure 40. Shows the signal amplitude vs. the time for the four sensors mounted on the COPV for
hypervelocity shot HITF16169.
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Figure 41 shows the full-time vs voltage plots for HITF16169. Around 400 s, channel 3 was failing,
followed by channel 1 failing at ~600 ps. After the test, the two suspect transducers were verified as

no longer attached.

Impact AE Waveform: HITF 16169, Ch 1

12

08

04

-0.4

Amplitude (V)

-0.8

-1.2

0 500 1000

Time (us)

1500 2000

—Channel 1

(a) Sensor Channel 1

Impact AE Waveform: HITF 16169, Ch 3

12

08

04

—

0 -

Amplitude (V)

-0.4

-0.8

-1.2

0 500 1000

Time (us)

1500 2000

—Channel 3

(c) Sensor Channel 3

Impact AE Waveform: HITF 16169, Ch 2

12

08

0.4

0

Amplitude (V)

-0.4

-0.8

1000
Time (us)

1500

—Channel 2

2000

(b) Sensor Channel 2

Impact AE Waveform: HITF 16169, Ch 4

12

08

04

» T

-0.4 i

Amplitude (V)

-0.8

-1.2
0 500 1000

Time (us)

1500 2000

—Channel 4

(d) Sensor Channel 4

Figure 41. Full temporal results of HITF16169 in volts vs. time.
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Figure 42 shows the amplitude vs frequency of the sensors’ response to the impact of HITF161609.
The signal levels peaked below 100 KHz near an amplitude of -10 dB on channels 1 through 4.
Channels 1land 3 show a broad peak near the 400-500 KHz frequency range, having an amplitude
near -20 to -25 dB. The small peaks near the 400-500 KHz frequency range for channels 2 and 4 also

have an amplitude near -20 to -25 dB, although their amplitudes aren’t as prominent
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Figure 42. Frequency results of HITF16169.
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Fig. 43 shows the signal amplitude vs. time for the four sensors mounted on the COPV for
hypervelocity shot HITF16504-B, the sixteenth pressurized shot, which was in the barrel region of
the COPV. This shot used a stainless steel impactor instead of the aluminum balls used for other shots.
This bottle had been used for a previous pressurized test with a tiny impactor, HITF16080. The area
targeted was in a different location from the previous barrel shots to avoid effects from the previous
impact, hence the first arrival timing is noticeably different from the other barrel shots. The first
arrival signal occurred on channel 2, followed by channel 1, then channel 3 and finally on channel 4.
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Figure 43. Shows the signal amplitude vs. the time for the four sensors mounted on the COPV
HITF16504-B,
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Figure 44 shows the full-time vs voltage plots for HITF16504-B. At around 300 ps, the sensor on
channel 2 was starting to disbond. After the test, the suspect transducer was verified as no longer
attached.
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Figure 44. Full temporal results of HITF16504-B. At around 400 ps that channel 2 had disbonded.
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Fig. 45 shows the amplitude vs frequency of the sensors’ response to the impact of HITF16504-B.
The signal levels peaked near 100 KHz near an amplitude of -5 to -10 dB on channels 1 through 4.
Channels 1 to 3 show a broad peak near the 400-500 KHz frequency range, having an amplitude near

-20 dB.
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Figure 45. Frequency results of HITF16504-B.
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Table 9, entitled “List of Location and Temporal Results of HVI shots that penetrated and vented the
COPV” shows timing and location parameters in these HVI tests. The temporal reference times were
subsequently used in the fitting algorithm to identify the estimated impact location. Most of the
hypervelocity shots in these tests were done on the cylindrical section of the bottles, except for
HITF16164, which was a shoulder shot. Of the cylindrical shot locations, HITF16504-B was unique
because the impactor was stainless steel plus the COPV had previously been used for HTIF16080.
While the COPV was pressurized for HITF16080, the impactor used for that shot was the smallest
impactor used in these tests at 0.0003 m. Note, it was of interest to re-use a test article if possible,
since there were a limited number of test samples. The impact from HTIF16080 produced only a
small region of local damage in this bottle, and it was determined via x-ray CT that another impact in
another region would allow a viable test.

Table 9: List of Location and Temporal Results of HVI shots that penetrated and vented the COPV

Test Number /

Target | Target Delta Delta Delta Delta
‘I_FIITIE I\Slfl\rlnber; position | position | Target | time time time time
an axial circum. [angle |sensor 1 |sensor 2 |sensor 3 | sensor 4

Impact Location | ;) (deg) | (deg) |[(inus) |(inus) |(inps) | (inps)

Part 2

#4 HITF16160

SIN 193 Cylinder | 0-254 180 -45 29 0 16 37
#8  HITF16164
SIN 223 Shoulder | 00805 | 180 -45 | 364 19.1 0 -35

#9 HITF16165

S/N 205 Cylinder |0-254 | 180 -45 23.5 0 8.5 32

#10 HITF16166

SIN 192 Cylinder |0-254 | 180 0 235 0 7 29
#13  HITF16169

S/N 198 Cylinder | 0-254 |80 1-60 126 0 15 34.5
#16 HITF16504-B % N ; - -

SIN 201 Cylinder | 0-311
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Table 10 lists the measured impact locations in the COPVs that were penetrated and vented. The
resultant estimates of the impact locations were computed from the data in Table 9 and the sensor
locations. The table also computes the accuracy of the computed position estimate relative to the
actual measurements. Adjustments in the velocity in this group of shots was set at 20% above the
velocities shown in Fig. 3 to account for the effects of the high temperature and pressure of the bottles
on the velocity of ultrasound in the bottle’s walls. In the short time of these recorded events, ~2ms,
the bottles did not have sufficient time to reduce the pressure appreciably. Shot HITF16164 was a
shoulder shot. For computational simplicity, that shot was computed as if the impact was located on
the barrel area by treating the barrel as being a slightly longer cylinder. This allowed the shoulder
shot location to be treated as if it were on the barrel region. The error in these impact location estimates
are of the same order of magnitude as for the case of the location estimates for impacts that did not
penetrate as seen in Table 5.

Table 10. “Impact location table for penetrating and venting impacts, showing the results of the AE
triangulation calculation.”

Axial Circum. Est!mated Estimated | Velocity
. . Axial . .
Location | Location . Circum. Adjustment | Error
Shot No. Bottle # Location . .
of Impact | of Impact Location of | for Estimate (m)
of Impact -
(m) (m) (m) Impact (m) | Pressure
Part 2
additional
HITF16160 | 193 0.254 0.257 0.279 0.254 20% 0.0251
additional
HITF16164 | 223 0.0889 0.275 0.0665 0.254 20% 0.0304
additional
HITF16165 | 205 0.251 0.229 0.251 0.254 20% 0.0254
additional
HITF16166 | 192 0.263 0.241 0.238 0.242 20% 0.0246
additional
HITF16169 | 198 0.260 0.249 0.264 0.254 20% 0.00584
HITE16504 o1 additional
-B 0.318 0.130 0.307 0.133 20% 0.0106

* See ref. [1, 2]
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The signal energies of the pressurized impact bottles that vented are shown in Table 11, along with
estimates of the damaged regions’ circumference and area. The damage dimensions are based on
equations for the circumference and area of a simple ellipse shape. The true area and edge of the
impact can differ somewhat from that shape estimate because of the roughness of the edge, including
petals of metal at the impact hole’s edge. The signal energy levels are for 1) the total signal energy of
a data record, 2) an estimate of the background noise energy, and 3) the resultant signal energy found
by subtracting the background noise level from the total signal energy. In addition, as described in
the section: “Signal Energy and AE results”, estimates were made to adjust for differences in record
lengths as the signal energy is directly related to the amount of data included in the calculation. Shot
HITF16160 had 1024 ps of data as compared to the other impact tests in this grouping, which had
2048 ps of data.

Table 11. Signal Energy calculations for shots that penetrated and vented, along with estimates of
the circumferences and areas of the damage regions. The signal energy calculations are for the average
background noise levels, the average total signal energies, and the average impact signal energies.

_ Circum- Ave Ave Ave
Dim. 1 Dim. 2 ference | Area m? T_otal B_ackground Ir_npact
Shot no. (m) (m) (m) Signal Signal Signal
Energy | Energy Energy
VZ-LIS** VZ-LIS** VZ-LIS**
HITF16160t 0.002 0.0023 | 0.00677 | 0.000036 | 4.494 1.045 3.449
HITF16165 0.0033 0.0033 | 0.01037 | 0.000086 |13.210 | 3.384 7.754
HITF16166 0.0044 0.0044 | 0.0138 | 0.000152 | 10.917 | 2.249 8.668
HITF16164 0.0061 0.0053 | 0.0180 | 0.000254 | 17.018 | 3.505 6.849
HITF16504B* 0.0066 0.0064 | 0.0204 | 0.000332 | 28.441 |5.196 21.272
HITF16169 0.0075 0.0079 | 0.0242 | 0.000465 | 12.765 | 1.153 11.611

T The time record for this shot was 1024 ps. The Signal Energy levels were adjusted to represent an equivalent
2048 ps time record.

* This shot was made with a stainless-steel projectile.

** These Ave. Signal Energy values did not include channels that disbonded.
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Fig. 46 is an extension of Fig. 25. It shows the total signal energy vs. the impactor energy for the
COPV’s that involve impacts that did not penetrate, shown as green markers, and impacts that
penetrated and vented, shown as red markers. While the non-penetrating impacts show a general
linear trend, once the impactor penetrates the COPV, the linear trend no longer is supported as shown
by the red data in Fig. 46. In the case of full penetration by the projectile, less of the projectile’s
energy is converted into acoustic energy. Thus, the linear trend of the signal energy following the
projectile energy changes and the signal drops in magnitude. In addition, as seen in Fig. 46, the
correlation between the impact energy and the signal energy appears to lose its linear trend with the
projectile energy as implied by the low correlation coefficient value listed. The relationship is quite
complex with noises coming from the impact, the post impact damage growth, and the venting noises
for these impacts.

Total Signal Energy vs. Projectile Energy
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Figure 46. This figure shows the total signal energy vs. the impactor energy for the COPV’s that
involve impacts that did not penetrate, shown as green color data, and impacts that penetrated and
vented, shown as red-colored data. The vertical scale is the signal energy and scales from 0 to 18 V2
ps. The horizontal is the projectile energy and ranges from 0 to 350 J. The data were fitted with a
linear relationship separately and shown as a dashed green line for the impacts that did not penetrate
and a dashed red line for the impacts that penetrated and vented. The fitted equations along with their
correlation coefficients are shown.
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To understand what physical features some of these signal sources might depend on, Figs. 47 through
51 attempt to segregate noise components regarding the impact damage geometry as was investigated
in Figures 26 and 27. The graph shows the data for the four transducers and their averages for the
data from impacts that did not penetrate and those that penetrated and vented. In those graphs, the
blue labelled data came from the pathfinder test. The grey labels represent data from Phase A testing
where the impacts did not penetrate the COPV. The black labels represent data from the Phase A
testing where the impactor penetrated and vented the COPV.

Fig. 47 shows how the total signal energy for the non-penetrating shots and penetrating shots with
venting relates to the circumference of the damaged impact site, while Fig. 48 shows how the total
signal energy relates to the area of the damaged impact site. Fig. 47 shows that the data has a weak
linear trend with a correlation coefficient of R? = 0.53. The presence of the stainless-steel impactor
appears to bias the relationship a good bit. Similarly, Fig. 48 also illustrates a weak linear trend with
an even lower correlation coefficient of R? = 0.428. Considering how variable the actual damaged
circumference and area are regarding the simple method of calculation used and how complex the
noise elements contributions are, these poor correlations should be expected.
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Figure 47. The total signal energy plotted against the estimated damage circumference. The vertical
scale is the signal energy and scales from 0 to 40 VV?ps. The horizontal is the damage circumference
and ranges from 0 to 0.024 m. The graphs also displayed the linear fit to the average total signal
energy data and its correlation coefficient.
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Total Signal Noise vs. Damage Area
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Figure 48. The total signal energy plotted against the estimated damage area. The vertical scale is
the signal energy and scales from 0 to 40 V2 us. The horizontal is the damage area and ranges from
0 to 50 m?. Also displayed is the linear fit to the average data and its correlation coefficient.
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To further explore the signal source’s components, plots of the background noise levels were
generated and plotted first against the impact’s circumference in Fig. 49, and then plotted against the
damage area in Fig. 50. The labels in both figures follow the format used in Fig. 47 and 48. Venting
noise sources should depend on the amount of free edge that is presented to the air flow as that is
where the source of the turbulence is generated, hence there could be a stronger dependence on the
circumference of the penetration than the area of the penetration. In addition, the circumference
represents a free edge where there is less structural support and damage growth is possibly more likely
to occur there than in a supported wall region, which would lead to more acoustic emission signal
noise energy. Hence, the background noise sources might be more related to the circumference of
the penetration than the damage area of the impact site. Inspection of Figs. 49 and 50 show that the
noise generated vs. Signal Energy is variable and neither Fig. 49 or 50 show a good relationship
between the background signal energy and the damage circumference or damage area. While both
graphs show weak linear correlation, the correlation of the Signal Energy vs. the Damage
Circumference is only slightly better than with Damage Area.
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Figure 49. Background noise signal energy plotted against the estimated damage circumference.
The vertical scale is the signal energy and scales from 0 to 10 V2-ps. The horizontal is the damage
circumference and has the same range as Figure 47. Also displayed is the linear fit to the average
data and its correlation coefficient.
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Background Signal Noise vs. Damage Area
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Figure 50. Background noise signal energy vs. damage area. The vertical scale is the signal energy
and scales from 0 to 10 V?-ps. The horizontal is the damage area of the impact site and has a range
of 0 to 50 mm?. Also displayed is the linear fit to the average data and its correlation coefficient.
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Fig. 51 shows data that represents the impact signal energy, which we define as the difference between
the total signal energy minus the background noise signal energies, i.e. Fig. 47 data minus Fig. 49
data plotted against the circumference of the damages. Similarly, Fig. 52 represents the impact signal
energy, which is Fig. 48 data minus Fig. 50 data, vs the damage area. The labels in both figures
follow the format used in Fig. 47 and 48. Viewing the data in both graphs shows that the noise levels
for the impact signals are still highly variable. Neither correlation coefficient for the linear
relationship of impact noise vs damage circumference levels nor the correlation coefficient of the
linear relationship for impact noise levels vs. damage area are strong correlations. The correlation of
the impact signal noise is a little better with the damage circumference than with the damage area.
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Figure 51. Impact signal noise energy vs. damage circumference. The vertical scale is the signal
energy and scales from 0 to 30 V2 us. The horizontal is the damage circumference and has the same
range as Figure 47. Also displayed is the linear fit to the average impact signal energy data and its
correlation coefficient.
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Impact Signal Noise vs. Damage Area
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Figure 52. Impact noise signal energy vs. damage hole area. The vertical scale is the signal energy
and scales from 0 to 30 V2 ps. The horizontal is the damage area and has the same range as Figure
48. Also displayed is the linear fit to the average impact signal energy data and its correlation
coefficient.
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Shots that Penetrated and Detonated COPV

Table 12 is a listing of the hypervelocity shot parameters for the six cases where the projectile
penetrated the COPV’s wall and resulted in a detonation of the bottle. These puncture shots were in
the cylinder region of the COPV, which represents the thinnest region of the COPV liner and
overwrap. These HVI shots were made with aluminum projectiles except for HITF16505, which was
a small, but denser stainless-steel projectile. The projectile energies ranged from 182 to 495 J. The
projectile momenta ranged from 0.0519 to 0.140 Kg-m/s. The column labelled “Perpendicular
Momentum” is the momentum component perpendicular to the surface at the impact point.

Table 12. List of HVI shots that penetrated and detonated the COPV.

Test
Number /
HITF
Number/
Tank S/N /
Impact
Location

Actual
tank
Pressure

(psi)

Projectile
Type

Projectile
Diameter

(m)

Actual
Projectile
Mass (Kg)

Actual
velocity
(m/s)

Impact
Angle
(deg)

Projectile
Energy

Q)

Projec-
tile
Momen-
tum (kg-
m/s)

Normal
Projec-
tile
Momen-
tum
(kg-m/s)

Part 1

#5
HITF16161
S/IN 189
Cylinder

4014

Al 2017-
T4

0.00238

0.00001975

7080

45

495

0.140

0.0989

#6
HITF16162
S/IN 188
Cylinder

4226

Al 2017-
T4

0.00201

0.00001191

7010

45

293

0.0835

0.0590

Part 2

#11
HITF16167
SIN 224
Cylinder

4221

Al 2017-
T4

0.00172

0.00000741

7010

182

0.0519

0.0519

#12
HITF16168
SIN 187
Cylinder

4215

Al 2017-
T4

0.00231

0.00001795

7030

60

444

0.126

0.0631

#14
HITF16170
SIN 222
Cylinder

4255

Al 2017-
T4

0.0025

0.0000229

4070

45 (est)

190

0.0932

0.0659

#17
HITF16505
S/IN 203
Cylinder

4162

SS

0.0013

0.00000882

7120

45

224

0.0628

0.0444
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Table 13 describes the resulting damage for the impacts listed in Table 12. In Table 13, there are no
dimensions related to the crater surface area size, maximum crater depth, sub-surface damage area, and
the liner damage area since these vessels were destroyed by the impact.

Table 13. List of Results of HVI shots penetrated and detonated the COPV

Test Number /
HITF Number/
Tank S/IN [/
Impact Location

Damage Assessments (mm)

Part 1

#5 HITF16161
S/N 189 Cylinder

Rupture occurred. Overall impact damage = complete rupture of tank occurred
during impact; there was minor secondary debris and was deemed non-influencing to
the test. The COPV tank remnants were all along the target tank floor and the large
remnants secured/imaged.

#6  HITF16162
S/N 188 Cylinder

Rupture occurred. Overall impact damage = complete rupture of tank occurred
during impact; there was minor secondary debris and was deemed non-influencing to
the test. The COPV tank remnants were all along the target tank floor and the large
remnants secured/imaged.

Part 2

#11 HITF16167
SIN 224 Cylinder

Rupture occurred. Overall impact damage = complete rupture of tank occurred
during impact. The COPV tank remnants were all along the target tank floor and large
remnants secured / imaged.

#12 HITF16168

Rupture occurred. Overall impact damage = complete rupture of tank occurred

during impact. The COPV tank remnants were all along the target tank floor and large

S/N 187 Cylinder remnants secured / imaged.

Rupture occurred. Overall impact damage = complete rupture of tank occurred
during impact. The COPV tank remnants were all along the target tank floor and large
remnants secured / imaged.

#14 HITF16170
S/N 222 Cylinder

Rupture occurred. Overall impact damage = complete rupture of tank occurred
during impact. The COPV tank remnants were all along the target tank floor and large
remnants secured / imaged.

#17 HITF16505
S/N 203 Cylinder

Figs. 53 through 70 show graphs of the AE signals recorded vs. time or frequency for each of the
hypervelocity shots that resulted in the COPV's detonation in these tests. The order of these figures
directly correlates with the first column of the HITF numbers in Table 12. The figures are ordered
with the first view as an “early time close up” view of each AE signal’s channel recordings of an HVI
shot over the time range of 120 us to 240 ps. That graph is followed by a graph of the full amplitude
vs. time sequence of the AE results for the shot over the time range of either 0 to 1024 ps or 0 to 2048
ps. HITF16161 and HITF16162 were recorded with 1024 us of data. The rest of this series were
recorded with 2048 ps of data. Those graphs are followed by the frequency vs. magnitude data for
each of the sensors for that shot, with the frequency over the range of 0 to 1000 KHz. In each figure,
panels (a), (b), (c), and (d) are for sensors 1, 2, 3, and 4, respectively. These impacts recorded 128 ps
of pre-trigger data. The system’s gain was at -2 dB per channel. The vertical scale for the figures was
+1.2V for the voltage vs. time graphs. For the voltage vs. frequency graphs, the vertical scale was
-70 dB to 0 dB referenced to 1 mv. The graphs of the full voltage vs. time indicate that some sensors
are disbonding shortly after the initial impact and all the sensors are failing during the detonation.
For a temporal guide on the voltage vs. time graphs, the approximate time indication for the
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detonation’s initiation is shown as a vertical red band. This data was derived in part from the videos
of the hypervelocity shot. In the videos, all the detonations were first detected originating at the
impact location and expanding outward from that point. There was no direct timing link between the
AE data and the video to allow a better alignment of the detonation time. The video was triggered by
the gun flash, which was inside the stripper tank, while the AE data was triggered by the first arrival
of the sound wave in the COPV wall at the nearest transducer.

A few general notes on this group of impacts. During these impacts, there was a short latency between
the impact time and the bottle’s detonation, which is clear between the AE data starting time and the
detonation marker. The sensors were being disbonded by the violence of the impact. In fact, none of
these sensors or the sensor cables survived the detonation. Once disbonded, the sensors are still
attached to the cabling and have not had time to fall away from the bottle. At the moment of
detonation, the COPV bottles were disintegrating into shrapnel, with a few pieces of shrapnel
accelerating the sensors to high speed away from the COPV. Some preamps and associated remote
cabling survived, while some components were hit by shrapnel and damaged.

Fig. 53 displays the time of arrival/temporal results of HITF16161. The sensors’ initial responses are
similar to previous impacts discussed in earlier sections. The first arrival signal occurred on channel
2, followed by channel 3, then channel 1, and then channel 4.
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Figure 53. Time of arrival/temporal results of HITF16161.
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Fig. 54 shows the full temporal time recorded for shot HITF16161. It can be seen that signals were
abruptly stopping on several channels: channel 2 at about 950 ps and channel 3 at about 430 ps
implying that those sensors have disbonded from the COPV as the pressurized bottle continues to
disintegrate. Channel 1 also may be disbonding as the signal falls rather abruptly in amplitude at about
650 ps. Channels 1 to 3 show a fairly large signal amplitude until the sensors disbond. This suggests
that the fiber matrix composite is continuously breaking. This COPV bottle subsequently detonated
at about 1050 ps, shortly after the recorded data ceased, which is highlighted by the vertical red bar
at the end of each panel’s data. After detonation, all the sensors and some of the preamps were
damaged. Hence, it is hard to infer what happened at the bottle’s surface because of the bottle’s

destruction.
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Figure 54. Full temporal results of HITF16161.
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Fig. 55 shows the signal amplitude vs frequency for shot HITF16161. There is the first data peak at
about 100 KHz. There is a second peak about 400 to 500 KHz. Sensor 3’s lower signal level
compared to sensors 1 and 2 shows that the sensor lost contact and quit recording first. Channels 2
shows the most signal overall and reflects that the sensor stayed attached until almost the end of the
recorded data. The channel 4, which was on the dome region, had a fairly low signal throughout the

recording.
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Fig. 56 displays the time of arrival/temporal results of HITF16162. In the figure, there is an indication
that sensor 2 has disbonded at about 220 ps. The first arrival signal occurred on channel 2, followed
by channel 3, then channel 1, and then channel 4.

Impact AE Waveform: HITF 16162, Ch 1 Impact AE Waveform: HITF 16162, Ch 2
12 12
08 08
|
04 } 04 } [ |
e | W
§ 0 /‘)\]HV MW J/ \ 'M\ f "Jh M\’M g 0 \ ‘J‘ /{[\/ \\/“‘ (‘,"\/ r I‘U ‘ :
2 ‘ ([ E HiARTEN /
: VI I I
< 04 —Channel 1 <E( 04 I ‘ —Channel 2
J |
|
-0.8 -0.8
|
-1.2 -1.2
120 140 160 180 200 220 240 120 140 160 180 200 220 240
Time (us) Time (us)

(a) Sensor Channel 1

(b) Sensor Channel 2

Impact AE Waveform: HITF 16162, Ch 3 Impact AE Waveform: HITF 16162, Ch 4
12 12
08 08 l
04 ‘( 04 \ | h
2 o \ }“h‘“\\ ) A | g I e
1L A WV
E 04 ' ‘\ —Channel 3 <E( 04 ‘ ‘ / ‘, —Channel 4
-0.8 -0.8 \/r
-1.2 -1.2
120 140 160 180 200 220 240 120 140 160 180 200 220 240
Time (us) Time (us)

(c) Sensor Channel 3

(d) Sensor Channel 4

Figure 56. Time of arrival/temporal results of HITF16162.
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Fig. 57 shows the full temporal time recorded for shot HITF16162. It can also be seen that signals
were abruptly stopped, especially on channel 2 at about 200 s, channel 3 at about 450 ps, and channel
4 at about 750 s, implying that those sensors have disbonded from the COPV as the pressurized
bottle continues to experience damage growth. Sensor 1 shows that the venting and the pressure
wall’s failure progression generates significant noise, since sensor 1 remained attached until the
detonation moment. This COPV bottle subsequently detonated at about 900 us. During that process,
the sections of the COPV wall are accelerated outward and collided with the sensors that were
disbonded. The times when the signals “restart” reflect when the COPV wall sections are accelerating
the sensor outward. Since channel 4 is attached to a dome area, which is anchored, it is the last sensor
to record the acceleration outward from the detonation near 1000 ps. It should be noted that the
timing of the start of the outward acceleration on individual sensors generally scales with the first
arrival times at each sensor. This suggests that the impact location is also the center of the start of
the disintegration point. This was also clear from the high-speed video of the impact, where the bottle
expands outward from the impact site. Because this bottle detonated near the end of the recording,
future recordings after HITF16162 were set to record for 2048 ps to try to ensure the whole failure
event is recorded.
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Figure 57. Full temporal results of HITF16162.
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Fig. 58 shows the signal amplitude vs frequency for shot HITF16162. As in the previous shots, there
is a peak at about 100 KHz. There is a weak second peak about 400 to 500 KHz. Sensors on channels
2, 3, and 4 show much lower amplitudes. Channel 1 appears the largest in amplitude and also

remained bonded for the longest time.
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Figure 58. Frequency results of HITF16162.
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Fig. 59 displays the time of arrival/temporal results of HITF16167. The first arrival was on sensor 2
at about 135 ps, followed by sensor 3, then sensor 1, and finally sensor 4.
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Figure 59. Time of arrival/temporal results of HITF16167.
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Fig. 60 shows the full temporal time recorded for the shot HITF16167. For this impact test and later
tests, the data was recorded for 2048 us. It can be seen in the figure that signals were disappearing,
on channel 2, at about 700 ps, while channel 3 may have been partially disbonded around 400-700
ps and channel 4 was disbonding at about 800 ps, implying that those sensors were disbonding from
the COPV as the pressurized bottle’s damage state continued to grow. This COPV bottle
subsequently started detonating at about 750 ps. The times when the signals appear to “restart” with
very high amplitudes reflect when the COPV wall sections are accelerating the sensor outward. Since
channel 4 is attached to a dome area, which is anchored, it is the last sensor to record the acceleration
outward from the detonation starting at about 850 pis.
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Figure 60. Full temporal results of HITF16167.
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Fig. 61 shows the signal amplitude vs frequency for shot HITF16167. As in the previous shots, there
is a peak at about 100 KHz. There is a weak second peak about 400 to 500 KHz in sensors 1 and 3.
All the channels show strong amplitudes which reflects that the sensors were recording very large
signals, even if for only over a limited time.
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Figure 61. Frequency results of HITF16167.
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In Fig. 62, for shot HITF16168, the first arrival signal occurred on sensor 2, followed by sensor 3,

and then sensor 1 and finally on sensor 4.
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Figure 62. Time of arrival/temporal results of HITF16168.
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Fig. 63 shows the full temporal time recorded for the shot HITF16168. On channels 2 and 3, there is
evidence that those sensors disbonded prior to detonation. The sensors on channels 1 and 4 appear to
have remained bonded until the bottle detonated. This COPV bottle appears to show the initial time
of detonated at about 750 ps on sensors 1 and 3. Sensor 4 shows the signal disappears at about 1100
ps. Since channel 4 is attached to a dome area, which is anchored, it is the last sensor to record the
acceleration outward from the detonation. The times when the signals “restart” reflect when the
COPV wall sections are accelerating the sensor outward.
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Figure 63. Full temporal results of HITF16168.
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Fig. 64 shows the signal amplitude vs frequency for shot HITF16168. As in the previous shots, there
is a peak at about 100 KHz. There is a second peak about 400 to 500 KHz that can be seen in sensor
1 and 3, but not for on sensor 2 and 4. Sensors 1, 2 and 4 show signal amplitudes that are relatively
high. Sensor 3 had the overall smallest amplitudes as it experienced early disbonding and a weak
acceleration term at the detonation point.
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Figure 64. Frequency results of HITF16168.
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In Fig. 65, for shot HITF16170 the first arrival signal occurred on sensor 2, followed by sensor 3, and

then sensor 1, and finally on sensor 4.
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Figure 65. Time of arrival/temporal results of HITF16170.
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Fig. 66 shows the full temporal time recorded for shot HITF16170. This COPV bottle subsequently
detonated near 2000 ps. The times when the signals “restart” reflect when the COPV wall sections
are accelerating the sensor outward. Since the data recorded in this shot stopped at 2048 ps, the full

view of the detonation signal was lost.
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Figure 66. Full temporal results of HITF16170.
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Fig. 67 shows the signal amplitude vs frequency for shot HITF16170. As in the previous shots, there
was a peak at about 100 KHz. Only channel 1 seems to show much of a second peak at about 400 to
500 KHz.
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Figure 67. Frequency results of HITF16170.
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In Fig. 68, the early data from HITF16505 is shown. The first arrival signal occurred on sensor 2,

followed by sensor 1, and then sensor 3, and finally on sensor 4.
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Figure 68. Time of arrival/temporal results of HITF16505.
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Fig. 69 shows the full temporal time recorded for the shot HITF16505. Channels 1 and 2 appear to
have disbonded or lost electrical connection as the signals on those channels appear to be lost after
about 300 ps. Inaddition, sensor 2 appears to be weaker than the other sensors attached to the cylinder
section, which suggests that the channel may have partially disbonded at the time of impact. This
COPV bottle subsequently detonated at about 400 ps. Only channel three shows good evidence of
the sensor being accelerated as the COPV wall segments fly outward. Sensor 1 and 2 appear to be
dead at that point. It is possible that these sensors’ piezo elements and faceplate structures may have
been broken off by the violence of this impact. This suggestion of sensor failure can’t be confirmed
as all the sensors were destroyed by the detonation. Since channel 4 is attached to a dome area, which
is anchored in the test fixture, it does not appear to accelerate outward from the detonation during the
time recording.
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Figure 69. Full temporal results of HITF16505.
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Fig. 70 shows the signal amplitude vs frequency for shot HITF16505, which was the last shot in this
series of testing. As in earlier shots, there was a peak at about 100 KHz. All the channels show a
second peak at about 400 to 500 KHz. Channel 2 shows a lower amplitude, which reflects the fact
that its signal was weaker overall in Fig. 69.
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Figure 70. Frequency results of HITF16505.
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Table 14 shows the HTIF numbers, their targeted locations, and the relative time shifts from each of
the four sensors regarding the earliest sensor’s signal’s arrival.

Table 14. List of Target Locations and Temporal Results of HVI shots that penetrated and detonated
the COPV

Test
Number /
HITF
Number/ Target | Target Delta Delta Delta Delta
Tank S/N /| position | position | Target | time time time time
Impact axial circum. | angle [ sensor 1 | sensor 2 | sensor 3 | sensor 4
Location (m) (deg) (deg) | (in ps) (inus) | (in us) (in ps)
Part 1

#5
HITF16161
S/N 189
Cylinder

0.254 180 -45 27.5 0 15 35.5

#6
HITF16162
S/N 188
Cylinder

Part 2

#11
HITF16167
SIN 224
Cylinder

0.254 180 -45 27.5 0 17 32

0.254 180 0 23 0 13 36.5

#12
HITF16168
S/N 187
Cylinder

0.254 180 -60 26 0 195 41.5

#14
HITF16170
S/N 222
Cylinder

0.254 180 -45 235 0 9.5 32.5

#17
HITF16505
S/N 203
Cylinder

0.298 90 -45 35 0 25.5 25.5
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Table 15 shows the estimated impact locations based on the delta time data from Table 14. As before,
adjustments in the velocity were made for this group of shots on pressurized COPVs. It was set at
20% above the velocities used for the unpressurized bottles to help account for the effect of the high
pressure and temperature of the bottles on the velocity of ultrasound in the bottle’s walls. Since the
bottles in Table 15 detonated, there was no way to verify the actual impact locations to certify the
data in the last column in Table 15. In this set of data, the location estimates were referenced to their
target locations. The errors of location were on the same order of magnitude as the errors for the
impacts that did not penetrate and the impacts that penetrated and vented.

Table 15. Impact location table for penetrating impacts with detonations showing the AE impact
location calculation. Similar to the cases of the non-penetrating impacts and impacts with venting,
the velocity values, for this group of shots were set at 20% above the velocities used for the
unpressurized bottles because of the effect of the high pressure and temperature in the bottles’ wave
velocity.

Target of | Target of | Estimated | Estimated Velocit
Axial Circum. | Axial Circum. Estimated Ad'ustn{ent Estimated
Shot No. Location | Location | Location Location | Temporal forJ Location
of Impact | of Impact | of Impact | of Impact | Offset (us) P * Error (m)
ressure
(m) (m) (m) (m)
Part 1
#5
HITF16161 2.98 additional | 0.0356
S/N 189 0.254 0.260 0.255 0.225 20%
Cylinder
#6
HITF16162 1.47 additional
S/N 188 0.254 0.260 0.315 0.254 20% 0.0612
Cylinder
Part 2
#11
HITF16167 4.20 additional
S/N 294 0.254 0.260 0.264 0.254 20% 0.0117
Cylinder
#12
HITF16168 3.23 additional
S/N 187 0.254 0.260 0.276 0.254 20% 0.0234
Cylinder
#14
HITF16170 6.25 additional
S/N 999 0.254 0.260 0.242 0.254 20% 0.0135
Cylinder
#17
HITF16505 8.495 additional
S/N 203 0.298 0.130 0.173 0.135 20% 0.125
Cylinder

* Seeref. (1, 2)
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Efforts to extract significant information from the signal energies in these instances where the
COPV’s detonated are much more problematic than for the previous cases of impact with no
penetration or impact with penetrations and venting. Here, the signals have become much more
complex with the added features of disbonding and detonation effects. In particular, we do not have
consistently long time records to work with. The lack of consistency in the impact’s time record
length made use of the signal energy problematic for comparison.

Summary

Acoustic emission measurements were performed on COPVs undergoing hypervelocity impacts
while under high pressure as a component of an NESC sponsored study to understand how COPVs
might respond to hypervelocity MMOD impacts. The test objectives of the AE part of this testing
were to see if Acoustic Emission could be used to predict post impact failure of a pressurized COPV.
This represented a challenging effort as the complexity of the damage from HVI events to COPVs
led to AE signals that were very complex in form and required non-standard processing sometimes.

In these tests, the hypervelocity impact resulted in one of three states of damage that had different
outcomes for a COPV. In the first case, the HVI event did not fully penetrate a pressurized COPV,
and the COPV held its pressure. In a second case, the HVI event penetrated the pressurized COPV
resulting in the bottle venting, which quickly relieved the pressure on the COPV’s walls. In that case,
damage growth in the COPV’s pressure wall at later times was avoided. In the third and final case,
the HV1 event penetrated the pressurized COPV allowing venting to start, but within two milliseconds
or less, the damage growth in the pressurized wall was growing quickly enough and became extensive
enough to overcome the pressure wall’s structural integrity, at which time, the remaining bottle
pressure caused the COPV to rupture explosively.

Where the hypervelocity impact did not penetrate the COPV pressure wall, the post impact acoustic
emissions were much smaller than the original impact signal and there weren’t very many singular
events recorded after the initial event. This showed that the COPV quickly reached a new stable
stress equilibrium with the internal pressure, and a few indications of new damage growth in the
COPV were clear. These tests did not address latent damage growth that might arise at the damage
site because of issues such as pressure cycling or other variable loading effects. For the first arrival
signals, the impact signal had a good phase-referenceable signal usable for event triangulation. The
non-pressurized wave velocities generated reasonable location estimates. When pressurized to
MEOP, wave speeds in the pressure wall increased and required a change to the unpressurized
velocities of ~20%. The non-penetrated COPV bottles showed a general increasing AE signal energy
behavior with respect to the increasing impactor energy, and an increasing visible damage region. In
the frequency domain, the AE signals showed a few strong frequencies near ~100 KHz and ~400-500
KHz.

Where the hypervelocity impact penetrated the COPV pressure wall, and the bottle vented the gas,
the AE signals in the time domain demonstrated a more complex ultrasonic wave structure than the
non-penetrating case. Besides the initial impact signal, there was sound from the escaping gas and
noise arising from damage growth. These impacts all had clear first arrival signals. After the initial
impact signal, none of the later signals recorded showed much of any phase relationship between the
different sensors, so they were treated as uncorrelated.

Some effort was made to see if the signal energy from different impact types, non-penetrating vs.
penetrating, could be segregated into components from impact damage, gas venting noise and
contributions from damage growth in the COPV. A comparison of the damage region vs. various
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signal energy components, i.e. leak noise or damage growth noise, showed relatively weak correlation
with estimates of either the damage region’s circumference or its area.

Once the impactor penetrated the COPV, the signal energy vs. impactor energy was variable. Besides
the impactors’ energy not being fully deposited into the pressure wall upon a penetrating impact, the
damage growth sounds and the sounds from the gas escaping also distorted the relationship between
signal energy and impact energy. In the frequency domain, the AE signals continued to show a few
strong frequency regions near ~100 KHz and ~400-500 KHz as was seen in the case of the impactor
not penetrating the pressure wall.

Where the hypervelocity impact penetrated the COPV pressure wall, and the bottle detonated, the AE
signals in the time domain showed the same types of signals recorded by the case where the projectile
penetrated and vented the COPV, plus, they also showed additional signal structure related to damage
growth in the bottle. For the first arrival signal, the impact signals continued to show good phase
referenced signals. Besides the impact signal, there was noise from the escaping gas and noise that
involved damage growth, none of which could show much of any phase relationship between the
different sensors. Some sensors were dislodged by the impact while other sensors disbonded or were
damaged because of the extensive damage growth occurring in the COPV as the pressure wall
continued to fail. The detonation of the COPV usually happened between hundreds of microseconds
to a few milliseconds after impact. At that point, the transducers, including those that had become
disbonded would become impacted by the COPV pieces and would show a strong acceleration signal
with the COPV wall pieces accelerating outward. Beyond that point in time, the transducer signal
was lost. In the frequency domain, the AE signals showed a decreasing signal with increasing
frequency. The evidence of the 100 and 500 KHz “peaks” were still evident, but not always as strong
as in the other COPV impacted groups, in part because of the more limited data record lengths as the
sensors did not stay attached over the full-time record.

Conclusion

Regarding the initial goal for this work, for COPV bottles that were impacted, but did not suffer
penetration, the AE signals ceased after a short period of time after impact. This indicated that
subsequent damage growth in the COPV bottle’s ceased and the bottles stabilized structurally. Hence,
trying to detect post impact damage growth from an impact did not appear fruitful, at least for the
case of static pressurization.

The measurement of other damage states such as penetration and venting or penetration and
detonation, while measurable, happened quickly. In particular, it was difficult to see a process that
might predict the explosive failure of the bottles in a timely manner so that the AE data could be used
to reasonably respond in a fashion that might safe the system.
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