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This report documents the drop tests of a transport package for shipping radioactive material.
The planning and the test itself were conducted by CSA Engineering in cooperation with the
Nuclear Energy Division of General Electric and with Alpha Omega Services. CSA's work is
conducted under Purchase Order number AOS-3301 from Alpha Omega Services who will be
the end user of the transport package.

David A. Kienholz 0)
Vice President/Principal Engineer

Christian A. Smith
Quality Assurance Manager
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Revision History

Rev 0 19 April 2007

Initial release.

Rev 1 19 May 2007

Sequence photos for end drop, Figure 29, changed from color to black and white.

Redundancy in data types noted in introduction.

Total deceleration times estimated from video data and results included.

Conclusion added re. total deceleration time from video data.
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1. Introduction and Background

This report documents the objectives, methods, results, and conclusions of drop tests of a
shipping package for radioactive materials. Among other requirements imposed by the Nuclear
Regulatory Commission (10 CFR 71), a shipping cask with its protective impact limiter must
survive a 30-foot free fall onto an unyielding surface without loss of structural integrity by the
cask. Damage to the impact limiter is allowed but the cask itself must remain capable of
performing its primary functions of providing containment, shielding, and subcriticality' of the
radioactive material.

The cask was the model AOS-165, the largest of a family of casks developed by General Electric
Nuclear Energy for Alpha Omega Services. Therefore questions of testing scale models are not
considered in this report.

As usual in testing of shipping packages, the test was done without radioactive material. This
means that compliance with requirements must be demonstrated indirectly. In this case
compliance was shown through dimensional inspections and leak rate tests of the cask before and
after each drop.

In addition to verifying that the cask and impact limiter comply with their primary requirements,
various instrumentation was used to obtain quantitative data during the test. This data is used
both for engineering design and for verifying that the test itself meets its requirements.
Measurement methods were chosen to produce some redundancy; data obtained by different
methods can serve to verify each other or to fill in for each other in the event of lost data.

2. Test Overview and Objectives

The test objective is to obtain data for demonstrating the adequacy of analytical methods
employed for qualifying the shipping package, both at the size tested and scaled-down versions.
These analytical methods are used to show that the impact limiters are capable of limiting impact
loads on the payload to an acceptable level.

The package was free-dropped three times, once in each of three orientations. The orientations,
shown in Figure 1, and the reasons for choosing them are as follows.

'Subcriticality is always a requirement for a nuclear shipping container but is not relevant to the present test.
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" End drop. The package was dropped with its axis vertical such that it struck on one end.
This orientation usually tends to present the largest crushing surface and thus the largest
crushing force and greatest payload acceleration.

* Side drop. The package was dropped with its axis horizontal such that the impact limiter
sections on both ends struck the ground at nominally the same time. This tends to
produce the largest bending and buckling loads in the cask walls.

* Slap-down drop. The package was dropped with its axis at an angle to the vertical as
shown such that it lands on one side of one impact limiter section. This tends to present
the smallest crush area and thus the largest inward deformation of the impact limiter. It
also produces a "slap-down" effect where the cask acquires a significant angular velocity
after initial impact, leading to high loads when the second impact limiter strikes the
surface (slaps down).

The tests were performed in the order shown above with new impact limiters for each test.
Previous tests have used the first two orientations successfully2. The slap-down orientation is
new and is included in place of previous c.g.-over-corner drops on the basis of analysis which
indicates that slap-down is a worst-case.

End drop Side drop Slap-down drop

7 7 7 77-7- ''''I//I 'I//I/I,

Figure 1 Package orientations for the three drop tests.

Structural integrity of the cask was determined after each of the three drops. Methods for doing
so are described in the next section on acceptance criteria. In addition to this pass-fail functional
testing, engineering data in the form of cask and impact limiter acceleration time histories at
several location/directions were sensed and recorded. Pressure sensitive film was used to

2 Kienholz, D.A., and Allen, Bradley, "30-ft. Free Drop Tests of a Quarter-Scale Model 2000 Transport Package,"

GE Nuclear Energy division Report NEDO-31581, San Jose, CA, August, 1987.
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determine the pressure distribution between the cask and impact limiter. Details of the methods
for obtaining these engineering data are presented later in this report.

3. Acceptance Criteria

The primary pass-fail criterion for the test is based on a helium leak rate test performed on the
cask before and after the drop tests. The methodology for the leak test is detailed later in
subsection 5.9 An acceptable leak rate is less than 2.96 x 1OE-7 standard cubic centimeters of
helium per second at a differential pressure of one atmosphere3. For the package to be judged
acceptable, the measured leak rate must be less than this amount both before and after the drop
tests.

The secondary criterion relates to external dimensions of the cask. These shall not have changed
by any amount that would prevent or endanger the cask's performance of its primary functions of
containment and shielding.

4. Cask Description

The test article is a full-scale prototype transport package. It is composed of two main parts: the
cask and the impact limiters. The cask (
Figure 2) is cylindrical in shape with an outside diameter (excluding trunnion lugs) of 46.20
inches and an axial length of 59.40 inches. Weight of the cask with impact limiters is
approximately 38,500 lbs. The cask is composed of stainless steel inner and outer shells with
thick tungsten inserts between them for radiation shielding. The central payload cavity is
cylindrical in shape with a diameter of 10.72 inches and axial length of 33.63 inches. The cavity
is connected to atmosphere by two small ports (shown later in cross section) that are both sealed
during normal transport operations.

The cask lid is secured to the cask body by 20 socket head cap screws, size 1-8 x 3.25. There is
a double seal between the lid and body with a sealable port running from the volume between the
seals to atmosphere. The second (outer) seal and the port allow testing the integrity of the inner
seal as described in a later subsection.

The impact limiter is in the form of two "caps" that go over the ends of the cask (
Figure 2). Each cap is composed of a stainless steel shell filled with castable impact-absorbing
foam. The caps are installed over the ends of the cask and secured to each other by six
turnbuckles as shown.. Each cap has a recess in its outer end to produce the desired crush area
and thus the desired crushing force during an end drop. The lifting rings shown at the top of

3 Mok,G.C., Carlson,R.W., Lu, S.C., and Fischer, L.E.,"Guidelines for Conducting Impact Tests on Shipping
Packages for Radioactive Material,", Lawrence Livermore National Laboratory Report No. UCRL-ID-121673,
September 1995, page 19. Also ANSI N14.5.
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each impact limiter are for lifting the impact limiter by itself. When assembled, the package is
lifted by the side trunnions on the cask.

4
Trunnion--

Cask Impact limiter
(impact limiter)

Figure 2 Shipping cask with impact limiters

5. Test Procedure and Equipment

The test procedure and instrumentation generally followed that used successfully in a 1987 test
of a quarter-scale transport package4 . Some enhancements were made in accordance with NRC

4 Kienholz, D.A. and Allen, Bradley op cit
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guidelines published since the 1987 test5 and to take advantage of advances in photographic and
instrumentation technology.

5.1 Drop target

The drop target was a large reinforced concrete block embedded in the earth at the General
Electric Vallecitos CA site. Figure 3 shows a plan view of the site, including the crane for lifting
the test article and the locations for two high-speed cameras. The concrete block is
approximately 20' x 15'6" in plan view and six feet thick. It has a steel plate, 120" x 90" x 3",
embedded in its horizontal top surface. The target block weighs approximately 290,000 lbs. The
concrete has a 28-day cured strength of at least 4500 psi. The site has been used several times
before for drop tests. The storage shed on the north side of the drop pad was moved to allow
room for the tests. Figure 4 shows an overall view of the site.

FIM
One

IShed
Ft

rear wall

Concrete i
(D block

10'-0" 20'-0"

Fast
Crane Firn

_. '.. ITWO

Figure 3 Plan view of drop test site.

Mok, G.C. et al, op cit
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Figure 4 Drop test site with crane and instrument truck in place.

5.2 Pretest and post-test dimensional inspection of cask

Dimensional inspections of the cask before and after each drop were done by East Coast
Metrology, Topsfield, MA, under subcontract to GENE. The measurements were made using a
laser tracker system capable of rapidly locating many points on the cask in 3-dimensional space.
Figure 5 shows an impact limiter being set up for measurements. The laser tracker is the blue
device on a tripod on the left

For the impact limiters, scan data was taken at the 0, 30, 60, 90, 120, 150, 180, 210, 240, 270,
300 and 330 degree profiles. In order to compare each impact limiter in its pre- and post- drop
condition, an alignment using the bottom perimeter (opposite the domed-end), measured as a
circle, was used a reference. By measuring it as a circle, the center point and vector of the
measured circle were established. The portions of this circle that were deformed due to each
drop test were not used in this calculation. The vector of this axis was defined to be the primary
datum in this alignment. A point was then measured at the 90 degree lifting lug to establish the
second axis in the coordinate system. This process provided the only repeatable means to align
each impact limiter and subsequently compare the results.
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Figure 5 Measuring an impact limiter with the laser tracker.

Once the pre- and post-drop scan data was obtained for each impact limiter, the 90-270 degree
profile cross-sections were overlaid in order to calculate the magnitude of deformation for each
drop.

For the cask, the 0, 90, 180, and 270 degree profiles were scanned. An alignment using the axis
of the cylindrical part of the cask as the controlling datum was used. This axis was then
intersected with the "Lid End" of the cask and a point was constructed. Another point was
measured at the 90 degree lifting lug to establish the other axis. This alignment was repeated for
each measurement of the cask. Results from scans taken before any of the drop tests are shown
in Figure 6 and Figure 7. The red areas represent the positive (maximum deviations) and the
yellow areas represent the negative (minimum deviations) from the nominal as-designed profile.
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Figure 6 Scan data from cask taken before the first drop, 0-180-degree cross section

Figure 7 Scan data from cask taken before the first drop, 90-270-degree cross section.
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5.3 Lifting and release methods

For each drop, the test article was lifted by a 90-ton mobile crane to a height of at least 30 feet6
directly above the steel plate drop target. The crane was provided by Peninsula Crane Service
under subcontract to GENE. GENE provided the remaining rigging equipment. Figure 8
illustrates the crane setup for the end drop. Figure 9 shows the crane and quick-release
mechanism being tested by dropping a dummy weight.

Two methods were used to measure the drop height. For the first (end) drop, a graduated light
chain was hung from above the package.. The chain was marked at one-foot and ten-foot
intervals such that the package height above the impact point could be verified just before the
drop. The chain was then pulled out of the way prior to the drop. For the second and third drop,
a tape measure was secured with tape to the bottom of the package and used to adjust the height
to the desired value. The tape measure was then pulled off the test article from the ground.

The use of a hydraulic crane required that the crane boom be "snubbed" with heavy wire ropes
from the crane hook down to heavy weights on the ground (Figure 8). The snubbing lines
restrained the crane boom when the load was released, preventing damage to the hydraulic
system. Since the snubber lines were of fixed length and had to be taut at the time of release,
they had some effect on the drop height. Shorter rigging as used on the end drop caused the drop
height to be greater than for the side and slap-down drops. However the drop height was over 30
feet for each drop. Exact values are given later.

The package was released using the mechanism shown in the Figure 10, Figure 11, and Figure
12. The heart of the system is the mechanical release mechanism shown in Figure 10. Called a
SeaCatch Model TR15Air7, it is used in the marine industry for releasing loads while under
tension, often underwater. In the photo on the right of Figure 10, the release mechanism is
actuated by hand via the lever on the right side. Lifting the lever opens the jaws and allows the
lower anchor shackle to fall free. The red rope tied between the shackles in the figures is only
for demonstration. In the actual test, the package was hung from the lower shackle, the red rope
was not present, and the lower shackle remained attached to the test article as it fell.

Because the package must strike the drop target in a known, repeatable orientation, it is essential
that the release mechanism do its job quickly and cleanly, minimizing transient forces and
moments imposed on the package during release. This minimizes the angular velocity imparted
to the package at release and allows it to fall without rotation such that it strikes the drop target
in the same orientation it had prior to release. To this end, the SeaCatch release mechanism was
equipped with an integral air cylinder, an accumulator, and a fast solenoid valve for actuation.
This method was used in preference to pulling the release lever via a lanyard because the
required pull force of over 100 lbs would have disturbed the orientation of the test article just at
the critical moment of release.

6 30 feet minimum from the lowest point on the test article to the upper surface of the steel plate of the drop target.
7 McMillan Design, Inc., Gig Harbor, WA.
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SK07015

Figure 8 Crane and rigging set up for end drop.
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Figure 9 Testing the quick-release mechanism by dropping a dummy weight.

I

Figure 10 SeaCatch release mechanism before release (left) and after release (right).
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A quick release was obtained by using a 3-gallon local air accumulator tank and a fast-acting,
two-stage, electrically triggered diaphragm valve mounted close to the release mechanism .
Calculated release time is on the order of 0.2 seconds. Figure 11 shows the accumulator tank
and valve. Figure 12 shows the accumulator and valve mounted on a short section of heavy
wire rope with the SeaCatch hanging from the loop at the lower end of the wire rope. In
operation, a compressed air line for charging the accumulator and electrical trigger line were run
up the crane boom and over to the accumulator tank.

The SeaCatch is a model TR15AIR and is rated at 50,200 lbs working load with a safety factor
of five. It was proof tested to twice the working load by the manufacturer prior to delivery to
CSA. Likewise the wire rope, which is rated for 42,000 lbs, was proof tested to 84,000 lbs.

Figure 11 Accumulator tank and fast-acting valve for operating the SeaCatch air piston (left).
Entire release system (right).
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Figure 12 Cask being assembled with impact limiter for the end drop. The quick-release
mechanism is visible at the top of the picture. Pressure-sensing paper has been taped to the part
of the cask that goes inside the impact limiter.
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5.4 Acceleration sensing

Acceleration time history data was recorded using accelerometers inside the cask and on the
impact limiter. A total of nine uniaxial sensors was used, configured as three triaxial groups.
One triaxial group was mounted on the flat surface of the impact limiter (Figure 13). The
mounting block is fastened to the impact limiter by two /-20 cap screws threaded into tapped
mounting bosses welded to the impact limiter. A cable breakout bracket for mating the main
umbilical cable to individual accelerometer cables is likewise mounted to tapped bosses on the
impact limiter as shown.

Cables from accelerometers
inside the cask.

Triaxial mounting block

Figure 13 Triaxial accelerometer group mounted on impact limiter. The sheet metal part is a
bracket for connecting the 20-conductor umbilical cable to the two-conductor cables of the
individual accelerometers.

Two triaxial groups were mounted inside the cask on the wall of the payload cavity (Figure 14).
They were mounted on machined aluminum blocks bonded to the cavity wall with Lord 906-16
acrylic structural adhesive. The triaxes were at nominally the same axial location and 180
degrees apart, at the 90-degree and 270-degree lines on the cask. Each triaxial set sensed in
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nominally the cask radial, tangential, and axial directions. The cask was oriented for the side
drop and slap-down drop such that a plane containing the cask axis and the accelerometer
locations was vertical and the accelerometers on the 90-degree line were on the upward-facing
side of the cask. In the photos, the radial accelerometers are marked with red tape, the axials
with purple tape, and the tangentials with green tape.

Figure 14 Accelerometers mounted inside the cask. The cables can be seen exiting via the drain
port at the bottom of the cask payload cavity.

Cables for the accelerometers inside the cask were routed out through the drain port which exited
near the cask bottom along the 90-degree azimuth. For the end drop, only a single impact limiter
was used and it was on the lid end of the cask, with the cask being dropped upside-down (Figure
17). For this drop, there was no interference between the accelerometer cables and the impact
limiter. For the other two drops, impact limiters were mounted on both ends of the cask and the
cables had to come out through the 1/8th-inch radial gap between the cask OD and the impact
limiter ID (Figure 16). 1/8-inch-diameter stainless steel rods were welded to the impact limiter
ID running in the axial direction on either side of the cable routing to prevent the cables from
being crushed between the cask and impact limiter. As described later, this was only partially
successful although acceleration data was obtained for the important initial impact on each of the
three drops.
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All accelerometers were of the piezoelectric, integrated amplifier (ICP) type. The
accelerometers mounted on the impact limiter were PCB model 350B23 having a nominal range
of +/-10,000 g's (0.5 mV/g sensitivity, 0.5 g resolution, range/resolution = 20,000) and a 1-dB
bandwidth of 0.4 to 10,000 Hz. The triaxial accelerometers inside the cask were PCB model
353B13 having a nominal range of +/-1000 g's (5 mV/g sensitivity, 0.05 g resolution,
range/resolution = 20,000) and a 1-dB bandwidth of 0.7 to 20,000 Hz. All were powered and
AC coupled to the recording system by a Kistler model 5124A power supply/coupler. Figure 15
shows the accelerometers and their power supply / signal coupler. There is no pass-fail criterion
based on cask acceleration. However the data obtained will be of use in understanding the
package behavior during impact and for estimating loads on the cask.

Figure 15 Accelerometers (1,000 g on lower left, 10,000 g on lower right) and power supply /
signal coupler.

Piezoelectric accelerometers were used in preference to bridge-type, DC-coupled accelerometers
because the former tend to be better suited to the high acceleration levels found in drop testing.
Also, they use simpler electronics integrated directly into the sensor which is of great value in
eliminating noise pickup in the signal cabling. Their only disadvantage is that they cannot
capture the part of the signal at very low frequency, below about 1 Hz for the present case. This
is considered acceptable because the very short-duration impact events have only a very small
part of their signal energy in this missing band. Peak accelerations during such short impacts can
be measured with AC-coupled accelerometers with negligible loss of accuracy.
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The polarity for all accelerometers follows the industry convention: acceleration into the
mounting surface of the sensor gives a positive output voltage. Thus the axial accelerometers
inside the cask (Figure 14) give a positive voltage when the acceleration is towards the bottom
end of the cask (as opposed to the top or lid end), as was the case for the end drop.

r% n

Figure 16 Cross section of cask showing drain port to be used for accelerometer cable routing.

Cables for the accelerometers inside the cask were routed through the water drain port (Figure
16) such that no special feedthroughs or modifications to the cask were needed. During the leak
test, the cables were disconnected from the external breakout bracket and pushed back into the
drain port so the port can be plugged.

A multi-channel umbilical cord with one shielded, twisted pair for each accelerometer was used
to route the signals to a breakout box with BNC connectors on the output side. BNC cables then
carried the signals to the Kistler power supply/coupler and from there to the data acquisition
system located in the instrumentation truck. The total cable length of approximately 150 feet
presented no significant limitation for the relatively low-frequency signals of interest in this test.
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Figure 17 Cables from accelerometers inside the cask were routed through the drain port to the
breakout bracket. Configuration shown is for the end drop with only one impact limiter used.

5.5 Acceleration signal recording

Acceleration signals during the impact were digitized and recorded directly to disk using a VXI
data system from VXI Technology with a 16-channel front end card (model VT1432A). A/D
conversion was done at 25,600 samples per second per channel with 16-bit resolution. Anti-
aliasing filters were set for a cutoff frequency of 10 kHz.

Real time data acquisition was performed using I-DEAs TEST software to control the VXI front
end. Immediately following each drop tests, acceleration time history data was translated to
MatLab .mat format. MatLab was used for all display, plotting, filtering, spectrum analysis, and
other post-processing work.

It was planned originally to use a digital tape recorder in parallel with the VXI system for
redundancy. However problems were encountered with the tape recorder during test preparation
so the VXI system was used alone. It performed satisfactorily so no backup was needed.
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During the 1987 test, each acceleration signal was recorded to two channels of an FM
instrumentation tape recorder. This allowed two different full-scale settings to be used for each
signal in order to obtain the best possible signal/noise ratio within the limited (50 dB) dynamic
range of the recorder. Modem 16-bit digital recording systems such as the VXI system have
rendered this unnecessary since they typically have well over 72 dB of dynamic range.

5.6 Data processing

Data acquired with the VXI system was initially in I-DEAs .ati format. It was converted
immediately on-site to MatLab standard double precision (8 bytes per sample) using the I-DEAs
IMAT translator. Simple plotting and processing routines were created using basic MatLab
commands and the MatLab Signal Processing Toolbox. All raw time history files were
permanently archived.

Processing tasks include

" locating, isolating, and plotting the relevant time sections containing the impact
" digital low-pass filtering of acceleration time histories to accentuate the rigid-body

component over the resonant flexible-body components
" computing the energy spectral density of the acceleration transient to determine how

much is rigid-body response and how much is flexural.

5.7 Contact pressure sensing

Pressure sensitive film was installed between the cask and impact limiters prior to each drop.
The film (Fuji Prescale P/N M S R270 M1O 1) changes color in response to pressure. The
single-sheet type contains embedded microcapsules of a chemical that reacts with another
chemical impregnated into the film to produce a red color. Higher pressure breaks more
capsules and produces a more intense color. The size and density of the microcapsules can be
tailored to make the color change occur over various pressure ranges. The film used is for the
pressure range from 10 to 50 MPa (1450 to 7250 psi). Pressure can be inferred by comparing the
exposed film to a color chart (Figure 18). However for the present application, the intent is
simply to use the pressure paper to indicate areas of contact between the cask and impact
limiters.
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Figure 18 Chart for correlating color to pressure for Fuji medium-range Prescale film.

Fuji publishes two different color charts, one for film exposed to continuous pressure and
another for film exposed to momentary pressure. However the two charts are virtually identical
to the eye. Also, tests conducted with Prescale film prior to the 1987 drop tests8 showed that the
color change is virtually instantaneous upon exposure to pressure.

Figure 19 shows the cask with pressure-sensing paper attached being assembled into the impact
limiter. The paper can also be seen in Figure 17 protruding out slightly beyond the impact
limiter.

8 Kienholz, D.A. and Allen, Bradley op cit
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Figure 19 Cask with pressure paper attached being lowered into the impact limiter for the end
drop.
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5.8 High speed photography

High-speed digital video photography was used to record each of the three drops. All cameras
were furnished and operated by Speedvision Technologies of San Diego under subcontract to
CSA Engineering.. Two high-resolution black-and-white cameras were used with their sight
lines at right angles to each other as shown in Figure 3 For the first (end) drop, lower resolution
color cameras were located next to each black-and-white camera. Following review of the end
drop videos from all four cameras, it was decided that only one color camera would be used for
the second and third drops and it would be located at an oblique angle, about midway between
the two black-and-white cameras. Figure 20 shows the cameras set up for the end drop.

Figure 20 High-speed cameras set up for end drop

Frame rates for the first drop were 1000 frames/second for the black-and-white cameras and 500
frames/second for color. After review of the videos, it was determined that the higher frame rate
offered no real advantage so all cameras were operated at 500 frames/second for the second and
third drops.

Following each drop, the raw files from the camera were converted to .avi format. The raw files
remain available but examination of the compressed .avi files showed that they had adequate
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resolution for most purposes. SpeedVision furnished software for extracting individual frames
as jpeg or tiff files. This software was used to produce the frame-by-frame presentation given in
later sections for each of the three drops.

A time scale and a length scale were included in the field of view of the each black-and-white
camera. The length scales are dark-colored poles mounted vertically with light-colored
graduations marked on them at one-inch (yellow marks) and one-foot (white marks) intervals.
The poles are placed as close as possible to the vertical drop path and at the same distance from
the camera as the drop path in order to minimize parallax and foreshortening error. Time scales,
Figure 21, are rotating disks with a light-colored radial line. The background behind the disk has
fixed, radial witness lines painted at 30-degree intervals as shown. The disk is rotated by a two-
pole induction motor at a constant speed of approximately 3575 RPM or approximately 43
degrees per camera frame at 500 frames per second. The exact rotational speed was determined
prior to the test using a digital optical tachometer. Table I shows the recent time scale
calibration results and those from just before the 1987 test.

Table 1 Calibration results for time scales.

Speed (RPM) Percent Degrees per
Clock 1987 2005 Change 0.002 seconds

#1 3579.00 3579.00 0.00 42.95

#2 3575.40 3572.30 -0.09 42.87

The use of time scales was a hold-over from earlier tests where high-speed film photography was
used and frame rates could vary significantly from their nominal value. Modem digital video
cameras have very accurate frame rate control (a few parts per million) so the time scales are not
strictly necessary and are actually less accurate then the cameras themselves.

Figure 21 Time scale
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At the suggestion of SpeedVision, a simple impact trigger signal generator was constructed and
used to provide a time reference signal indicating when the test article first impacted the ground.
The trigger was simply a sheet of cardboard approximately two feet square with a grid of 2-inch-
square holes cut in it and sandwiched between two sheets of heavy-duty aluminum foil (Figure
22). The sandwich was taped to the impact surface at the location where the test article would
first strike the surface. When the impact limiter hit the sandwich, it pressed the two sheets of
aluminum foil together and closed a circuit. The resulting voltage signal placed a reference time
marker on the stream of video frames to indicate first contact. It also cued the cameras to
continue recording for another two seconds and then stop. Finally, it produced a step voltage
signal that was recorded on one channel of the VXI data system as a time reference for
interpreting the acceleration time histories. The impact trigger was used on the second and third
drops and found to work very well.

Figure 22 Impact trigger in position for side drop.
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5.9 Leak rate tests

Integrity of the cask body and its lid seal was tested before and after each drop test by measuring
the leak rate. The lid was bolted in place in the normal operating configuration. A helium
pressure bottle was connected to one of the ports leading to the payload cavity and the cavity was
purged with helium and then maintained at a pressure of 17.0 psia. The vacuum pump of a
helium leak detector was connected to the port leading to the volume between the double seals of
the lid. The volume between the seals was pumped down to an absolute pressure of less than 1
Torr and the leak rate of helium was measured by the leak. A leak rate of less than 2.96 x 1 OE-7
standard cubic centimeters of helium per second at this pressure differential was considered leak-
tight. Leak detection equipment was furnished and operated by GENE personnel.

During the leak test, the cables from the accelerometers inside the cavity were disconnected from
the break-out panel on the outside of the cask and pushed back into the port from which they
exited the cask. The port was then plugged such that the cavity could be pressurized. Figure 23
shows the cask undergoing its initial leak test.

Figure 23 Leak testing the cask.
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5.10 Test operations

GENE prepared a detailed check list of all the activities to be performed during preparation and
execution of the tests. It was maintained by the GENE QA manager assigned to the project and
included the designation of the individual responsible for each item. Items were checked off as
they were performed.

5.11 Drop heights

Table 2 gives the free-fall distances for each of the drops. These are the measured vertical
distances from the drop target to the lowest point on the impact limiter. They were different for
the three drops for reasons given earlier related to the crane and rigging.

Table 2 Drop heights

Drop Drop height
configuration (feet and inches)

End 341-3"

Side 31 -0"

Slap-down 31 "2"
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6. Results: End Drop

6.1 Acceleration measurements

This section gives the time history plots of accelerations measured inside the cask and on the
impact limiter for the end drop. Only the most important data are shown in this section. A full
set of plots has been furnished to GENE. This organization will also be followed for presenting
acceleration data from the side drop and the slap-down drop.
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Figure 24 Accelerations measured at impact inside the cask for the end drop.

32

2-834 Radioactive Material Transport Packaging System Safety Analysis Report
for Model AOS-025, AOS-050, and AOS-100 Transport Packages, Rev. F, February 1, 2012 (Docket No. 71-9316)



ing, Inc. AOS Cask drop test report Rev. I

Figure 24 shows the signals from the two axial accelerometers inside the cask (Figure 14).
These two were sensing in the vertical direction for this drop. A positive signal denotes upward
acceleration at the accelerometer location.
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Figure 25 Accelerations measured on the impact limiter during the end drop.

Figure 25 shows data from the accelerometers on the impact limiter (Figure 13). Signals from all
accelerometers showed a large amount of "ringing" or resonant response from the cask and
impact limiter. This was not surprising considering the sharp blow applied to the package when
it struck the steel plate of the target block. However the ringing makes it difficult to estimate the
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true deceleration of the cask mass center. To this end, the signals were digitally low-pass filtered
to reduce the resonant response and make the rigid-body component of the cask deceleration
more evident. The filter was a 4-pole phaseless Butterworth9 with a cutoff frequency of 900 Hz.
Results are shown in Figure 26, Figure 27, and Figure 28.
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Figure 26 Signal from the axial accelerometer inside the cask on the 90-degree aximuth before
(top) and after (bottom) low-pass filtering.

The vertical acceleration signals in Figure 26 and Figure 27 may seem confusing at first. It
appears that the big spike in acceleration is in the downward direction. However the signals
make sense when one considers the way the cask is constructed. Referring to Figure 16, the
brown areas represent voids between the thick stainless steel walls of the cask. These voids are
filled with heavy, tungsten "bricks" which are held in place only by steel wool packing. When
the cask first strikes the hard surface, there is in fact a small pulse of upward acceleration

9 A phaseless filter is created by running the digitized signal twice through the filter, first forward and then
backwards. Thus a four-pole phaseless filter gives the same frequency rolloff as an eight-pole conventional filter
and does so with no phase distortion.
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Figure 27 Signal from the axial accelerometer inside the cask on the 270-degree aximuth before
(top) and after (bottom) low-pass filtering.
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Figure 28 Signal from the axial accelerometer on the impact limiter before (top) and after
(bottom) low-pass filtering.
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corresponding to the initial deflection of the impact limiter and compression of the steel wool
packing. However a millisecond later a secondary collision occurs as the packing goes solid and
the tungsten bricks strike the lid end of the cask (recall that the cask is upside down) driving it
downwards into the ground. The phenomenon is similar to a car accident where the occupants
don't have their seat belts buckled, except that in this case the "occupants" are the heavy
tungsten bricks. The secondary collision causes the large negative spike. Following that, a much
longer period of upward acceleration occurs, which corresponds to the decay in the initial
downward impact velocity. The signal corresponding to this latter positive acceleration is
slightly attenuated by the AC coupling of the accelerometers themselves and also by the AC
coupling of the signal to the data acquisition system.

The effect of secondary collisions is even more pronounced in the side and slap-down drops
presented later, probably because the tungsten bricks are restrained less in the tangential and
radial directions than they are in the axial direction.

An important feature of the peak acceleration due to the secondary collision is that it is not
heavily dependent on the characteristics of the impact limiter. The spike is caused by several
heavy, rigid bodies (the tungsten bricks) striking another (the stainless steel body of the cask)
with the accelerometer rigidly mounted to the latter. This factor should be kept in mind in
attempting to compare measured peak accelerations to analytical predictions, where the latter
assume that all energy absorption is done by the impact limiter.

The effect of the secondary collisions is much less pronounced in the axial acceleration measured
on the impact limiter (Figure 28), probably because the surface of the impact limiter mounting
the accelerometer is only loosely coupled to the cask body. At this surface, the initial pulse of
acceleration is quite large and is in the upward direction as one would expect.

6.2 High-speed video

Figure 29 shows frames from one of the four high speed video cameras. Because the impact
trigger was a last-minute addition after this first test, there is no accurate way to time-align the
end-drop acceleration time history to the video frames. However based on that alignment for the
side and slap-down drops, the initial impact is estimated to occur at t = 2.542 seconds in the
traces of the last five figures.

Using the video and the length scales, it was determined that the cask bounced to a height of
about 43 inches, indicating that about 90% of the kinetic energy was dissipated upon initial
impact. After the first bounce, the cask teetered on one comer and then fell over on its side,
crushing the umbilical cable from the accelerometers. Fortunately, the important acceleration
event was over by this time and had been recorded.

A video editing program'° was used to estimate the elapsed time from first impact to the point
where the vertical velocity of the cask c.g. dropped to zero. It was 0.021 +/-0.004 seconds.
Time resolution (time between frames) was 0.001 seconds in the video used for this estimate.

10 Imaging Studio version 2.4.0, AOS Technologies AG
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Figure 29 Frames from high-speed video of end drop.
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6.3 Pressure sensing film

Figure 30 shows the pressure sensing film from the end drop. The band of film that was taped to
the cylindrical surface of the cask (Figure 19) has been cut into four equal pieces which are
placed in their respective azimuthal locations in Figure 30. In Figure 30 and in the similar
photographs from the side and slap-down drops, the surface of the film which faced away from
the cask is towards the camera.

Figure 30 Pressure sensing film removed from the cask after the end drop.

The red areas on the film indicate where contact occurred between the cask and impact limiter.
The radial "spoke" impressions made by the 12 strengthening ribs inside the impact limiter are
clearly visible on the circular piece of film from the flat end surface of the cask. The picture also
shows that significant forces between the cask and impact limiter occurred on the conical surface
produced by the chamfer on the end of the cask. The package struck with its axis nearly vertical
which accounts for the fact that there was relatively little contact between the cask cylindrical
surface and the inside diameter of the impact limiter.
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6.4 Deformation measurements

Table I shows the measured cask profile deviation from the design nominal before and after the
end drop. The conclusion from these measurements was that no significant damage to the cask
had occurred.

Table 3 Before and after end-drop measurements of the cask.

Cask state at measurement
After end drop

Deviation Before end drop Before side drop
Maximum 0.0068 0.0046
Minimum -0.0094 -0.0101

Figure 31 shows an overlay of the profile of the impact limiter before and after the end drop.

Figure 31 Profiles of the impact limiter before and after the end-drop

Figure 32 shows the impact end of the impact limiter after the end drop. The previously flat
surface in the large center relief on the end of the impact limiter has been bulged out over four
inches by the force from the cask transmitted through the foam. The weld around the edge of the
relief has split over a small part of the circumference.
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Figure 32 Cask and impact limiter immediately following the end drop.

6.5 Leak rate test

The cask was leak tested following the end drop and was found to meet specification. It was
concluded that no degradation had occurred in the seal integrity of the cask.
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7. Results: Side drop

7.1 Acceleration measurements

For the side drop, the two radial accelerometers inside the cask were oriented in the vertical
direction but facing in opposite directions. The sensor at 90 degrees azimuth faced downwards
so upwards acceleration gave a negative signal. Figure 33 shows the signals from these two
sensors during the initial impact.. Initial contact as sensed by the impact trigger was at time =

0.1217 seconds" in the plot.
Side Radial accl at 90 degree.

Initial impact

....... .. .............. ....

-T12 0.125 0.13 0.135 0.14 0.145 0.15 0.I5 0.16
Seconds

0•

Seconds

Figure 33 Vertical accelerations measured at impact inside the cask for the side drop.

1 The t = 0 origin is arbitrary but is the same for all acceleration signals on a given drop.
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Figure 34 shows the triaxial signals from the sensors on the impact limiter. The radial sensor on
the impact limiter is essentially vertical and faces downward, like the in-cask accelerometer at 90
degree azimuth, so upwards acceleration gives a negative signal.
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Figure 34 Accelerations measured on the impact limiter during the side drop.
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Figure 35 Signal from the radial in-cask accelerometer at 90-degree azimuth for the side drop,
unfiltered (top) and low-pass filtered (bottom).
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Figure 36 Signal from the radial in-cask accelerometer at 270-degree azimuth for the side drop,
unfiltered (top) and low-pass filtered (bottom).
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Figure 37 Signal from the radial accelerometer on the impact limiter, unfiltered (top) and low-
pass filtered (bottom).

Figure 35, Figure 36, and Figure 37 show unfiltered and filtered signals from the three vertical
accelerometers. The most important feature of these signals is that the in-cask accelerometers all
over-ranged. They hit their 1000-g limit at time equal to approximately 0.127 seconds when a
sudden negative step occurred in the acceleration. Typically with ICP accelerometers, the signal
following such an over-range is not valid for a few tenths of a second. Thus, the only thing that
can be said with certainty regarding cask acceleration is that it exceeded 1000 g's at the sensor
location. This high level was probably caused by the secondary collisions between the heavy
tungsten bricks of the shielding layer and the steel body of the cask. It's likely that the steel
wool packing did not restrain the tungsten bricks as well in the radial and tangential directions as
it did in the axial direction. This would account for the higher peak levels seen in the side drop
compared to the end drop.

Referring to Figure 35 and Figure 36, the initial and secondary impacts are clear. The initial
impact gives a peak acceleration of about 250 g's and the secondary impact gives over 1000 g's
(over-range). However there is one unresolved anomaly in the data. Both radial signals go
negative at both initial and secondary impacts. However the two sensors face in opposite
directions and thus have signals of opposite polarities relative to upwards. One would expect
their signals to be approximately the negatives of each other, at least during the initial smaller
impact. At present there is no explanation for this pattern, which also occurred in the slap-down
drop.
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Figure 38 Cask and impact limiters following the side drop.
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Figure 38 shows the cask with impact limiters after the drop. Three of the six heavy steel
turnbuckles holding the impact limiters against the cask failed when their clevis pins sheared.
This allowed the lower parts of the two impact limiters to move away from each other. This may
have caused another secondary impact effect when the impact limiters rotated outwards as far as
they could and jammed against the cask outer diameter, thus suddenly stopping the descent of the
heavy cask.

7.2 High-speed video

Figure 39 shows frames from one of the three high-speed video cameras. The impact time
denoted as t = 0.000 seconds in the video frames corresponds to t = 0.1217 seconds in the
acceleration time histories. The video sequence shows clearly how the lower sides of the two
impact limiters pulled away from each other at impact, causing the lower turnbuckles to fail.
This may have been due to a wedging action of the chamfered ends of the cask against the
conical section of the mating recess in the impact limiters. It might also have been caused by the
centroid of the impact force against the lowest surface of each impact limiter being outboard of
the cask ends, causing a rotational moment on the impact limiters.

Since there is only about ¼ inch of diametral clearance between the cask OD and the impact
limiter ID, the outward rotation of the impact limiters would come up against a hard limit, which
may have contributed to the secondary impact.

Following the initial impact, the package bounced to a height of about 17 inches, indicating that
over 95% of the kinetic energy had been dissipated.

Using the video editing program, the elapsed time was estimated between initial impact and the
instant when the cask c.g. reached zero vertical velocity. That time was 0.022 +/-0.004 seconds.
The resolution of this measurement (i.e. the time between frames) was 0.002 seconds.
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Figure 39 Frames from high-speed video of side drop

7.3 Pressure sensing film

Figure 40 shows the pressure sensing film from the side drop. Most of the impact was taken on
the downward-facing part of the cask cylindrical surface (on the right in the photos), and on the
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Figure 40 Pressure sensing film removed from the cask after the side drop.
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downward facing part of the conical surface, as would be expected. However, there is also a
significant amount of red on the paper that was on the uppermost part of the flat, circular end
surfaces of the cask (blue arrows in the figure). Pressure against these areas is further evidence
of secondary impact after the turnbuckles failed, the impact limiters rotated outwards, and their
lower parts moved away from each other.

7.4 Deformation measurements

Table 4 shows the measured cask profile deviation from the design nominal before and after the
side drop. The conclusion from these was that no significant damage to the cask had occurred.

Table 4 Measurements of the cask before and after side-drop.

Cask state at measurement
After end drop After side drop

Deviation Before side drop Before slap-down drop
Maximum 0.0046 0.0053
Minimum -0.0101 -0.0109

Figure 41 shows one of the impact limiters after removal from the cask. One of the welds
between the conical and cylindrical sections has split open, revealing the energy absorbing foam
within. Figure 42 shows an overlay of the measured impact limiter profiles before and after the
side drop.

Figure 41 Damage to impact limiter from side drop.
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Figure 42 Profiles of the impact limiters before and after the side drop.
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7.5 Leak rate test

The cask was leak tested following the side drop and was found to meet specification. It was
concluded that no degradation had occurred in the seal integrity of the cask.
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8. Results: Slap-down drop

Figure 43 Package rigged for the slap-down drop.

Figure 43 shows the package rigged for the slap-down drop. The weight of the package is held
by the brown rigging straps which lift at the cask trunnions. The yellow straps on either side
were adjusted to hold the package such that its left end was about 10 inches higher than its right
end. This had been determined by analysis to be the worst case. The lid end of the cask is on the
left in the photo. The impact limiters on the left and right will be referred to as the "lower" and
"higher" respectively.

8.1 Acceleration measurements

For the slap-down drop, the two radial accelerometers inside the cask were oriented 7.7 degrees
off the vertical direction, facing in opposite directions. The sensor at 90 degrees azimuth faced
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downwards so upwards acceleration gave a negative signal from this sensor. Figure 44 shows the
signals from these two sensors.. Initial impact was at time = 0.0746 seconds
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Figure 44 Near-vertical accelerations measured nside the cask for the slap-down drop.

Figure 45 shows the triaxial signals from the sensors on the impact limiter. The radial
accelerometer on the impact limiter is again closest to vertical and faces downward. Upwards
acceleration gives a negative signal from this sensor.
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Figure 45 Accelerations measured on the impact limiter during the slap-down drop.
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Figure 46 Signal from the radial in-cask accelerometer at 90-degree azimuth for the slap-down
drop, unfiltered (top) and low-pass filtered (bottom).
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Figure 47 Signal from the radial in-cask accelerometer at 270-degree azimuth for the slap-down
drop, unfiltered (top) and low-pass filtered (bottom).
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Figure 48 Signal from the radial accelerometer on the impact limiter during the slap-down drop,
unfiltered (top) and low-pass filtered (bottom).

Referring to Figure 44, there are two major events, one at 0.0822 seconds and one at 0.1042.
seconds. Comparing this time interval to the high-speed video (Figure 49), these two impacts are
obviously due to the initial strike of the lower impact limiter (on the left in Figure 49) and the
strike of the higher impact limiter (on the right in Figure 49). Like the side drop, the initial
impact causes the accelerometers to over-range so the only quantitative conclusion that can be
drawn is that the accelerometers saw over 1000 g's. The exact peak level in unknown.

The slap-down drop also produced the same unexplained polarity as the side drop: both in-cask
radial accelerometer signals went negative at the major impact events. Taken literally, these
signals would indicate that the round cross section of the cask ID was deforming suddenly into
an oval, with the 90 and 270-degree azimuthal locations moving away from each other. At
present, there is no satisfactory explanation for this phenomenon.

8.2 High-speed video

Figure 49 shows frames from one of the three high-speed video cameras from the slap-down
drop. The impact time denoted as t = 0.000 seconds in the figure corresponds to t = 0.0746
seconds in the acceleration time histories. The turnbuckles holding the impact limiters for this
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