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Test Report of the ES-2100 Package 
 
 
 

ABSTRACT 
This test report describes a series of both drop and thermal tests performed on four test 
units of the ES-2100 shipping package from December of 2002 through April of 2003.  
These tests were performed to ensure compliance with the requirements of Title 10, 
Code of Federal Regulations (CFR), Part 71.71, Normal Conditions of Transport 
(NCT), Title 10, CFR, Part 71.73, Hypothetical Accident Conditions (HAC), and 
International Atomic Energy Regulations for the Safe Transport of Radioactive Material 
1996 Edition (TS-R-1), and to document the test activities to be included in the ES-2100 
Safety Analysis Report for Packaging (SARP).  This package is designed to contain 
Uranium oxide powders. 
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1 INTRODUCTION 
Four ES-2100 packagings with surrogate contents were tested to demonstrate 

compliance with selected requirements of Title 10, Code of Federal Regulations (CFR), 
Part 71.71, Normal Conditions of Transport (NCT), Title 10, CFR, Part 71.73, 
Hypothetical Accident Conditions (HAC), and International Atomic Energy Regulations 
for the Safe Transport of Radioactive Material 1996 Edition (TS-R-1).  The packagings, 
each containing steel shot as a surrogate for the actual contents made up the test units 
and were identified by numbers TU-1-12/02, TU-2-12/02, TU-3-12/02, and TU-4-
12/02. Hereafter in this report the test units are identified simply by their TU-X 
designation. 
 

The test units were initially subjected to a series of drops that involved Normal 
Conditions of Transport (NCT) and Hypothetical Accident Conditions (HAC) tests. 
After the drop tests were completed, each of the four test units were then subjected to 
the thermal test specified as part of the HAC.  Section 3 describes the drop tests 
performed on the test units.  Section 4 describes the thermal tests that these same test 
units were subjected to. 
 

Table 1-1 provides a test matrix that summarizes all of the tests performed on 
each individual test unit along with the orientation of each test unit when it was dropped 
tested. 
 
Table 1-1.  Summary of physical and thermal tests for ES -2100 package 

Test TU-1 (horizontal 
attitude) 

TU-2 (CG-over-
top-edge 
attitude) 

TU-3  
(horizontal 
attitude) 

TU-4  (CG-
over-top-edge 
attitude) 

NCT 1.2 m (4 
ft.) drop 

X X X X 

HAC 9m (30 ft.) 
drop 

X X   

HAC 9m (30 ft.) 
dynamic crush 

X X X X 

HAC punch X X X X 

HAC puncture 
at CV lid joint 

X    

Thermal test to 
800°C (1475°F) 

X X X X 

0.9 m (3 ft.) 
immersion 

X X X X 
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2 DESCRIPTION OF THE SHIPPING PACKAGE 
The ES-2100 is a 55-gal, stainless steel drum that is 22-1/2 inches in diameter and 34-3/4 
inches tall fabricated from 16-gauge, 304 stainless steel.  The package has an integral 
annular liner that is filled with Kaolite 1600™, a mixture of cement and vermiculite, cast 
in place.  The stainless steel structural member used to attach the annular liner shell to the 
drum forms the base for the 18 threaded studs that are used to secure the drum lid in 
place.  Inside the annular liner shell is placed a polyurethane insert that provides some 
cushioning for the containment vessel (CV).  Four equally spaced vent holes are placed 
around the top of the drum to allow for venting of steam generated during a thermal 
accident.  A top plug, also fabricated from stainless steel and filled with Kaolite 1600™, 
sits above the CV and isolates the drum lid from the containment vessel (see Figure 2-1). 

 

 
The stainless steel CV is 21-1/4 inches tall, 8-5/8 inches in diameter, and has a 

Monel reinforcing nut ring that increases flange strength and also prevents gauling of lid 
bolts.  The CV is sealed with two ethylene-propylene elastomeric O-rings, the inner one 
of which provides part of the containment boundary.  The lid is held in place with twelve 
3/8-inch bolts.  There are no penetrations or fittings into the containment vessel.  The 
vessel lid is fabricated with a sampling port that allows a pressure check of the gas space 

 

 
Figure 2-1  Cutaway view of the ES -2100 showing surrogate contents of steel shot.  
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between the two O-rings to determine that the vessel is sealed to DOT operational 
requirements. 
 

2.1 PREPARATION FOR TEST UNIT ASSEMBLY 
 Data sheets documenting information on pre- and post-test activities have been 
generated and are presented in the Appendices.  All data sheets that refer to TU-1 are 
presented in Appendix A.  Similarly Appendices B, C, and D contain data sheets that 
apply to TU-2, TU-3, and TU-4 respectively. 
 

2.1.1 O-Ring Leak Check Test 
 The O-ring seal of the CV assembly was leak tested using a CALT 5 leak check 
system manufactured by Croft and Associates. The leak check was performed on all test 
units in accordance with ANSI N14.5-1997 using the manufacturer’s leak testing 
procedure for the CALT 5 leak test device.  The test sensitivity was at least 1×10-5ref-
cc/sec. (see Figure 2-2). 
 

 
Figure 2-2  Checking the leak rate of an ES-2100 containment vessel with a CALT 5 leak tester. 

 
The leakage rate resulting from the tests are documented on Test Form 1A, 

Assembly of the CV, in Appendices A-D.  A summary of the measured leak rates is given 
in Table 2-1. 
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Table 2-1.  Measured leak rate for the CV of each test unit. 

Drum ID TU-1 TU-2 TU-3 TU-4 
Leak Rate, 

std-cc/sec air 
8.08E-05 6.84E-05 6.28E-05 8.87E-05 

 

2.1.2 Radiography of Test Units 
 Prior to assembly, each test unit was radiographed to determine if there were any 
voids in the Kaolite 1600™ that had been created when that material was cast in the 
package.  The gamma ray source consisted of 33 curies of Ir-192.   The film was 14 
inches tall and 17 inches wide.  To look in all parts of the Kaolite 1600™ the film was 
placed around the outer surface of the drum so that the film overlapped on the ends; the 
source was placed in the cavity of the package. 
 

Exposure time was limited to about 50 seconds for the side and bottom shots and 
135 seconds for the plug.  To cover the entire circumference of the package, 5 separate 
pieces of film were required.  To cover the entire height of the drum, three rows were 
required.  Thus, 15 pieces of film were required for each drum.  One shot was taken 
through the bottom and three films were used to x-ray the removable plug.  Thus, it took 
19 radiographs to completely examine the Kaolite 1600™ in each drum.  Results of the 
radiography for the test units were recorded on Test Form 2A in Appendices A-D. 
 
 Radiographs of each test unit revealed some small, incidental, cracks in the 
Kaolite 1600™ which were located in the thinnest section of the annular liner at the top 
of the drum where the steam vents are located (see Figure 2.1).  It is likely that these very 
thin gaps were formed as the Kaolite 1600™ cured after being poured.  The cracks are 
small enough to be of no concern for the thermal test. 
 
 The actual radiographs are in the master data file that has been provided to the Y-
12 sponsors. 
 

2.1.3 Application of Temperature Labels 
Prior to assembly, an array of maximum temperature blackout labels was applied 

to 16 locations on each CV and an additional 16 labels were affixed to the inside surface 
of each drum.  Several of the temperature labels can be seen on the CV in Figure 2-2 and 
an additional number can be seen on the inside surface of the drum in Figure 2-3.  Two 
more labels were loosely placed in the middle of the surrogate payload, the steel shot. 
 

The temperature labels are designed with 16 indicating spots that range from 125º 
F to 500º F, in 25º increments.  Each label was affixed at a specific location and an 
additional strip of Teflon™ tape was placed over the label to ensure it would remain in 
place during the thermal test. 
 



6  

 
Figure 2-3  Preparation of drum with affixed temperature labels. 

 

2.2 DESCRIPTION OF TEST UNITS 
 The test units were full-scale ES-2100 packagings.  An aluminum sleeve was 
designed to be placed inside the CV which was, in turn, loaded with a mockup of the 
Uranium oxide powder payload.  This surrogate payload consisted of 460 grit 
(approximately 0.04 to 0.07 inches in diameter) steel blasting shot contained in plastic 
bags.  Figure 2-4 shows the items that were individually weighed and then placed inside 
the drum prior to testing. 
 
 All test units had temperature indicators affixed to the CV as well as the inside 
surface of the drum liner prior to assembly for testing.  The locations of the temperature 
indicators are discussed in Section 4. 
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Figure 2-4  Internals prior to being placed inside ES -2100 drum. 

 
 The vertical seam of the outside drum of all test units was marked with a 0º 
vertical reference line and the other three quadrants were marked with a vertical line at 
90º, 180º, and 270º as measured around the top perimeter of the package in a 
counterclockwise direction looking down onto the top of the package.  A horizontal line 
was also marked around the circumference of each outer drum at 16-1/4 inches above the 
lower edge of the outer drum which defined the center-of-gravity plane of each package.  
The intersection of the vertical lines and the circumferential line provided CG “targets” 
on each quarter of the outer drum surface. 
 

Results of weighing the components of the package were recorded on Test Form 3 
in Appendices A-D.  The total weight of each package is given in Table 2-2. 
 

Table 2-2.  Test weight of each test unit. 

Item TU-1 TU-2 TU-3 TU-4 
Test weight, lb. 453 447 449 451 
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2.3 PACKAGE ASSEMBLY 
 Before assembly began, the components of each CV was given a visual 
inspection, the results of which were documented in Test Forms 1A.  The weights of the 
various components making up the package was taken and recorded on Test Form 3.  The 
assembly of each test unit was documented on Test Form 2.  These test forms are 
presented in Appendices A-D. 
 
 An aluminum liner was designed to be installed inside each of the four CV’s.  
This liner provided the base to wrap two layers of Refrasil insulating cloth so as to 
provide a thermal barrier between the inner wall of the CV and the steel shot test load.  
This insulation is intended to prevent the test load from acting as a heat sink during the 
thermal testing.  In addition, two discs of Refrasil, sized to cover the bottom inner surface 
of the CV, were placed on the bottom inner surface of the CV and two more discs of 
Refrasil, sized to cover the top inner surface of the CV lid, were placed on the inner 
surface of the CV lid.   Once wrapped, the aluminum liner was then placed inside the 
CV. 
 
 A plastic bag was placed inside the aluminum liner after the liner was installed in 
the CV.  Approximately 56.7 kg (125 lb) of steel shot was then poured into the plastic 
bag.  The polyurethane foam was placed inside the drum cavity and the loaded CV was 
placed inside the polyurethane foam. 
 

3 REGULATORY DROP TEST REQUIREMENTS 
Four test units were subjected to a variety of physical tests required by regulatory 

authorities.  All four units were dropped 1.2 m (4 ft) as described in the DOT regulations 
for NCT test requirements.  Two of the four were then subjected to the 9 m (30 ft) HAC 
drop test followed by a 9 m (30 ft) HAC dynamic crush test as required by the Nuclear 
Regulatory Commission under certain conditions.  The IAEA regulations require that a 
package be tested either with a 9 m drop test OR subjected to a 9 m crush test, not both.  
With this in mind, the other two test units were only subjected to the HAC crush test after 
being put through the NCT drop test.  All four test units were then subjected to the HAC 
punch test.  One test unit, TU-1, was dropped a second time onto the punch so as to 
impact directly adjacent to the flange of the CV.  These drop tests are discussed in more 
detail in this Section. 
 

3.1 DROP TESTS 
The drop tests were carried out at the National Transportation Research Center 

(NTRC) in Knoxville, Tennessee and were conducted by Oak Ridge National Laboratory 
staff members of the Transportation Technology Group of the Nuclear Science and 
Technology Division. 
 
 As noted in Table 1-1, all four test units, TU-1, TU-2, TU-3, and TU-4, were 
initially subjected to the 1.2 m (4 ft) Normal Condition of Transport (NCT) drop test. All 
NCT drop impacts were made onto the seam of the packages, the area that is considered 
the weakest. 
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 The 10CFR-71.73 HAC compliance testing was performed using TU-1 and TU-2.   
These two packages were subjected to the 9 m (30 ft) free fall drop test followed by the 
9m (30 ft.) dynamic crush test. 10CFR-71.73 requires that the package subjected to the 9 
m (30 ft) free fall drop followed by the 9m (30 ft) dynamic crush to be in a position for 
which maximum damage is expected in this latter test.  Previous experience and 
modeling of the ES-2100 indicated that the side orientation and package center of gravity 
(CG) over the top edge are the most damaging orientations for these tests.  For the 9 m 
(30 ft) dynamic crush test, the portion of the package damaged in the previous NCT and 
HAC tests was set on the drop pad and the 500 kg (1102 lbs) crush weight was dropped 
to impact on the opposite (i.e., the undamaged) side, or edge (in the case of the CG-over-
corner test) of the package. (See Figure E-19) 
 
 The TS-R-1 HAC compliance testing, required by the International Atomic 
Energy Agency (IAEA) was performed using test units TU-3 and TU-4.  The IAEA 
requires either (not both) a 9m (30 ft) drop or a dynamic crush test be applied to a 
package.  Previous experience and modeling of the ES-2100 indicated that the side 
orientation and CG-over-the-top-edge are the most damaging orientations for these 
packages.  For the 9m (30ft) dynamic crush test on these TU-3, the portion of the package 
that had been damaged in the previous NCT test was set on the impact pad and the 500 kg 
(1102 lbs) crush weight was dropped on the opposite (i.e., the undamaged) side.  In the 
case of TU-4, the undamaged bottom was placed on the impact pad and the package was 
balanced such that the 500 kg crush weight would impact the previously damaged edge of 
the lid. 
 
 Following the above-noted tests, all four Test Units were subjected to the HAC 
punch test.  For this punch test, each unit was dropped onto a 15-cm (6- inch) diameter 
steel punch in a horizontal attitude so that the impact occurred on the seam of the outer 
drum of each package.  In addition, TU-1 was subjected to a second HAC punch test in 
which it was dropped onto the punch in a horizontal attitude so that the impact occurred 
immediately adjacent to the flange of the CV contained within the drum.  In practice, the 
package struck the punch at the junction of the top rolling hoop and the 0° line (the 
seam). 
 

3.1.1 NCT Drop Test Results 
Of the four test units that were put through the NCT tests, TU-1 and TU-3 were 

dropped in a horizontal attitude from a height of 4 ft.  Figure 3-1 shows the drop height 
measurement being made prior to releasing the TU-1 package.  The outer drum was 
slightly flattened along the 0° line.  The width of the flattened drum surface was taken at 
four different positions: the top ring, the top rolling hoop, the bottom rolling hoop, and 
the drum bottom.  These dimensional measurements are given in Table 3-1. 
 

Prior to impact, the drum diameter, as measured at the top ring from the 0° line to 
the 180° line on the undamaged drum, was determined to be 23-5/8 inches.  Following 
the NCT drops, this diameter was measured to be 23-1/4 inches on TU-1 and 23-1/4 
inches on TU-3 (see Test Form 4 in Appendices A and C). 
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Figure 3-1  Measuring the drop height of TU-1 for the NCT drop test. 

 
Table 3-1.  Width of flat at specific locations along the height of the drum from NCT test*. 

Position Top Ring Top Hoop Bottom Hoop Drum Bottom 
TU-1 

Measurement, 
in. 

4-1/4 5-1/8 6-3/16 5-1/4 

TU-3 
Measurement, 

in. 

4-5/8 4-11/16 6-1/2 4 

*  All dimensional measurements were taken with a ruler whose smallest division was 1/16 inch. 
 

Additional detailed sketches of the damage and measurements to these packages 
are given in the Test Form 4 data sheets in Appendices A and C for packages TU-1 and 
TU-3, respectively. 
 

Units TU-2 and TU-4 were dropped from a height of 4 feet on their top with their 
center-of-gravity positioned directly above the junction of the top edge and the vertical 0° 
line of the drum.  The angle of the drum prior to release was measured to be 34.6° from 
the vertical for both drums.  Figure 3-2 shows the drop height measurement being made 
prior to releasing the TU-4 package.  Also seen in this figure is the vertical 180° line 
marked on the outside of the package and part of the clamp that was attached to the 
bottom of the drum.  This hoisting arrangement permitted the drum, with a single-point 
suspension, to hang with the CG directly over the top edge. 
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Impacting on the top edge of the package produced a flat area in the top ring of 
about 7-5/8 inches and bend down approximately ¼ inch from its original position.  The 
package then fell over and slightly flattened the bottom when it hit the impacting surface.  
Figure 3-3 shows the damage to the top ring, at the 0º line, caused by the impact. 
 

 
Figure 3-2  Measuring the drop height to the top of TU-4 for the NCT drop test. 

 
Because the top ring flattened as well as bent, the diameter of the package 

diminished from an original diametric measurement of 23-9/16 to 23-7/16 inches in 
package TU-2 and from 23-9/16 to 23-1/2 inches in package TU-4.  Additional detailed 
sketches of the damage and measurements of these packages is given in the Test Form 4 
data sheets in Appendices B and D for packages TU-2 and TU-4 respectively. 
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Figure 3-3  Photo of the damage to the top ring on the closure of TU-4 resulting from the NCT drop 

test. 

3.1.2 HAC Drop Test Results 
Following the NCT drops of all four packages, test units TU-1 and TU-2 were put 

through the 9 m (30 ft) Hypothetical Accident Condition (HAC) drop test.  In the case of 
TU-1 the package was dropped in a horizontal attitude (the measured angle of the 
package prior to the drop was 0.8° from horizontal) and oriented to impact on the 0° line 
that had been damaged in the NCT drop. 
 

The setup for the 9 m (30 ft) horizontal drop of TU-1 is shown in Figure 3-4.  
Extra light stands seen in the photo were brought in to provide sufficient illumination for 
the 500 frames per second high speed motion pictures that were taken of the drop and 
impact. 
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Figure 3-4  Photo showing the test setup for the HAC 9-m free drop of TU-1. 

 
Figure 3-5 shows the package, which was rolled over following the impact, to 

expose the damage that was caused by the drop test.  The view shows the bottom edge, 
which wrinkled significantly, and the flattening of the impacted side.  Table 3-2 indicates 
the widths of the resultant flat that were measured at four different locations along the 
height of the package. 
 
Table 3-2.  Width of flat at specific locations along the height of TU-1 from HAC 9-m free drop test. 

Position Top Ring Top Hoop Bottom Hoop Drum Bottom 
The 0° side, 
Measurement, 
in. 

8-1/16 9-1/8 11-7/8 11 

 
Note the flat produced at the bottom end of the package is over 35% greater than 

the similar measurement at the top ring.  This difference is primarily due to the fact that 
the top closure is structurally more rigid than is the bottom and therefore would not be 
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expected to deform as much as the bottom in a horizontal impact.  The diameter of the 
drum as measured at the top ring from the 0° line to the opposite 180° line was measured 
to be 22-3/4 inches as compared to the undamaged drum diameter of 23-9/16 inches. 
 

 
Figure 3-5  Results of dropping the TU-1 package from 9 -m onto the solid unyielding surface. 

 
In the case of TU-2, the package was hung from a steel bracket clamped to the 

bottom rim of the package such that the package hung with its CG directly above the 
same top edge of the package that had initially impacted in the NCT drop test for this test 
unit.  The angle of the package when suspended was 34.6° from vertical.  Figure 3-6 
shows the drop test setup for TU-2 once it was raised to its 9 m (30 ft) drop height. 
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Figure 3-6  Photo showing the test setup for the HAC 9-m drop of TU-2. 

 
The results of the impact when TU-2 was dropped onto the unyielding target are 

shown in Figure 3-7.  Note that the top edge crushed down toward the bottom of the drum 
producing several wrinkles in the steel outer shell above the name plate that had been 
welded onto the package and which helped stiffen the outer shell at that point.  However, 
the bolt ring helped stiffen the lid and the height of the drum at the 0° line was measured 
to be 32-7/16 inches as compared to an undamaged height of 35-1/16 inches.  The imprint 
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of the impacting surface is clearly seen in the photo on the edge of the ring and the width 
of the imprint was measured to be 12-13/16 inches from end to end.  In addition, all lid 
bolts remained in place. 
 

 
Figure 3-7  Results of dropping TU-2 in a CG-over-corner drop from 9 m. 

 

3.1.3 HAC Dynamic Crush Tests 
All four test units were subjected to the dynamic crush test.  This test consisted of 

placing the test units on the unyielding impact pad and dropping a 500 kg (1102 lb) 
weight onto the package from a 9 m (30 ft) drop height. 
 

3.1.3.1 NRC-required crush tests 
When a package weighs less than 500 kg, has an overall density is less than 

1000kg/m3 (62.4 lb/ft3), and the proposed radioactive contents will be greater than 1000 
A2 not as special form, the NRC requires the dynamic crush test to follow the 9-m free 
drop test.  Since these packages weighed approximately 204 kg (450 lb), TU-1 and TU-2 
were both put through the dynamic crush test after being subjected to the 9-m free drop 
test. 
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Test Unit TU-1 was placed on its side on the impact pad with the 0° line (which 
had been damaged in the previous 9-m free drop) down against the steel surface.  The 
500-kg weight was raised to a height of 9 m above the undamaged 180° line on the drum 
and released. 
 

Figure 3-8 shows the damage caused to the 180° line area of the drum as viewed 
from the drum top and the 500-kg impacting weight in the background.  Note that the 
drum is flattened more at the bottom than at the top of the drum demonstrating that the  
 

 
Figure 3-8  Results of the dynamic crush test as viewed from the top end of TU-1 . 

 
top is more rigid and able to withstand a side impact with less deformation than the 
bottom.  And while most of the damage to the 0° line was received from the 9-m free 
drop test, some additional damage was caused by the impact in the crush test.  Note the 
small tear in the top ring at the 0° side in the lower portion of this photo. 
 

Following the test, the package was set on its bottom and a variety of dimensional 
measurements were made.  Details are presented in Test Form 6 in Appendix A and are 
summarized below. 
 

Table 3-3 presents the measurements of the flattened areas that were produced at 
four different locations on the 0° side and the 180° side of TU-1.  The flattened 
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dimensions on the 0° side shown in Table 3-3 may be compared to similar measurements 
noted in Table 3-2 that were made at the same location on TU-1 following the 9-m free 
drop, the difference being attributable to the effect of the crush test as measured on the 
seam side of the package. 
 
Table 3-3.  Width of flattened areas at specific locations along the height of TU-1 following the crush 

test. 

Position Top Ring Top Hoop Bottom Hoop Drum Bottom 
The 0° side, 

Measurement, 
in. 

9-5/8 11-13/16 16-1/5 17-3/4 

The 180° side, 
Measurement, 

in. 

8-1/4 10-3/4 15 17 

 
Diameter measurements were also made on TU-1 following the crush test.  These 

measurements were made between the 0° line and the 180° line as well as between the 
90° line and the 270° line at three different height locations on the package.  The 
measurements are noted in Table 3-4 and are compared with diameter measurements that 
were made on an undamaged package. 
 
Table 3-4.  Diameter measurements at specific locations along the height of TU-1 following the crush 

test. 

Position Top ring Middle Drum bottom 
Diameter between 

0° - 180°  line, 
inches 

21-1/8 19-5/8 15-7/8 

Diameter between 
90° - 270° line, 

inches 

23-15/16 23-11/16 23-1/16 

Undamaged  
package diameter, 

inches 

23-5/8 22-5/8 22-1/4 

 
Test unit TU-2 was tested by setting it on the impact pad in the CG-over-corner 

attitude that it had been dropped in from 9-m and discussed in Section 3.1.2.  To do this 
the package had to be balanced on its edge with its already damaged top end resting on 
the impact pad and the bottom of the package in an upward position.  To balance the 
package, two thin nylon cords that were anchored to the impact pad were attached to a 
strap that had been tightened around the diameter of the package.  These cords could be 
adjusted in length to get the package to balance properly.  Figure 3-9 shows the test setup 
after the package had been balanced and just prior to the release of the 500 kg steel plate. 
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Figure 3-9  Test setup for the dynamic crush test of TU-2. 

 
A plumb bob attached to the end of a 9-m steel wire and taped to the middle of the 

underside of the steel plate can be seen suspended right above the desired point of impact 
on the corner of the package.  The plumb bob is also used to obtain the correct drop 
height for all 9-m drop tests. 
 

The impact of the steel plate produced a flattened surface on the edge of the 
bottom of the package and increased the flattened area on the top of the package that was 
sitting on the impact pad. 
 

The damaged area of the bottom of the package is shown in Figure 3-10.  The 
damage extends from the bottom rolling hoop to almost the middle of the bottom of the 
package.  That flattened dimension is approximately 14 inches. 
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Figure 3-10  Damaged bottom of TU-2 resulting from the dynamic crush test. 

 
The damaged area of the top of the package is shown in Figure 3-11.  This 

damage is much less due to the heavier structural members in the lid area.  Note that in 
this photo there is a slight change to the originally straight 90° line drawn on the side of 
the package starting at about the top rolling hoop.  The angle was measured to be 
approximately 7° from its original vertical position and was caused by the compression of 
the steel drum at the top rolling hoop at the 0° line at the time of impact of the steel plate 
on the package.  This compression, in turn, caused the entire top of the package to bend 
slightly.  The physical damage to the lid area is rather minor. Details of the damage are 
sketched on Test Form 6 in Appendix B. 



21  

 
Figure 3-11  Damaged top of TU-2 resulting from the dynamic crush test. 

 

3.1.3.2 IAEA-required crush tests  
The HAC impact tests required by the IAEA for packages weighing less than 500 

kg specify that they will be subjected either to a free-drop test from 9 m or they will be 
subjected to a crush test identical to that required by the NRC.  Test units TU-3 and TU-4 
were not exposed to the 9-m free drop test but, following the NCT test, were subjected to 
the HAC crush test. 
 

Test unit TU-3 was placed on the impact pad with the 0° line down resting against 
the steel surface of the impact pad.  The 0° line identifies the area that had been slightly 
flattened in the NCT drop test of this unit, as discussed in Section 3.1.1.  For this crush 
test, the 500-kg weight was raised to a height of 9 m above the undamaged 180° line on 
the drum and released.  Figure 3-12 shows the damage to the lid end resulting from the 
impact. 
 

The impact caused the package along the 180° line to be flattened and increased 
the flattened surface along the 0° line that had been resting on the surface of the impact 
pad.  Table 3-5 presents the measurements of the flats that were produced at four 
different locations on the 0° side and the 180° side of TU-3.  The flat dimensions on the 
0° side shown in Table 3-5 may be compared to similar measurements noted in Table 3-1 
that were made at the same location on TU-3 following the NCT 4-ft drop test.  The 
measurement data for this crush test were recorded on Test Form 6 in Appendix C. 
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Figure 3-12  Results of the dynamic crush test as viewed from the top end of TU-3. 

 
Table 3-5.  Width of flattened areas at specific locations along the height of TU-3 following the crush 

test. 

Position Top Ring Top Hoop Bottom Hoop Drum Bottom 
The 0° side, 

Measurement, 
in. 

10 11-3/4 14 15-3/4 

The 180° side, 
Measurement, 

in. 

7-7/8 10-1/2 15 16-3/4 

 
Diameter measurements were also made on TU-3 following the crush test.  These 

measurements were made between the 0° line and the 180° line as well as between the 
90° line and the 270° line at three different height locations on the package.  The 
measurements are noted in Table 3-6 and are compared with diameter measurements that 
were made on an undamaged package. 
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Table 3-6.  Diameter measurements at specific locations along the height of TU-3 following the crush 

test. 

Position Top ring Middle Drum bottom 
Diameter between 

0° - 180°  line, 
inches 

21-1/4 19-7/8 17-1/4 

Diameter between 
90° - 270° line, 

inches 

23-15/16 23-5/8 22-7/8 

Undamaged  
package diameter, 

inches 

23-9/16 22-5/8 22-1/4 

 
TU-4 was readied for the crush test by setting it on the impact pad in the CG-

over-corner attitude.  To do this the package had to be balanced on the impact pad.  
However, contrary to the positioning arrangement used in testing the TU-2 package (in 
which the already damaged lid was set on the impact pad) this package was arranged with 
the undamaged bottom placed on the impact pad and the damaged top end in an upward 
position where it would receive the direct impact of the steel plate. To balance the 
package, two thin nylon cords that were anchored to the impact pad were also attached to 
a strap that had been tightened around the upper part of the package.  These cords could 
be adjusted in length to get the package to balance properly.  This arrangement is shown 
in Figure 3-13. 
 

 
Figure 3-13  Setup for the crush test for TU-4 . 
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Note that the edge of the top ring that had been damaged in the NCT drop tests 
discussed in Section 3.1.1 and shown in Figure 3-3 is at the top of the photo in Figure 
3-13 and is positioned to be impacted by the steel plate in the test. 
 

Figure 3-14 shows the resulting damage to the top of the package following the 
impact of the steel plate on the package.  The impact caused the steel drum at the 0° line 
and the top rolling hoop to buckle and fold.  This is a structurally weaker area caused by 
the presence of the rolling hoop in the drum.  The impact also caused the top lid of the 
package to crush along the 0° line with the result that this side of the drum shortened 
slightly. 
 

 
Figure 3-14  Results of the dynamic crush test as viewed from the top end of TU-4. 

 
Figure 3-15 shows the damage caused on the bottom the package that had been its point 
of balance on the impact pad.  The crush is much more severe than was produced on the 
top, shortening the height of the package on the 180° line more than occurred on the 0° 
line.  Table 3-7 presents the length of the 0° line and the 180° line and compares those 
dimensions to the height of an undamaged package. 
 

Table 3-7.  Height of the TU-4 at specific locations following the crush test. 

Drum 0° Line 180° Line Undamaged package 
Height, inches 31-5/8 28 35-1/16 
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Note that in Figure 3-15 the 270° line appears to be slightly bent at the top rolling 
hoop.  This angle was measured to be 4°.  This is interesting since this is the same area 
that TU-2 produced a bend in the drum as a result of the crush test, but TU-4 was set up 
on the drop pad upside-down from the position of the TU-2 test unit.  The difference in 
the angles produced (7° for TU-2 as compared with 4° for TU-4) is understandable since 
the TU-2 test unit underwent a 9-m HAC free drop test and thus sustained more damage 
prior to being subjected to the crush test. 
 

 
Figure 3-15  Results of the dynamic crush test as viewed from the bottom end of TU-4. 

 

3.1.4 HAC Puncture Tests 
All four test units were subjected to the HAC dynamic puncture test and TU-1 

was dropped twice.  In this series of tests each package was positioned so its lowest 
surface would impact the punch in a horizontal orientation.  Each package was raised to a 
height of 1 m (40- inches) above a 15-cm (6- inch) diameter steel punch that had been 
bolted to a steel impacting surface of the inside drop pad at the NTRC.  With the 
exception of the second puncture test performed on TU-1, each was aligned with the 
center-of-gravity of the package directly over the punch and then dropped. 
 

TU-1 had previously been dropped in a horizontal attitude on the 0° line from 9 m 
and then subjected to a crush test with a 500 kg steel plate being dropped onto the bottom 
edge at the 180° line. This produced two flattened surfaces in opposite sides of the drum 
that were not parallel, but slightly wedge shaped (see Figure 3-8 of Figure E-20 in 
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Appendix E).  Thus when the flattened lower surface was placed on the horizontal floor, 
the top surface was sloped at a 7.7° angle.  When this package was raised to 1 m above 
the punch, the angle on the top surface was measured to be 7.5°, which meant that the 
bottom was within 0.2° of being horizontal.  The package was then dropped onto the 
punch. 
 

The resulting impact produced an indentation in the side of the steel drum, but did 
not puncture it (See Figure 3-16).  The damage was observed to cover a circular-shaped 
area approximately 23 cm (9 inches) in diameter.  A straightedge was laid across the 
indentation along the 0° line and the depth of the indentation was measured to be about 
1.4 cm (9/16 inch).  The diameter of the drum was measured from the center of the punch 
mark and the 0° line to the 180° line and found to be 18-7/8 inches.  The original 
diameter of the drum was about 22-1/2 inches.  The dimensional data for this test was 
recorded on Test Form 7 in Appendix A. 
 

 
Figure 3-16  Damage produced in the first puncture test of TU-1. 

Following the first punch test that impacted on the 0º line, TU-1 was rotated 180° 
around its longitudinal axis and subjected to a second puncture test.  Again, the package 
was adjusted so the flattened lower surface was horizontal but the impact would occur on 
the 180° line at a point which was about 10-5/8 inches from the top of the package, just 
adjacent to the location of the flange of the inner containment vessel.  When this package 
was raised to 1 m above the punch, the angle on the top surface was measured to be 7.3°, 
which meant that the bottom was within 0.4° of being horizontal.  The test unit was 
raised and dropped onto the punch. 
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The resulting impact produced an indentation in the side of the steel drum, but did 

not puncture it (See Figure 3-17).  The damage was observed to cover a circular-shaped 
area approximately 27.3 cm (10-3/4 inches) in diameter.  A straightedge was laid across 
the indentation along the 180° line and the depth of the indentation was measured to be 
about 1.3 cm (1/2 inch).  The diameter of the drum was measured from the center of the 
punch mark and the 180° line to the 0° line and found to be 18-7/8 inches.  The original 
diameter of the drum at the top rolling hoop was 23-3/8 inches.  The dimensional data for 
this test was recorded on Test Form 7A in Appendix A. 
 

 
Figure 3-17  Damage produced in the second puncture test of TU-1. 

 
TU-2 was subjected to the puncture test by orienting the package horizontally 

such that the impact would occur on the 0° line and in line with its center-of-gravity.   In 
this case the package had been previously dropped on its top edge and subjected to the 
crush test in that same CG-over-corner orientation.  These edge impacts left the middle of 
the package at the 0° line relatively undamaged.  The package was raised 1 m above the 
punch and then dropped. 
 

The resulting impact produced an indentation in the side of the steel drum, but did 
not puncture it (see Figure 3-18).  The damage was observed to cover a slightly oval-
shaped area with a major diameter of approximately 23 cm (9 inches) and a minor 
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diameter of about 22 cm (8-5/8 inches).  A straightedge was laid across the indentation 
along the 0° line and the depth of the indentation was measured to be about 1.6 cm (5/8 
inch).  The diameter of the drum was measured from the center of the punch mark on the 
0° line to the 180° line and found to be 53.5 cm (21-1/16 inches).  The original diameter 
of the drum was about 22-1/2 inches measured at the same location.  Data for the punch 
test of TU-2 is given on Test Form 7 data sheet in Appendix B. 
 

 
Figure 3-18  Measuring the indentation produced in the puncture test of TU-2. 

TU-3 had previously been dropped in a horizontal attitude on the seam (line 0°) 
from 9 m and then subjected to a crush test with a 500 kg steel plate being dropped onto 
the 180° line. This resulted in the two flattened surfaces produced in the sides of the drum 
that were not parallel, but slightly wedge shaped (see Figure 3-12).  Thus when the 
flattened lower surface was placed on the horizontal floor, the top surface was sloped at a 
7.1° angle.  When this package was raised to 1 m above the punch, the top angle was 
adjusted and measured to be 7.1°, which meant that the bottom was horizontal.  The 
package was then dropped onto the punch. 
 

The result ing impact produced an indentation in the side of the steel drum, but did 
not puncture it (See Figure 3-19).  The damage was observed to cover a circular-shaped 
area approximately 25 cm (10- inches) in diameter.  A straightedge was laid across the 
indentation along the 0° line and the depth of the indentation was measured to be about 
1.3 cm (1/2- inch).  The diameter of the drum was measured from the center of the punch 
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mark and the 0° line to the 180° line and found to be 19-1/4 inches.  The original 
diameter of the drum was about 22-1/2 inches.  Data for the punch test of TU-3 is given 
on Test Form 7 data sheet in Appendix C. 
 

 
Figure 3-19  Damage produced from previous tests plus the punch test of TU-3. 

TU-4 was subjected to the puncture test by orienting the package horizontally 
such that the impact would occur on the 0° line and in line with its center-of-gravity.   In 
this case the package had been previously dropped on its top edge in a NCT test and 
subjected to the HAC dynamic crush test.  These edge impacts left the middle of the 
package at the 0° line relatively undamaged.  The package was raised 1 m above the 
punch and then dropped. 
 

The resulting impact produced an indentation in the side of the steel drum, but did 
not puncture it (see Figure 3-20).  The damage was observed to cover a slightly oval-
shaped area with a major diameter of approximately 24 cm (9-1/2 inches) and a minor 
diameter of about 22 cm (8-5/8 inches).  A straightedge was laid across the indentation 
along the 0° line and the depth of the indentation was measured to be about 1 cm (3/8-
inch).  The diameter of the drum was measured from the center of the punch mark and the 
0° line to the 180° line and found to be 55.6 cm (21-7/8 inches).  The original diameter of 
the drum was about 22-1/2 inches. 
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Figure 3-20  Damage produced from previous tests plus the punch test of TU-4. 

 

Data for the punch test of TU-4 is given on Test Form 7 data sheet in  
Appendix D. 
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4 THERMAL  TESTS 
The thermal testing of the ES-2100 was performed in the gas fired Furnace, No. 

3179, at the Alstom Power Facility in Chattanooga, Tennessee. The furnace has an 
approximate volume of 2640 ft3 with six burners that have the capability of producing up 
to 2 million BTUs/hour each.   The furnace has one thermocouple controller and an over-
temperature thermocouple. 
 

As discussed in Sections 4.1 and 4.2, prior to the beginning of the HAC thermal 
testing, the furnace was properly characterized and each test package was pre-heated.  
Thermocouples were attached to both the furnace and the test units in order to prepare for 
the thermal testing.  Temperature indicators were also attached into and on each test unit, 
as previously identified in Section 2.3.1, and placed into each bag of blasting shot that 
served as a surrogate payload. 
 

4.1 FURNACE SETUP 
Prior to the beginning of the thermal testing, the furnace was characterized for 

temperature and heat recovery times.  In order to monitor the temperature and heat 
recovery times, twelve thermocouples were installed on the furnace walls and door, three 
thermocouples were installed on the 11’ x 7’ steel plate that lay on the floor, and two 
thermocouples were attached to the test stand that was welded to the steel plate.  The 
distribution of these thermocouples is indicated in Figure 4-1, Figure 4-2, and Figure 4-3 
respectively.  The furnace soaked at temperature of 1550 oF for 24 hours prior to begin 
the thermal testing.  After the first test, the furnace allowed to soak for at least 60 minutes 
prior to the next test.  The furnace controller temperature was continuously monitored on 
the furnace strip chart. 
 

To minimize the cooling effect on the furnace, workers practiced loading and 
unloading test packages to and from the cold furnace to assure that the furnace door 
would not remain open more than 90 seconds.  The longest time the door was open 
during the thermal testing was 73 seconds. 
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Figure 4-1  Installation of thermocouple under retainer clip. 

 

 
Figure 4-2  Testing thermocouple after installation. 
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Figure 4-3  Thermocouples installed and ready to put into furnace. 

 

4.2 PACKAGE SETUP 
As identified in Section 2.3.1, Application of Temperature Labels, and as 

indicated in Figure 2-3, all test units were assembled with numerous temperature labels in 
preparation for thermal testing. 
 

Additionally, all of the test units were preheated to over 38°C (100°F) by placing 
the four test units in a 6’x 6’ x 6’ environmental chamber.  The environment chamber 
was heated by a torpedo-type kerosene space heater which is controlled by a mechanical 
bulb thermostat with a control range of 100°F to 200°F.  The temperature in the 
environmental chamber was set at 66°C (150°F) for approximately 24 hours and then a 
minimum of 41°C (105°F) for at least the next 24 hours.  The specific temperatures and 
durations have been documented as an appendix to this test report. 
 

Six thermocouples were attached to the exterior surface of each package after 
preheating.  Metal retainer clips were welded to the drums as shown in Figure 4-1 to hold 
the thermocouples in place.  The thermocouple tips were inserted underneath the metal 
clips, and the wrapped around the metal clips.  In order to eliminate any radiant viewing 
factor between the thermocouples and the furnace walls, the tips and metal clips were 
covered with a ceramic coating. 
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4.3 HAC THERMAL TESTING & RESULTS 

4.3.1 HAC Thermal Testing 
Thermal testing required that the package be exposed to an 800°C (1475°F) 

thermal source or greater for a minimum of 30 minutes.  No test unit was loaded into the 
furnace until 13 of the 15 thermocouples on the furnace walls and the two attached to the 
support stand reached a reading of 800°C (1475°F).  All packages were placed in the 
preheated furnace on the support stand positioned with the long axis horizontal, the 
package lids facing the right wall of the furnace (when facing the furnace door), and the 
drum side-seam (0o on the package) facing down.  The thermal test for each test unit did 
not begin until the furnace thermocouples recovered to a temperature above 800°C 
(1475°F) and five of the six thermocouples on the package had attained a temperature of 
at least 800°C (1475°F).  The packages were exposed to the radiation environment for a 
minimum of 30 minutes and the temperature recording was set to record data every 30 
seconds.  Figure 4-4 shows TU-3 as it is about to be unloaded from the furnace. 
 
 

 
Figure 4-4  Removing TU-3 from Furnace. 

 
 

Each test package was removed from the furnace and placed on a stand where it 
was not exposed to artificial cooling.  All packages were allowed to cool naturally to 
room temperature.  All data concerning the thermal testing of each test unit was recorded 
on Test Form 8A. 
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The furnace was allowed to reheat for a minimum of one hour between each 

individual test.  Between tests, the furnace controller temperature data recorded 
continuously on the strip chart. 
 

4.3.2 Thermal Test Results 
As previously stated, thermocouples were attached to both the furnace and test 

units for monitoring purposes.  Figure 4-5 through Figure 4-12 indicate the temperatures 
the furnace and test units experienced as each test was performed. 
 

A description of the results for each test unit is provided below.  Table 4-1 
provides the maximum temperature readings from specified areas within the ES-2100 
package.  The results from all temperature labels are recorded on Test Form 8D for each 
test unit. 
 

Table 4-1.  Maximum Temperature Label Readings per ES -2100 Components 

Test 
Unit # 

Max. Temp. 
Inside Surrogate 

Material 

Max. Temp. on 
Outside of CV 

Max. Temp 
Inside ES-2100 

Drum 

Location of Max Temp. 
in Drum 

1 150o F 175o F 500o F Bottom of Plug@180o  
& 270o 

2 150o F 175o F 500o F Bottom of Plug@180o 
3 175o F 225o F 500o F Bottom of Plug@90o   

& 180o 
4 150o F 175o F 475o F Bottom of Plug@180o 

 
TU-1 - As a result of the thermal testing of Test Unit #4, the highest temperature 

inside the surrogate material was 150o F.  All temperature labels around the outside of the 
CV were exposed to 175o F heat.  With respect to the range of temperatures encountered 
inside the ES-2100 drum, the temperature range varied from 175o F at the bottom of the 
drum to 500o F on the bottom of the plug and at the 180o to the 270o locations. After Test 
Unit #1 was removed from the furnace, it was placed on a test stand to cool naturally.  
After a few minutes from being removed from the furnace, smoke was notice venting 
from the TID holes and a smell of burning foam was noticed.  Subsequently, a brownish 
orange liquid seeped from the bottom TID attachment hole. 
 

TU-2 - As a result of the thermal testing of Test Unit #4, the highest temperature 
inside the surrogate material was 150o F.  All temperature labels around the outside of the 
CV were exposed to 175o F heat.  With respect to the range of temperatures encountered 
inside the ES-2100 drum, the range varied from 175o F at the bottom of the drum to 500o 
F on the bottom of the plug at the 180o location.  The results from all temperature labels 
are recorded on Test Form 8D. After Test Unit #1 was removed from the furnace, it was 
placed on a test stand to cool naturally.  After twenty minutes from being removed from 
the furnace, smoke was noticed venting from the TID holes and stopped after 
approximately 40 minutes. A smell of burned foam was also noticed. Approximately one 
hour after the package was removed from the furnace, a brownish orange liquid began 
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seeping from the bottom TID attachment hole and stopped approximately 40 minutes 
later. 
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Figure 4-5  Package TU-1  Thermocouple Temperature Curves. 
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Figure 4-6  Furnace Thermocouple Temperature Curves During Burning of TU-1. 
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Figure 4-7  Package TU-2  Thermocouple Temperature Curves. 
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Figure 4-8  Furnace Thermocouple Temperature Curves During Burning of TU-2. 
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Figure 4-9  Package TU-3  Thermocouple Temperature Curves. 
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Figure 4-10  Furnace Thermocouple Temperature Curves During Burning of TU-3. 
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Figure 4-11  Package TU-4  Thermocouple Temperature Curves. 
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Figure 4-12  Furnace Thermocouple Temperature Curves During Burning of TU-4. 
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 TU-3 - As a result of the thermal testing of Test Unit #3, the highest temperature 
inside the surrogate material was 175o F.  The highest temperature recorded on the 
outside of the CV was 225o F.  The temperature was recorded at the top of the CV and 
locates 90o, 180o, and 270o.  With respect to the range of temperatures encountered inside 
the ES-2100 drum, the range varied from 200o F at the bottom of the drum to 500o F on 
the bottom of the plug and at the 90o and 180o locations.  The results from all temperature 
labels are recorded on Test Form 8D.  After Test Unit #3 was removed from the furnace, 
it was placed on a test stand to cool naturally.  Immediately after being removed from the 
furnace, smoke was noticed venting from the TID holes and stopped after approximately 
39 minutes.  A smell of burned foam was also noticed and a brownish orange liquid 
began seeping from the bottom TID attachment hole. 
 

TU-4 - As a result of the thermal testing of Test Unit #4, the highest temperature 
inside the surrogate material was 150o F.  All temperature labels around the outside of the 
CV were exposed to 175o F heat.  With respect to the range of temperatures encountered 
inside the ES-2100 drum, the range varied from 225o F at the bottom of the drum to 475o 
F on the bottom of the plug and at the 180o location.  The results from all temperature 
labels are recorded on Test Form 8D.  After Test Unit #3 was removed from the furnace, 
it was placed on a test stand to cool naturally.  Approximately twenty minutes from being 
removed from the furnace, smoke was noticed venting from the TID holes and stopped 
after approximately 35 minutes.  A smell of burned foam was also noticed. 

4.4 POST-HAC CONDITIONS TESTING 
After cooling for several days, the test packages were disassembled and inspected.  

The post-thermal weights of each test unit, top plug, and containment vessel were 
recorded on Test Form 3.  The drums were disassembled and photographed for record.  
Each test unit was visually inspected, and the condition of the package and any 
observations were recorded on the test forms and photographs. 
 

All four CV units underwent leak and immersion testing that were recorded on Test 
Form XX.  The CV O-rings were successfully leak tested to an operational leak check 
(<1×10-3 ref-cc/sec). As shown in Table 4-2  no leaks were indicated. 

Table 4-2.  Post Test Measured leak rate for the CV of each test unit. 

Drum ID TU-1 TU-2 TU-3 TU-4 
Leak Rate, 

std-cc/sec air 
9.33E-05 7.22E-05 1.03E-04 1.68E-04 

 
All CVs were immersed under a head of water of at least 0.9 m (3 ft.).  The 

exterior of each CV was dried.  After the immersion test, a fitting was installed in the lid 
of each CV and a leak checked to <1X10-7 ref-cc/sec using a helium leak test apparatus 
was successfully performed on the entire containment boundary of each CV.  Figure 
4-13 through Figure 4-16 show the He leak rate curve for each test unit.  No leaks were 
indicated. 
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Figure 4-13  He Leak Rate Detected vs Time for TU-1. 
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Figure 4-14  He Leak Rate Detected vs Time for TU-2. 
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Figure 4-15  He Leak Rate Detected vs Time for TU-3. 

 

TU-4

1.00E-09

1.00E-08

1.00E-07

1.00E-06

1.00E-05

1.00E-04

1.00E-03

1.00E-02

1.00E-01

1.00E+00

0:07:12 0:10:05 0:12:58 0:15:50 0:18:43 0:21:36

Time

H
e 

Le
ak

 R
at

e

Series1

 
Figure 4-16  He Leak Rate Detected vs Time for TU-4. 

 
The CVs were then opened.  The CV contents were examined and found to have 

no evidence of water leaking past the seal. 
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Appendix E 
 
 

Additional Photos of TU-1 Tests 
 



E-2 

Package Preparation 

 
Figure E 1.  Weighing CV with aluminum sleeve and steel shot. 

 

 
Figure E 2.  CV lid with Refrasil disk and Polyurethane top. 



E-3 

 

 
Figure E 3.  Closed containment vessel (CV) showing temperature labels and leak check port 

 
Figure E 4.  Temperature labels on the bottom of the CV. 



E-4 

 
Figure E 5.  View of open TU-1 package prior to CV insertion. 

 
Figure E 6.  View of open TU-1 package with CV in place. 

 



E-5 

 
Figure E 7.  Top view of TU-1 with the top plug in place. 

 
Figure E 8.  Torquing the bolts on TU-1 lid. 
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Normal Condition of Transport (NCT) Tests 

 
Figure E 9.  Measuring how close TU-1 is to horizontal prior to the drop. 

 
Figure E 10.  TU-1 package on the drop pad after NCT drop test. 



E-7 

 
Figure E 11.  Top end view of damage to TU-1 on the 0° line – package has been rolled 180°. 

 
Figure E 12.  Bottom end view of damage to TU-1 on the 0° line – package has been rolled 180°. 
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Hypothetical Accident Condition (HAC) 30-ft Drop Test 

 
Figure E 13.  End view of TU-1 lid after the HAC 30-ft drop on the 0° line. 

 

 
Figure E 14.  Close up of damage to the lid area. 
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Figure E 15.   End view of TU-1 bottom after the HAC 30-ft drop on the 0° line. 

 
Figure E 16.   Close-up of damage to the bottom area. 



E-10 

 
Figure E 17.  View of damage along the 0° line from lid end. 

 
Figure E 18.  View of damage on 0° line from bottom end. 
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Hypothetical Accident Condition (HAC) Crush Test 

 
Figure E 19.  Set-up for the crush test with TU-1 resting on the already-damaged 0º line. 

 
Figure E 20.  Results of the crush test on the lid end  with 500-kg weight impacting on the 180º line. 



E-12 

 
Figure E 21.  Close up of damage to the lid end on the 180º line from the crush test. 

 
Figure E 22.  Close up of damage to the lid end on the 0º line from the crush test. 



E-13 

 
Figure E 23.  Detail of damage to the lid at the 0º line after the crush test. 



E-14 

 
Figure E 24.  Results of the crush test on the bottom end  with 500-kg weight impacting on the 180º 

line. 

 
Figure E 25.  Detail of damage to the bottom end of TU-1 in the area identified in Figure E.24. 
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Hypothetical Accident Condition (HAC) Punch Test 

 
Figure E 26. Measuring the angle of the of the top (180º line) surface relative to the horizontal 0º line. 

 
Figure E 27.  Measuring the drop height of the TU-1 package above the punch. 
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Figure E.28.  Damage to TU-1 from the drop onto a punch over the CG on the 0º line. 

 
Figure E.29.  Side view of the damage from a drop on a punch over the CG on the 0º line. 
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Figure E.30.  Melted foam oozing from the package after Thermal Test. 
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Additional Photos of TU-2 Tests 
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Package Preparation 

 
Figure F 1.  Contents of TU-2 package. 

 
Figure F 2.  Weighing the CV, Al sleeve, and surrogate payload (steel shot). 

 



F-3 

 
Figure F 3.  Sealed CV for TU-2 with temperature labels in place. 

 
Figure F 4.  Bottom of CV for TU-2 with temperature labels in place. 



F-4 

 
Figure F 5.  Marking specific locations on the drum. 

 
Figure F 6.  Lowering the CV into TU-2. 



F-5 

 
Figure F 7.  View of open TU-2 with the CV in place. 

 
Figure F 8.  Insertion of the top plug in the TU-2. 



F-6 

 
Figure F 9.  Torquing the bolts on TU-2. 

 
Figure F 10.  Weighing the completed TU-2 package. 
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Normal Condition of Transport (NCT) Tests 

 
Figure F 11.  Preparing TU-2 for a CG-over-corner drop 

 
Figure F 12.  Measuring the drop angle on the bottom of TU-2. 



F-8 

 
Figure F 13.  Measuring the drop height of TU-2. 

 
Figure F 14.  View of the drop test of TU-2 at the moment of impact. 



F-9 

 
Figure F 15.  Damage to the lid end from the NCT CG-over-corner drop. 

 
Figure F 16.  Top view of damage to the lid from the NCT CG-over-corner drop. 
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Figure F 17.  Close-up of damage to edge of the lid from the CG-over-top-corner drop – front view. 

 

 
Figure F 18.  Close-up of damage to edge of the lid from the CG-over-top-corner drop – side view. 
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Hypothetical Accident Condition (HAC) 30-ft Drop Test 

 
Figure F 19.  Measuring the drop angle on the side of TU-2 prior to drop test. 

 
Figure F 20.  Measuring the drop angle on the bottom of TU-2 prior to drop test. 
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Figure F 21.  End view of TU-2 lid after HAC 30-ft drop on the 0º line. 

 
Figure F 22.  Close-up of damage to the lid area. 
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Figure F 23.  Close-up of damage to the lid area from the HAC 30-ft drop at the 0º line. 

 
Figure F 24.  Close-up of damage to the lid area from the HAC 30-ft drop at the 180º line. 
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Hypothetical Accident Condition (HAC) Crush Test 

 
Figure F 25.  Set-up for the crush test with TU-2 balanced on edge of lid and held with nylon cords. 

 
Figure F 26.  Measurement of angle of drum bottom prior to drop. 
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Figure F 27.  Aligning the 500 kg weight to the bottom edge of TU-2 . 

 

 
Figure F 28.  Damage to the bottom edge of TU-2 after being hit with the 500 kg crush weight. 
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Figure F 29.  Close-up of damage to the bottom of TU-2 at point of impact. 

 
Figure F 30.  View of TU-2 lid following the HAC crush test. 
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Figure F 31.  Close-up of damage to lid of TU-2 following the crush test. 
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Hypothetical Accident Condition (HAC) Punch Test 

 
Figure F 32.  Removal of the name plate in preparation for the punch test of TU-2. 

 
Figure F 33.  Removal of name plate completed. 
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Figure F 34.  Positioning TU-2 over the punch. 



F-20 

 

 
Figure F 35.  Measuring the height of TU-2 above the punch. 



F-21 

 

 
Figure F 36.  Damage to TU-2 from the drop onto a punch over the CG on the 0º line. 



F-22 

 
Figure F 37.  Measurement of the indentation caused by the punch test. 

 
Figure F 38.  Damage to TU-2 from the punch test as viewed from the top end of the package. 
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Figure F 39.  Thermocouples attached to TU-2  just prior to placing into the Furnace. 

 

 
Figure F 40.  TU-2 during removal from the Furnace. 



F-24 

 
Figure F 41.  Removing TU-2 from the Furnace. 

 
Figure F 42.  Removing TU-2 from the Furnace. 
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Additional Photos of TU-3 Tests 
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Package Preparation 

 
Figure G 1.  Contents of TU-3 package. 

 
Figure G 2.  Weighing the CV, Al sleeve, cap, and surrogate payload (steel shot). 
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Figure G 3.  Sealed CV for TU-3 with temperature labels in place. 

 
Figure G 4.  Leak testing the sealed CV. 



G-4 

 
Figure G 5.   Preparation of TU-3 to accept the CV. 

 
Figure G 6.  View of open TU-3 with CV in place. 
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Figure G 7.  Top plug after insertion in the TU-3. 

 
Figure G 8.  Weighing the completed TU-3 package. 
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Normal condition of Transport (NCT) Tests 

 
Figure G 9.  Measuring how close TU-3 is to horizontal prior to the drop. 

 
Figure G 10.  Measuring the drop height of TU-3. 
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Figure G 11.  Top end view of damage to TU-3 on the 0º line – package has been rolled 180º. 

 
Figure G 12.  Bottom end view of damage to TU-3 on the 0º line – package has been rolled 180º. 
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Hypothetical Accident Condition (HAC) Crush Test 

 
Figure G 13.  Aligning the center of the 500-kg weight with the center of TU-3 prior to test. 

 
Figure G 14.  Results of the crush test on the lid end with the 500-kg weight impacting on the 180º 
line. 
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Figure G 15.  Close up of damage to the lid end on the 0º line from the crush test. 

 
Figure G 16.  Damage to the bottom end of TU-3 from the crush test – the 180º line is on top. 
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Figure G 17.  Close up of damage to lid end of TU-3 along the 180º line. 
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Hypothetical Accident Condition (HAC) Punch Test 
 

 
Figure G 18.  Measuring the drop height of TU-3 prior to dropping on the steel punch. 



G-12 

 

 
Figure G 19.  Measurement of indentation caused by the punch test of TU-3. 



G-13 

 
Figure G 20.  Damage to TU-3 from the drop onto a punch over the CG on the 0º line. 

 
Figure G 21.  End of TU-3 Thermocouple attached. 



G-14 

 
Figure G 22.  Furnace Door opened to remove TU-3 from Furnace. 

 
Figure G 23.  Removing TU-3 from Furnace. 
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Figure G 24.  TU-3 removed from Furnace cooling. 
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Additional Photos of TU-4 Tests 
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Package Preparation 

 
Figure H 1.  Contents of TU-4 package. 

 
Figure H 2.  Weighing the CV, Al sleeve, cap, and surrogate payload (steel shot). 



H-3 

 

 
Figure H 3.  Sealed CV for TU-4 with temperature labels in pl ace. 



H-4 

 
Figure H 4.  Bottom of CV for TU-4 with temperature labels in place. 

 
Figure H 5.  Preparation of TU-4 containing temperature labels and ready to accept the CV. 



H-5 

 
Figure H 6.  View of open TU-4 with CV in place. 

 
Figure H 7.  View of open TU-4 with polyurethane top in place above the CV. 
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Figure H 8.  View of open TU-4 after top plug has been set in place. 
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Normal condition of Transport (NCT) Tests 

 
Figure H 9.  Measuring the drop angle on the bottom of TU-4. 

 
Figure H 10.  Readying TU-4 for the NCT drop test. 



H-8 

 
Figure H 11.  TU-4 suspended just prior to drop. 

 
Figure H 12.  TU-1 at the moment of impact. 
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Figure H 13.  Damage to lid end from the NCT CG-over-corner drop. 

 
Figure H 14.  Top view of damage to the lid from the NCT CG-over-corner drop. 
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Figure H 15.  Close-up of damage of the lid from the CG-over-corner drop – left side view. 

 
Figure H 16.  Close-up of damage of the lid from the CG-over-corner drop – right side view. 
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Hypothetical Accident Condition (HAC) crush test. 

 
Figure H 17.  Aligning the 500 kg crush weight above the TU-4 package. 

 
Figure H 18.  Close-up aligning the 500 kg crush weight above the TU-4 package. 
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Figure H 19.  Overall setup for the dynamic crush test on TU-4 package. 
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Figure H 20.  View of TU-4 lid following the HAC crush test. 

 
Figure H 21.  Side view of TU-4 lid following the HAC crush test. 
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Figure H 22.  Detail of top lid damage at the 0º line. 

 
Figure H 23.  View of damage to the bottom of TU-4 from the crush test. 
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Figure H 24.  Close-up of damage to the bottom of TU-4 from the crush test. 

 
Figure H 25.  Detail of the damage to the bottom of TU-4 from the crush test. 
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Hypothetical Accident Condition (HAC) Punch Test 
 

 
Figure H 26.  Alignment of TU-4 package over the punch. 

 
Figure H 27.  Measuring how close TU-4 is to horizontal prior to the punch test. 
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Figure H 28.  Measuring the drop height above the punch. 
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Figure H 29.  Ready for the punch test. 

 
Figure H 30.  Damage to TU-4 from the drop onto a punch over the CG on the 0º line. 
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Figure H 31.  Measuring the indentation caused by the punch test. 

 
Figure H 32.  Close-up of punch damage to TU-4 caused by the punch test. 
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Figure H 33.  Close-up of thermocouple on side of  TU-4. 

 
Figure H 34.  Close-up of thermocouple on lid of  TU-4. 
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Figure H 35.  TU-4 being inserted into the Furnace. 

 











































































































































ES-2M Vibration Testing 1/10/97
Containment Vessel with vibration G-load recorder on CV Lid



ES-2M Vibration Testing 1/10/97
Turning on the vibration recorder before the testing



ES-2M Vibration Testing 1/10/97
ES-2M on the Vibration Table during testing



ES-2M Vibration Testing 1/10/97
Removing the Drum Lid after testing



ES-2M Vibration Testing 1/10/97
Metal Dust under the Drum Lid after 44 hours of testing



ES-2M Vibration Testing 1/10/97
Top Plug after vibration testing show metal dust and some wear spots



ES-2M Vibration Testing 1/10/97
Top Plug after vibration testing show metal dust and some wear spots



ES-2M Vibration Testing 1/10/97
Top Plug after vibration testing show metal dust and some wear spots



ES-2M Vibration Testing 1/10/97
Bottom of the Top Plug showing metal to metal wear after testing



ES-2M Vibration Testing 1/10/97
Top Foam after testing



ES-2M Vibration Testing 1/10/97
Bottom of Top Foam after testing



ES-2M Vibration Testing 1/10/97
Containment Vessel after testing



ES-2M Vibration Testing 1/10/97
After testing the Leak Check port plug is loose and vibrated off its threads



ES-2M Vibration Testing 1/10/97
Removing the Containment Vessel after testing



ES-2M Vibration Testing 1/10/97
Removing the Containment Vessel after testing



ES-2M Vibration Testing 1/10/97
Inner Liner and Foam Tube after testing



ES-2M Vibration Testing 1/10/97
Bottom of Foam Tube after testing



ES-2M Vibration Testing 1/10/97
Inner Liner after testing showing some metal wear at the bottom



ES-2M Vibration Testing 1/10/97
Leak Testing the CV after testing



ES-2M Vibration Testing 1/10/97
After testing shows where the Aluminum tube bounced into the bottom of CV Lid 



ES-2M Vibration Testing 1/10/97
After testing shows only where the Aluminum tube bounced into the bottom of CV Lid 



ES-2M Vibration Testing 1/10/97
Opened CV after testing



ES-2M Vibration Testing 1/10/97
Top Aluminum spacer removed after testing



ES-2M Vibration Testing 1/10/97
Top can removed without the bottom head after testing



ES-2M Vibration Testing 1/10/97
Top can damage to bottom head crimp after testing



ES-2M Vibration Testing 1/10/97
Top test weight after testing



ES-2M Vibration Testing 1/10/97
Aluminum tube removed after testing



ES-2M Vibration Testing 1/10/97
Aluminum tube removed after testing



ES-2M Vibration Testing 1/10/97
Top test weight after testing



ES-2M Vibration Testing 1/10/97
Top test weight after testing



ES-2M Vibration Testing 1/10/97
Bottom of top can after testing



ES-2M Vibration Testing 1/10/97
Bottom of Top Can after testing



ES-2M Vibration Testing 1/10/97
Middle Aluminum Spacer after testing



ES-2M Vibration Testing 1/10/97
Top of Bottom Can after testing



ES-2M Vibration Testing 1/10/97
Top of bottom test weight after testing



ES-2M Vibration Testing 1/10/97
Bottom test weight after testing



ES-2M Vibration Testing 1/10/97
Bottom test weight after testing



This photo shows the top plug of one of the tested DPP-2 packages.  Due to the damage 
from the CG over corner drop and crush test, the top plug had to cut out of the package in 
order to extract the containment vessel.  This photo shows that even after undergoing the 
full suite of drop, crush and thermal tests, the Kaolite in the plug, although it is cracked 
and broken, remains in solid form and within the plug liner. 
 
 
 
 

 


	Test Report No  45918-01, VibrationTesting of an  ES-2 Shipp
	Patent No US 6,299,950 B1 Byington et al 2001
	ORNL_NTRC-005, Rev0, Test Report of the ES-2100 Package
	GAB1296-2, Vibration Test Report of the ES-2M Shipping Packa
	ES-2M Vibration Testing
	dpp2_top_plug



