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Abstract

This report describes the testing conducted and presents the data obtained
by Sandia National Laboratories on a quarter scale model of the NuPac
125-B Rail Cask. Three 30-ft free-fall impact tests and two 40-in. free-fall
drops onto a puncture bar were performed. The 30-ft drop tests consisted of
one end drop onto the bottom impact limiter, an oblique drop onto the
closure-end impact limiter, and a flat drop onto both impact limiters on the
exterior of the package. The 40-in. puncture tests were directed at the
centers of the side and closure end «f the package. The five tests were
conducted to verify the structural adequacy of the package for the hypo-
thetical accident conditions specified in 10CFR71 and to define the accident
damage as initial conditions for the thermal, shielding, and criticality
analyses.
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American National Standards Institute ocv Outer containment vessel

US Department of Energy PMI Probable measurement inaccuracy
EG&G Idaho, Inc. QA Quality assurance

Frames per second QAPP  Quality Assurance Program Plan
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Idaho National Engineering Laboratory R, Rockwell “A” scale for hardness
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Glossary

‘CANISTERS. Containers loaded with fuel debris.
CASK BODY. See OUTER VESSEL.
CASK BORE. Internal cavity of cask body.

CONTAINMENT SYSTEM. The components of
the packaging intended to retain the radioactive
material during transport.

IMPACT LIMITERS. External impact limiters
{also called OVERPACKS in this document) are
attachments to each end of the cask body that
consist of a polyurethane-foam-filled metal shell
to provide protection from normal transport con-
ditions and hypothetical accidents. Internal im-
pact limiters consist of metallic honeycomb mate-
rial to provide axial impact protection for the
canisters.

INNER VESSEL. The inner containment vessel.
Seven interconnected cells within the inner vessel
are provided for seven payload canisters. Access to
the cells is gained through the inner vessel lid.

INNER VESSEL TUBE BORES. The seven cylin-
drical cells that together form the inner vessel
cavity.

LEAK TEST. Verification of the leak rate of a con-
tainment vessel or seal.

OUTER VESSEL. The outer containment vessel
(also called CASK BODY in this document). The
body of the cask, not including overpacks.

OVERPACKS. See IMPACT LIMITERS.

PACKAGE. The packaging together with its radio-
active contents as presented for transport.

PACKAGING. The assembly of components neces-
sary to ensure compliance with the packaging
requirements of 10CFR71. It may consist of one
or mote receptacles, absorbent materials, spacing
structures, thermal insulation, radiation shield-
ing, and devices for cooling or absorbing me-
chanical shocks. The vehicle, tiedown system, and
auxiliary equipment may be designated as part of
the packaging. For the NuPac 125-B packaging,
the components include the cask body, over-
packs, inner containment vessel, internal impact
limiters/shield plugs, and lids for the inner and
outer vessels.
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Test Data Report for Quarter Scale
NuPac 125-B Rail Cask Model

1.

This document presents the data obtained by
Sandia National Laboratories Sandia) during impact
and puncture testing of the quarter scale model of the
NuPac 125-B Cask. The data include the following:

Inspection reports documenting the dimen-
sions of the model inner vessel, outer vessel,
canisters, and internal impact limiters

l.eak test measurements

Temperature ..{ the model just before the 30-ft
bottom end and oblique drop tests

Instrumentation calibration data
Accelerometer and -train gage data

Measurements of . verpack and internal impact
limiter deformations

Individual frames from photometric footage of
the tests

Positive images from x-radiographs

Documentary photographs of the tests and
associated activities

Scope

The testing was performed to:

(a)

(b)

(c)

Verifv that the package is structurally ade-
quate to survive accidental drops of 30 f1 in
any orientation and accidental puncture
events, without loss of either containment
boundary

Provide test data on accelerations and strains
to confirm analytic predictions that the pack-
age is adequate to resist all other structural
provisions of normal and hypothetical acci-
dent conditions

Define hypothetical accident damage to the
package as initial conditions for the hypo-
thetical accident thermal event, shielding, and
criticality analyses

Comparison of the test results with analytical
predictions is presented in the Safety Analysis Report
for the NuPac 125-B cask (Nuclear Packaging, 1936).
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2. Introduction

The NuPac 125-B cask has been designed by
Nuclear Packaging, Inc. (NuPac) under contract from
EG&G Idaho. Inc. (EG&G). The cask is being used to
transport up to seven canisters per shipment of Three
Mile Island Unit 2 (TMI-2) fuel debris tfrom the TMI
site at Middletown. Pennsylvania. to the Idaho Na-
tional Engineering Laboratory (INEL) at Idaho Falls.
Idaho. The NuPac 125-B cask provides two levels of
testable containment for the canisters: an inner vessel
within an outer cask body. Polyurethane foam-filled
impact limiters (also referred to as overpacks) are
attached to each end of the outer cask.

2.1 Organizational Interfaces
and Responsibilities

Early in the design process. NuPac held regular
({monthly) meetings with the Nuclear Regulatory
Commission {NRC), the certifving agency. NRC per-
sonnel encouraged scale-model testing of the cask.
Planning meetings including NuPac, Sandia. and
EG&G representatives were held in conjunction with
the TMI-2 Core Shipment Technical Working Team
meetings to (a) recommend tests to be performed.
(b) decide which features of the cask should be mod-
eled. and (c) determine the measurements to be taken
pre- and post-test. Three 30-ft drop test: and one
puncture test were proposed. The 30-ft drop tests
were to consist of one end drop onto the bottom
impact limiter. an oblique drop onto the closure-end
impact limiter. and a flat drop onto the side ot the
package. The 40-in. puncture test was to be directed at
the center of the side of the model.

Subsequent meetings that included NuPac, San-
dia. EG&G, and NRC personnel expanded the scope
of the tests. The NRC was particularly interested in
{a) measurements of post-test deformations of the
scale-model canisters and inner containment vessel,
{b) measurements of leak rates of both inner and outer
vessels, and (¢) each test being conducted at the worst-
case temperature and pressure of the cask determined
by the structural analyses. Data from accelerometers
and strain gages. while uscful to check the analyses,
were considered of secondary importance.

N-radiography and caretul dimensional inspec-
tion of model components. and leak testing of hoth
cask containment houndaries, were added to the test

program scope to address the concerns of the NRC. At
the recommendation of Sandia. the thermal shield was
included in the model design. At the request of NRC, a
second puncture test directed at the center of the
closure end of the mode! was added at the end of the
test sequence.

The following program interfaces were estabh-
lished between Sandia. NuPac, and EG&G.

NuPac prepared the test plan, “Drop Test
Requirements—Hypothetical Accident Conditions
(Tvpe “B") for Quarter Scale NuPac 125-B Rail Ca=k.”
DT-04. Rev. 0. January 24. 1935, with considerable
input from Sandia. EG&G and Sandia reviewed the
test plan. which was issued as a controlled document
by NuPac. The testz were conducted in accordance
with Rev. 2. April 2. 1955 (see Appendix 2.10.6 of
Nuclear Packaging. 19361, DT-04 provided test per-
formance parameters and acceptance criteria for test
data. and criteria to determine whether the test article
passed or failed each test. Sandia planned the tests
and prepared test procedures to meet the require-
ments of DT-04. EG&G and NuPac reviewed the test
procedures, which were later issued by Sandia as
controlled documents.

NuPac provided the test article, striped the out-
side of the overpacks: as described in DT-04. and
identified the components so that the test article
could be assembled in the s:ame contiguration for each
test. Sandia performed inspections ot the test article
identified in DT-04 to document its measurements
betore testing began. after completion of the oblique
drop test. and after completion ot the drop and punc-
ture tests. NuPac approved the inspection reports.

sindia was responsible for conducting all tests
and collecting and reducing data as specified In
DT-04. NuPac was responsible for all engineering
decisions relative to the integrity of the test article
and it~ suitability for continued testing. “Quick-look™
data from selected accelerometers and strain gages
were available for inspection immediately tollowing
each test. Raw and filtered data from accelerometers
and strain gages. inspection data sheets, documentaryv
photographs, photometrics tootage. and other infor-
mation were provided to NuPac and EG&G as soon as
possible after completion of a test.

NuPac was responsible for approving continua-
tion or termination of the tests after visual examina-
tion of the test article, examination of the “quick-look™



data. and measurement of the containment vessel leak
rates (if applicable). Quality Assurance representa-
tives from Sandia and NuPac verified that teat criteria
and environmental conditions were satisfied before
each test. Field changes to the test procedures re-
quired approval by Sandia and NuPac.

NuPac and EG&G reviewed the test data in draft
form and provided comments for incorporation into
the final te~! data report. NuPac interpreted the test
data results and compared them with analytic predic-
tions {(Nuclear Packaging. 19~ Internal consistency
of the data is evaluated in this test data report.

The test records package consisting of the data
report. filled-out data sheets and test procedures
forms. pre- and post-test inspection data, photo-
graphic recurds, and the raw and filtered data will be
retained in Transportstion Syvstem Development
Depariment 6320, Sandia, in the project QA Coordi-
nator s office. Duplicate copies have been provided to
EG&G and NuPac. NuPac will retain the test hard-
ware and a copy of the test records package for the
duration of the useful life of the Nul’ac 125-B cask.

2.2 Test Requirements

Evaluation of the package design must address its
sdequacy hoth under normal conditions «! transport
and under hypothetical accident conditions specified
by NRC in 10CFR71 (NRC. 1983). The tests reported
in this test data report were performed in agreement
with "Drop Test Requirement~ Hipothetical Acci-
dent Conditions (Type “B") fur Quarter Scale NuPac
125-B Rail Cask,” DT-04, Revision 2, April 8, 19%5
(see Appendix 2.10.6 of Nuclear Packaging, 1986).
They address only the impact and puncture portions
of the hypothetical accident conditions.

Evaluation fir the hypothetical accident condi-
tions is besed on sequential application of the tests
specified in 10CFR71.73, in the order indicated, to
determine their cumulative effect on a package.

2.2.1 Initial Test Conditions
The initial conditions for the tests specified by
10CFR71.73 include:

+ “The ambient air temperature before and after
the tests must remain constant at that value
between —29°C (—20°F) and +38°C (100°F)
which is most unfavorable for the feature under
consideration.”

¢ “The initial internal pressure within the con-
tainment syrtem must be the maximum normal
operating pressure unless a lower internal pres-
sure consistent with the ambient temperature
assumed to precede and tollow the tests is more
unfavorable.”

NuPac determined that ambient spring tempera
tures in Albuquerque provided sufficient iutial tem-
peratures for the 30-ft <ide drop test and puncture
tests. The most unfavorable initial temperature for
the 30-ft bottom end and oblique drop tests was
calculated to be - 20°F. Because the ambient air
temperature could not be adjusted to —20°F, the
model itsell was chilled to a temperature above
—40°F but below - 20°F, and the bottom end and
oblique drop tests were performed with the model at a
temperature between —27°F and — 19°F.

2.2.2 Tests Conducted on the NuPac
125-B Quarter Scale Model
The required impact tests include the following:

Free Drop—"A free drop of the specimen through
a distance of nine m (30 ft) onto a flat, essentially
unyielding, horizontal surface, striking the surface in a
position for which maximum damage is expected.”

Puncture --“A free drop of the specimen through a
distance of one m (40 in.) in a position for which
maximum damage is expected, onto the upper end of a
solid, vertical, cylindrical, mild steel bar mounted on
an essentially unyielding, horizontal surface. The bar
must be 15 ¢cm (six in.) in diameter, with the top
horizontal and its edge rounded to a radius of not
more than six mm (1/4 in.) and of a length as to cause
maximum damage to the package, but not less than
20 cm (eight in.) long. The long axis of the bar must
be vertical.”

Three 30-ft drop tests were specified in DT-u04,
Rev. 2: an end drop onto the bottom impact limiter,
an oblique drop onto the closure-end impact limiter,
and a flat drop onto the side of the package. The flat
end drop onto the bottom end was intended to deter-
mine the peak acceleration response of the lids and
closure bolts and to qualify the internal impact
limiters within the inner vessel cells. The oblique
impact on the closure end was conducted at an angle
intended to maximize cask body shell stresses. The
side drop was intended to impart maximum loads to
the inner vessel.
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The 40-in. puncture tests were directed at the
center of the side and closure ends of the package.
The side puncture event was intended to verify the
integrity of the cask side wall, and the end puncture
event was intended to verity the integrity of the cask
lid. Because the model was quarter scale, the puncture
bars in the tests had quarter scale diameters (1.5 in. vs
6 in.) and radii (1/16 in. vs 1/4 in.). The puncture bar

lengths were specified by NuPac in DT-04 and were
9 in. and 11 in. for the side and closure end puncture
tests, respectively.

2.2.3 Summary of Test Requirements
Table 2-1 summarizes the requirements for each
test performed.

Table 2-1. Test Requirements Matrix
Test Sequence
Bottom Top Corner Side Side End
End Drop Drop Drop Puncture Puncture

TEST CONFIGURATION
Impact End Bottom Top Side Side Top
Orientation Angle 90° x1° 62.5°+1° 0°+1° 0°=+1° 90° +1°

(with respect to horizontal)
Drop Height 30 ft 30 ft 30 ft 40 in. 40 in.

(+1,-0in.) (+1,—-0in.) (+1,—-0in) (4+0.25,-0in.) (+0.25. -0 in.)

PRETEST STEPS
100 Visual Inspection Yes No Yes No No
Dimensional Survey Yes No Yes No No
Torque Lid Bolts Yes No Yes No No
Leak Test Yes No Yes No No
Install Overpacks Yes No Yes No No
Chill to <—20°F Yes Yes No No No
DROP STEPS
Visual Inspection Yes Yes Yes Yes Yes
Check Instrumentation Yes Yes Yes Yes Yes
Check Outer Shell Temp Yes Yes No No No
Drop Yes Yes Yes Yes Yes
Document/Photos Yes Yes Yes Ves Yes
POST-TEST STEPS
Remove Overpacks No Yes No No Yes
Leak Test No Yes No No Yes
Inspect Lid Bolts No Yes Nu No Yes
Disassemble and

Visually Inspect No Yes No No Yes
160, Visual Inspection No Yes No No Yes
Dimensional Survey No Yes No No Yes
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2.3 Test Procedures

Procedures for all tests and related activities were
prepared by Nandia and reviewed by EG&G and
NuPac. The procedures defined the steps to be taken
in performing the tests. Thev applied to instru-
mentation data collection, photometric and photo-
graphic coverage, test setup and performance. and
documentation.

Activities described in the test procedures follow
quality assurance procedures outlined in the Quality
Assurance Program Plan (QAPP) for Organization
6000 {Sandia. 1954). The QAPP states the policies,
assigns responsibilities. and provides descriptive pro-
cedures governing activities that affect the quality of
pruduct- and services performed by Organization
6000 at Sandia National Laboratories.

The procedures used to test the NuPac 125-B
Quarter Scale Model are listed in Table 2-2; proce-
dures used for each major test activity are shown in
Table 2-3.

Table 2-2. Test Procedures

Test

Procedure Title

Number {NuPac 125-B)

NP1 Quarter Scale Model Instrumentation
Installation Procedure

NP2 Quarter Scale Model Inspection
Procedure

NP3 Quarter Scale Mode! 30-ft Bottom End
Drop Test Procedure

NP-4 Quarter Scale Model 30-ft Oblique Drop
Test Procedure

NP-5 Quarter Scale Maode! 30-ft Side Drop
Test Procedure

NP8 Quarter Scale Model Side Puncture
Test Procedure

NP-7 Quarter Scale Model Closure End
Puncture Test Procedure

NP8 Quarter Scale Model Assembly/
Disassembly Procedure

NP9 Quarter Scale Model Leak Test
Procedure

NP-10  Quarter Scale Ml Chilling Procedure

NP-11  Quarter Scale Model Impact Limiter

Destructive Disassembly Procedure

Tablo 2-3. Procedures Uud

Activities

N Activity
Initial examination

Instrument for tests
30-1t bottom end drop

test
101t oblique drop test

Intermediate post-test
examination

30-ft side drop test

-t ERCRRE R e

in ﬁajt;;Tni

Procedures Used

" Leak test (NP-9), Disassemble

(NP.8), Inspect (NP-2)
Instrument (NP-1)
Assemble (NP-8), Leak test

(NP-9), Chill (NP-10),
Bottom end drop (NP4

Chill (NP-10), Oblique drop
(NP-4)

Heat (NP-10), Leak test
(NP-9), Disassemble (NP-8),
Inspect (NP-2)

Assemble (NP-8), Leak test

(NP-9), Side drop (NP-5)

40-in. side puncture Side puncture (NP-6)

test

40-in. closure end Closure end puncture (NP-7)
puncture test

Final post-test Leak test (NP-9), Disassemble
examination (NP-8), Inspect (NP-2),

Impact limiter destructive
disassembly (NP-11)

2.4 Description of the Quarter
Scale Model

The assembled test unit is shown in Figure 2-1 on
the transport skid. The unit consists of outer cask
body and outer cask body lid, inner vessel and inner
vessel lid, internal impact limiters/shield plugs, canis-
ters, and overpacks. Total weight of the model and
contents was 2830 |b.

The outer cask body and outer cask body assem-
bled with its lid are shown in Figures 2-2 and 2-3,
respectively. The inner vessel and inner vessel assem-
bled with its lid and placed within the outer cask body
are shown in Figures 2-4 and 2-5, respectively. Figure
2.6 shows the canisters, inner vessel upper internal
impact limiters/shield plugs, and inner vessel lower
internal impact limiters. Figure 2-7 shows the over-
packs with their attachment bolts.

Fabrication drawings of the model appear in Fig-
ures 2-8 through 2-11. A thin thermal shield, consist-
ing of wire wrapped around the cask body, covered by
stainless steel sheet, is not shown in the drawings.
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Figure 2-1. Test Unit on Transport Skid

Figure 2-2. Outer Cask Body
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Figure 2-3. Outer Cask Body With Lid Installed

Figure 2-4. Inner Vessel



Figure 2-5. Inner Vessel With Lid Installed (placed within outer cask body)

Figure 2-6. Canisters (back row), Inner Vessel Upper Internal Impact Limiters/
Shield Plugs (middle row), and Inner Vessel Lower Internal Impact Limiters (front
row)
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Figure 2-7. Overpacks With Attachment Bolts
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Figure 2-8. Assembly Drawing of the Model {(NuPac Dwg No. SK-397) (from Nuclear Packaging, 1986)
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2.5 Coordinate System for
NuPac 125-B Quarter Scale Model
and Location of Instrumentation

Eight accelerometers and five strain roseties were

specified by DT-04.

Transducers were required to conform to the fol-

lowing requirements:

Strain Range: 3%
Accelerometer
Range: +750 g's
Operating
Temperature: —40°F to +120°F
Frequency
Response: Flat within +10‘ up to 5 kHz
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SR = Strain gage rosette

Figure 2-12. Coordinate System for Nul®
Transducer Locations and Orientations

Figure 2-12 shows the coordinate svstem used for
the model, and the transducer locations and orienta-
tions with respect to this coordinate system. These
transducer locations and orientations were used for all
tests performed. Three additional accelerometers (A9,
A10, Al1l) were installed on the mounting blocks
opposite accelerometers A2, A5, and A8 after the
oblique drop test.

The planned relationship between inner vessel
components and the cask coordinate svstem is shown
in Figure 2-13. The coordinate system shown in Figure
2-13 was described in the test plan and used for the
dimensional inspection. Figure 2-14 shows the rela-
tionships among the inner vessel, the inner vessel lid,
and the outer cask body when the model was assem-
bled for testing. These components were marked and
assembled as shown tor each test conducted.
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Figure 2-13. Planned Relationship Between Inner Vessel
Components and the Cask Coordinate Svstem

Figwe 2-14. Actual Relationships Among Inner Vessel,
Inner Vessel Lid, and Outer Cask Body for Testing

2.6 Aerial Cable Facility,
Sandia National Laboratories,
Albuquerque, NM

The Aerinl Cable Facility suspension mechanism
consists ol a wire rope cable suspended across a moun-
tain canyon as illustrated in Figure 2-15. This load-
bearing cable mayv be raised and lowered uhove the
impact surface from 0 to 61 m (200 ft); the cible can
support proportionally heavier loads at lower eleva-
tions. The load at 61 m (200 ft) is 1360 kg (3000 lh),
whereas the load at 15 m (50 ft) is 4540 kg (10 000 1b),

The unyielding target i< an extensively reinforced
2.4%10%kg (53X 10°.1b) mass of concrete and steel,
~6 m 120 ft) in diameter and 3.8 m (12.5 ft) deep,
placed on top of tamped earth, faced with a 3X3-m
(10 10-ft) slab of battleship armor plate, 7.6 to
12.7 cm (3 to 5 in.) thick. The steel facing is welded to
the alloy steel-concrete reinforcing members and is
grouted to the concrete plug with iron filing~ tilled
cement grout.

Two parallel wire rope cables were attached to the
target and run verticallv to a spreader beam mounted
to the overhead cable as illustrated in Figure 2-16. The
test unit was attached to a trolley with slider tubes
that fit around the vertical cables. The trolley and test
assembly were hoisted to the desired height. The test
assembly was released by actuating guillotine cable
cutters. The test assembly was then allowed to free fall
to the impact target. The technique is repeatable, and
impact can be determined accurately.

Figure 2-17 shows the test pad with stadia board.
The pad has been swept and dampened in preparation
for drop testing.
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Aerial Cable Facility Description

MAIN SUSPENSION CABLE DIAMETER-3.175 cm (1.25IN))

CABLE CORE TYPE-FIBER

BREAKING STRENGTH-58X 10* kg (126 000 LB)

WEIGHT PER FOOT-1.19 kg (2 63 LB)

HORIZONTAL DISTANCE BETWEEN CABLE SUPPORTS-823 M (2700 FT)
VERTICAL DISTANCE MAXIMUM ABOVE GROUND ZERO-61 M (200 FT)
LOAD RING HOISTING LINE DIAMETER-0 95 cm (0.375 IN.)

CABLE STRENGTH-6818 kg (15 000)

WEST ANCHOR EAST ANCHOR
ELEVATION 1963 METERS ELEVATION 2036 METERS
16440 FT} (6680 FT)

TO HOISTING
WINCHES

MAIN SUSPENSION

MAIN CABLE CABLE

TROLLEY

LOAD RING
HOISTING LINE

BACK STOP
(SLED CATCHER)
22°410% xq (500 000 b

UNYIELDING TARGET
3m X 3 m ARMOR

ELEVATION 1890 METERS
{6200 FT)
GROUND ZERO

Figure 2-15. Aerial Cable Facility at Sandia National Laboratories, Albuquerque, New \Mexico
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ADAPTER
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Figure 2-16. Mounting of Test Article on Aerial Cable
Apparatus




Figure 2-17. Test Pad With Stadia Board

2.7 Photometrics and
Photographic Coverage

Photometrics and photographic data were re-
corded with the cameras listed in Table 2-4. The
locations uf the cameras with respect to the target are
shown in Figure 2-18. Figure 2-19 <how« some of the
cameras used to document the tests.

10X 10 FY
ARMOR VAY\
2 CABLE
4 \)/
[ )
CONCRETE PAD
N

13698
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Note: Numbers are explained in text.

Figure 2-18. Typical Camera Locations



Figure 2-19. Typical Camera Setup

Table 2-4. Cameras Used to Record Photometric
and Photographic Data

Camera
Speed
Lens Setting
No. Camera Type (mm) (fps)
1 Video—color 17/102 zoom video
2 Video—black and white  12.5/75 zoom ~ 500
3 2000 fps (186 mm) 254 ~ 2000
4 2000 fps (16 mm) 2.5'105 zoom ~ 2000
5 400 fps (16 mm) 50 ~ 400
6 400 fps (16 mm) 25 ~ 40
T 24 fps real-time (16 mm) 12.5 24
8  Sulls (35 mm) 80200 zoom 5
9 150 tps (35 mm) 75,205 zoom ~ 150

Notes: See Figure 2-1% for tvpical camera locations.
fps = frames per second.




3. Initial Examination

3.1 Leak Test

The planned leak tests were not conducted when
the cask and inner vessel arrived at S.india because
the O-ring ~cals had not been installed before the
assembly was shipped.

3.2 Disassembly

3.2.1 Receipt of Model and Removal of
Overpacks

The model was received in the horizontal crienta-
tion on a transport skid as shown in Figure 2-1. With
the cask resting on the transport skid, the bolts at-
taching the overpacks to the cask were removed. The
overpacks were then removed by sliding them hori-
rontally from the ends of the cask. The eve bolts
attached t. trunnions on the ~ides of the cask were
loosened t¢ permit removal of the cask from the
transport skid.

After lifting slings were attached to the eve bolts,
the assembly was lifted in the horizontal orientation
from the transport skid by a forklift. The cask was
lowered. and wood blocking was placed under the ends
of the cask. The lifting slings were repositioned, allow-
ing the closure end to be raised until the cask was
vertical. The cask was then lowered until the bottom
end rested on the ground. and the lifting slings were
removed.

3.2.2 Removal of Outer Vessel Lid

The lid bolts and vent plug on the lid of the cask
were removed and eye bolts installed for the removal
of the lid. After lifting slings were attached to the eye
bolts, the lid was removed with a forklift, as shown in
Figure 3-1. The O-ring grooves on the lid and sealing
surface on the body of the cask were visually exam-
ined. There were no discernible marks or damage.

Figure 3-1. Removal of Cask Body Lid

3.2.3 Removal of Inner Vessel

Eye bolts were attached to the lid of the inner
vessel, and the lifting slings were attached to the eye
bolts and forklift. The inner vessel was pulled verti-
cally from the cask and guided to prevent any scraping
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of the sides of the two vessels. When the inner vessel
neared the top of the cask, the lifting rate of the
forklift was decreased so that the inner vessel would
not swing against the sealing surface of the cask wall
as it cleared the internal bore of the cavity. After the
inner vessel cleared the top of the cask, the forklift was
backed up, and the inner vessel was lowered in the
vertical position. The slings and eye bolts were then
removed from the lid of the inner vessel.

3.2.4 Removal of Inner Vessel Lid

The lid bolts and vent plug on the lid of the inner
vessel were removed and eye bolts installed for the
removal of the lid. After lifting slings were attached to
the eye bolts, the lid was removed with a forklift. The
O-ring grooves on the lid and sealing surface on the
body of the inner vessel were visually examined. There
were no discernible marks or damage.

3.2.5 Removal of Upper Internal Impact
Limiters

Eye bolts were installed in the tapped holes in the
upper impact limiters, which were lifted out by hand.

3.2.6 Removal of Canisters

Eye bolts were installed in the tapped holes in the
canisters, and each canister was lifted out by hand.

3.2.7 Removal of Lower Internal Impact
Limiters

Removal of the lower impact limiters was accom-
plished by attaching tape to the end of a wooden rod
and reaching down into each of the cavities until the
tape stuck to the individual impact limiters. The
impact limiters were then slowly raised out of the
vessel.

3.3 X-Radiography

X-radiography examination of the closure end of
the cask body was accomplished by positioning the
cask 32 ft 2 in. from the Linitron and then placing
8 10 in. x-ray plates 8 to 9 in. into the closure end of
the cask hody. After the exposure of the plate, the cask
body was rotated 90° and another x-radiograph taken.
None of these radiographs showed any anomalies.
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The lower portion of the cask was x-radiographed
by positioning 17 ¥ 21-in. plates behind the body of
the cask. After the exposure of the plate, the cask body
was rotated 270° and another x-radiograph taken.

An anomaly ~3.75 in. up from the bottom (closed
end) of the cask was observed on the 0° bottom x-ray
plate, as shown in Figure 3-2.

3.4 Inspection

An initial inspection was performed to document
the initial measurements of the cask components as
the basis for determining the permanent deformations
resulting from the tests. NuPac provided data sheets
for the inspection that determined and defined where
the measurements were to be made.

Before the model was inspected, all parts were
thoroughly cleaned with methanol.

The inspection of the assembly was completed by
the Mechanical Measurements Division at Sandia.
Some model components exhibited relatively large
deviations in diameters and straightnesses measured
at different locations, compared to items usually
inspected by the Mechanical Measurements Division.
Nonstandard measurement methods had to be de-
vised in some cases to measure these large deviations.
Standard inspection equipment—such as micro-
meters, gage blocks, bore scopes, and dial indicators—
was used to inspect the model. All equipment used
had been certified by the National Bureau of Stan-
dards (NBS) and verified by Sandia QA. Figure 3-3
illustrates inspection of a canister.

After receiving the model, inspection personnel
positioned individual parts on fixtures and marked
the locations to be measured using permanent mark-
ers. This marking was required to facilitate the inspec-
tion process and assure repeatability of measurement
locations for the three required inspections of the
model. Tests were conducted to determine the accu-
racy and repeatability of the measurement tech-
niques. The probable measurement inaccuracies
(PMIs) for each inspection were recorded on the data
sheets. Sandia and NuPac reviewed the PMIs before
completion of the initial inspection and judged them
to be acceptable.

The data from the initial inspection are contained
in Appendix A.



Figure 3-2. X Radigraph of Bottom End of Cask Body at 0°
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Figure 3-3. Inspection of a Canister




4. Instrumentation

Accelerometers and strain gage rosettes were used
to measure accelerations and strains experienced by
the package. The locations and orientations of the
gages were defined by NuPac in DT-04. A total of
eight Entran accelerometers and five strain gage
rosettes were installed on the assembly (Figure 2-12).

4.1 Gage Characteristics

The characteristics of the Entran accelerometers
are listed in Table 4-1.

fabb 4-1. Characteristics of E;man |
Accelerometers

Type Miniature Damped,

{piezoresistive)
Maodel No. EGAXT-F-1000
Range +1000g's
Over-range + 10000 g's
Recommended Excitation 15.0 Vide
Temperature Range

—40°F to +250°F

General-purpose, stainless-steel, compensated
strain gage rosettes, with fully encapsulated grids and
exposed copper-coated integral solder tabs, were in-
stalled. The characteristics of the strain gages are
listed in Table 4-2.

Table 4-2. Characteristics of Micro-
Measurements Strain Gages

Gage Type CEBA-09-250UR-350)
Strain Range +5%
Temperature Range —100°F to +400°F

4.2 Calibration

Calibration of the Entran accelerometers was con-
ducted by the Sandia Calibration Laboratory at
—20°F on a shaker device. Measured sensitivities are
given in Table 4-3 at an excitation of 15 V.

The test procedures used for the strain gage per-
formance evaluation and gage factors for individual
lots were supplied by the manufacturer.

;:;lne 4-3 SQns‘i'tlvit'l;a;s of Entran
Accelerometers at — 20°F (Model
EGAXT-F-1000)

Initial Calibration
Sensitivity at —20°F

Serial Number (mV/V/g)
21NN ALL-H 0.0165
21NH0-A12.12 not measured
21N50-A13-13 0.0166
2INH0-A14-14 0.0165
21N50-A15-15 0.0171
21N50-A16-16 0.0167
21N50-A17-17 0.0168
2IN50-A18-18 0.0165
2IN50-A21-21 0.0163
21N50-A22-22 0.0172

Note: Calibration performed on s shaker device.

4.3 Installation

The accelerometers and strain gages were in-
stalled on the model as specified in DT-04 and shown
in Figure 2-12. Wires from the gages were routed to
terminal strips attached to the model, as shown in
Figure 4-1. All strain gage roseites were oriented so
that the “Z" gage was aligned with the z-axis of the



model, and the “Y" gage was aligned with the v-axis of
the model. Figure 4-2 shows strain gage SR4 as in-
stalled on the model.

Table 4-4 lists initial installation location of each
accelerometer.

Initial Installation Location of
Accelerometers on Model

Accelerometer Accelerometer

~ Location Serial Number
*¥~\‘771‘k7 777777"_’154'5»()-‘-\1]-11

ANX2 2INA0-A21-21

AY3 2INHO-A15-15

AZ4 21N50-A16-16

AXS 21INH0-A1K-18

AYH 2IN50-A13-13

AZ7 21NH0-A22-29

AXS 2INHO-A17-17

Figure 4-1. Routing of Instrumentation Wires to Terminal
Strips

Figure 4-2. Strain Gage SR Installed
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5. 30-ft Bottom End Drop Test

5.1 Assembly of Inner Vessel

The inner vessel was positioned vertically and
thoroughly cleaned internally with rags dampened
with methanol. Care was taken not to remove any
marks used for the inspection process. It was believed
that the removal of the lower impact limiters would be
impossible after the drop tests unless the lower impact
limiters were modified. Therefore, 1/2-13 UNC holes
were drilled and tapped through the top stainless-
steel plates of the impact limiters so that eve bolts
could be attached to the impact limiters for their
removal. The lower internal impact limiters were then
cleaned with rags dampened with methanol.

The canisters, upper and lower internal impact
limiters, and cells within the inner vessel had been
marked by NuPac 30 that the model could be reassem-
bled with all components in their initial locations and
orientations. For example, the canister and upper and
lower impect limiters belonging to cell A were marked
with an “A” and the components oriented so that all
scribed marks were aligned.

The interior surface of the inner vessel lid, the
O-ring grooves on the inner vessel lid, and the O-rings
were thoroughly cleaned with Kimwipes dampened
with methanol The O-rings were greased with
Apiezon vacuum grease and installed in the grooves.
After the sealing surface of the inner vessel was
greased with Apiezon, the lid was positioned over the

alignment pins. Figure 5-1 shows the relationship of
the inner vessel cells with the alignment pins. The lid
was slowly lowered until the lower (-ring rested on
top of the tapered region of the sealing surface bore.
The lid was then forced down into position, and
the bolts were installed and torqued to 28 in.-lb
(Figure 5-2).

Figure 5-1. Sketch of Inner Vessel Showing Cells and
Alignment Pins
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Figure 5-2. Inner Vessel Lid Bolts Being Torqued to 28 in.-lb

5.2 Leak Testing of Inner Vessel

The helium mass spectrometer leak detector was
zeroed and calibrated according to the manufacturer’s
instructions and vented. Hardware was attached for
leak testing of the inner vessel.

The test assembly was enclosed in a plastic bag
envelope. The leak test hardware was attached to the
vent port on the lid and the cavity evacuated to the
standard operating pressure for the leak detector. The
process of evacuating the vessel was very slow, proba-
bly because of outgassing from the cutting fluid used
to drill and tap the holes in the lower internal impact
limiters and from the adhesives used to bond the
stainless-steel skins to the sides of the upper and lower
impact limiters. The plastic bag envelope was pressur-
ized with helium, and the leak detector was moni-
tored. When the leak detector reading stabilized, the
reading was recorded. This method is the A3.10.2
Pressurized Envelope procedure referenced in the
ANSI leakage test standard (ANSI 14.5-1977). The
helium leak rate for the inner vessel cavity was
9.0x10 * em?/s.

After the plastic bag envelope was removed from
the inner vessel assembly, the leak test hardware was
removed from the vent port and attached to the test
port on the lid. The space between the O -rings was
evacuated to the standard operating pressure for the
leak detector. The inner vessel cavity was evacuated
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and pressurized with helium. The leak detector was
monitored, and the reading was recorded after it
stabilized. The helium leak rate for the pair of inner
vessel O-rings was 2.3 1077 cm®/s.

5.3 Assembly of Outer Vessel

The interior surface of the outer vessel was only
vacuumed out and wiped down with dry rags because
cleaning solvents could remove the inspection mark-
ings. The exterior surface of the inner vessel was
carefully cleaned with rags dampened with methanol.
Seven holes in the bottom of the inner vessel for
release of radiolysis gases in the full-scale cask were
filled with synthetic putty (Figure 5-3). The inner
vessel was lowered into the outer vessel (Figure 5-4)
and rotated to ensure proper alignment.

The interior surface of the outer vessel lid, the
O-ring grooves on the outer vessel lid, and the O-rings
were thoroughly cleaned with Kimwipes dampened
with methanol. The O-rings were greased with Apie-
zon vacuum grease and installed in the grooves. After
the sealing surface of the outer vessel was greased with
Apiezon, the lid was positioned over the alignment
pins and slowly lowered until the lower O-ring rested
on top of the tapered region of the sealing surface
bore. The lid was then forced down into position, and
the bolts were installed and torqued to 20 ft.1b.



Figure 5-3. Synthetic Putty Plugging the Holes for Radiolysis Gases in the Bottom
of the Inner Vessel

i

Figure 5-4. Inner Vessel Being Lowered Into the Outer

5.4 Leak Testing of Outer

Vessel

The test assembly was enclosed in a plastic bag
envelope as shown in Figure 5-5. The leak test hard-
ware was attached to the vent port on the lid and the
outer vessel cavity evacuated to the <tandard operat-
ing pressure for the leak detector. Here again, evacua-
tion of the vessel was a very slow process, thought to
be caused by outgassing. The interior surface of the
outer vessel could not be thoroughly cleaned because
of the inspection markings. The plastic bag envelope
was pressurized with helium, and the leak detector
was monitored. When the leak detector reading had
stabilized, the reading was recorded. The helium leak
rate for the outer vessel cavity was 3.5 107 cm'/s.

After the plastic bag envelope was removed from
the outer vessel assembly, the leak test hardware was
removed from the vent port and attached to the test
port on the lid (Figure 5-6). The space between the
O-rings on the outer vessel lid was evacuated to the
standard operating pressure for the leak detector. The
outer vessel cavity was evacuated and pressurized
with helium. The leak detector was monitored, and
the reading was recorded after it stabilized. The
helium leak rate for the pair of outer vessel Q-rings
was 4.0X10 * cm'/s.
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Figure 5-6. Leak Test of Outer Vessel Seal

5.5 Assembly of Overpacks 5.6 Chilling

The model was positioned on the transport skid, The assembled cask was transported to the San-
and the overpacks were installed by sliding them dia Shock and Climatic Division laboratory to be
horizontally onto the ends of the cask. After the chilled. The cask and skid were positioned on a cart
overpacks were rotated to assure proper alignment, and placed inside a climatic chamber (Figure 5-8).
the bolts were installed and torqued to 70 in.-1b The environmental temperature outside the climatic
(Figure 5-7). chamber was ~68°F. Thermocouples inside the
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chamber recorded the air temperature. One thermo-
couple was attached to the cask body at its midpoint,
where the thermal shield had been ground away to
expose the outer shell of the cask body (Figure 5-9).
Two additional thermocouples were inserted into the
small clearances between the thermal shield and the
inner surfaces of the overpacks The thermacouple
attached to the cask body was covered with Cerablan-
ket insulation to insulate it from the cold chamber air.

The thermocouple leads were routed through the
wall of the climatic chamber and attached to tempera-
ture recorders. The chamber controls were adjusted to
produce a - 40°F environment. Figure 5-10 shows the

model inside the climatic chamber during the chilling
process.

Figure 5-7. Overpack Bolts Being Torqued to 70 in.-1b

Figure 5-8. Model Being Positioned in the Climatic Chamber
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Figure 5-9. Thermocouple Attached to Model

Figure 5-10. Model Inside Climatic Chamber During Chilling Process

For a thermally massive system with boundary
conditions dictated by convective heat transfer, the
temperature response is given by an equation expo-
nential in form:

(t) — T (v [T, .(t-;) T -0)]exp [(In2/r, )t]

rr
rny

env

(1)
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where

surface temperature (°F),
temperature of the environment (°F),

= half-time constant (i.e., the time to reduce

the initial temperature difference to half its
value) (hr),
elapsed time (hr).



A least-squares fit to the cool-down temperature data
for the cask body thermocouple data using this equa-
tion resulted in a cool-down r,, of 6.1 hr.

A second experiment was conducted to determine
the rate at which the model would heat up without any
insulation. A least-squares fit to the heat-up data
using Eq (1) resulted in a r,, for heat-up of 5.2 hr. The
similarity between the r,, values indicates that the
convection coefficient for the heat-up phase is similar
to that for the cvol-down phase, and it is relatively
cuonstant over the applicable range of experimental
test temperatures. Following this experiment, the
model was returned to the climatic chamber and

A third experiment was conducted some 18 hr
later to determine the rate of temperature rise if the
model were insulated with Cerablanket. For this ex-
periment, the entire model, including the overpacks,
was covered with a layer of 1-in.-thick Cerablanket
{Figure 5-11). The cask body itself was covered with
two layers of the insulating blanket.

The temperature data for the model warming
while covered with Cerablanket yielded a -, .. for heat-
up of 30.8 hr. As expected. the heat-up half-time was
much longer when the model was insulated.

After completion of the third experiment, the cask
was again positioned inside the climatic chamber and
the thermocouples were reattached. The Cerablanket
insulation was removed from the cask and placed

inside the climatic chamber. and the chilling of the
arsembly was resumed.

The time behavior of the model surface tempera-
ture obtained from these experiments was used as
input boundary conditions for modeling temperature
behavior at other radial locations in the model, using
the heat transfer code Q/TRAN (Rockenbach, 1984).
The one-dimensional model used to approximate the
geometry of the canisters, inner vessel, and cask body
is shown in Figure 5-12. Nodes 1 through 16 represent
points within the inner vessel and contents, which
were approximated by redistributing the volume of
sand (used to simulate the fuel debris), BISCO (neu-
tron shielding material in the inner vessel), and stain-
less steel into equivalent one-dimensional rings. Node
17 is in the middle of the air gap between the inner
vessel and cask body. Nodes 18 through 25 represent
points within the cask body. The thermal shield is
represented by Nodes 26 and 27.

Two modes of energy transfer were used in the
thermal analysis: (1) conductive heat transfer within
the solid regions of the cask and (2) thermal radiation
between the surface of the inner vessel and the cask
body. Convection between the inner vessel and cask
body was not considered because of the small gap
distance (0.125 in.). Thermal radiation between the
inner vessel and the cask body was modeled by using
enclosure theory for graybody surfaces.

Figure 5-11. Cerablanket Insulation Covering the Model for the Time-to-Warm
Calculation Verification Test
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Figure 5-12. One-Dimensional Geometry Used for Transient Thermal Analysis of

the Quarter Scale NuPac 125-B Cask

Experimental boundary conditions were used to
control the surface temperature as a function of time.
The boundary condition was applied to the outer
surface at Node 27, even though experimentally the
temperature was measured at Node 25. The calcula-
tions showed a temperature gradient across the ther-
mal shield of <0.5°F, which supports the choice of
boundary condition.

The calculated temperatures at various radial lo-
cations for the model are plotted in Figure 5-13 for the
entire chilling process. Three curves are shown: for
Node 2 (close to the center of the model); for Node 16
(outer surface of inner vessel); and for Nodes 18, 25,
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and 27 (cask body inner surface, outer surface, and
thermal shield), which overlap on the figure. The
innermost portions of the model were unaffected by
fluctuations in external temperature that were of
short duration. There was a verv small temperature
gradient across the cask body wall, including the
thermal shield. However, there was a significant tem-
perature gradient across the air gap between the inner
vessel and the cask bodv. Therefore, the temperature
response of the cask body, at least for short transient
events, depends almost entirely on the surface tem-
perature and not on the detailed modeling of the inner
vessel.
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Figure 5-13. Temperature Response of the Quarter Scale NuPac 125-B Cask

(see Figure 5-12 for node locations)

5.7 Bottom End Drop Test

Procedure

The insulation blankets and the cart with the
model were removed from the climatic chamber. The
chilled insulation blankets were wrapped around and
secured to the cask assembly, which was then placed
on a truck (Figure 5-14) and transported to the drop
test facility. There it was unloaded and placed on the
unylelding target.

The rigging hardware, with guillotine cable cut-
ters installed, was attached to the trolley on the
overhead cable and to the eye bolts attached to the
trunnions on the top portion of the cask body. Ther-
mocouples were attached to the cask to record the
tempersture rise of the model while the final test

preparations were being completed. The unit was
leveled by means of a turnbuckle in one of the rigging
lines, and portions of the insulation blanket were
removed for the attachment of the instrumentation
cables.

The instrumentation cables were attached to the
terminal strips and secured to a trunnion, and at the
same time, the stadia boards were positioned, docu-
mentary photographs were taken, and the test proce-
dure steps were verified and signed. Figure 5-15 shows
the model rigged for the 30-ft bottom end drop test.
After the data acquisition checkout was completed,
the insulation blanket was removed (Figure 5-16).
The thermocouples were removed and the assembly
hoisted to the 30-ft drop height in final preparation
for the test (Figure 5-17).
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Figure 5-14. Chilled Insulated Model Loaded on Truck for Transport to Drop Test
Facility

Figure 5-15. NuPac 125-B Model Rigged for the 30-ft Bottom End Drop Test



Figure 5-16. Removal of Cerablanket Insulation

\ppmximatel\ 4 hr after the it had bevn re
moved - = the climatic chamber. the guillotine atide
cutters were actuated. and the rowded tree fell to the
impact target Fooare 5-1- <howe the actual 301
bottom end 7 test Figure 5 19 <hows the orienta
*oor of the a-k when dropped.

A least <ijiares fit to the model thermocouple
data using Eq (1) re-uited in o heat up r, o 36 5 hr
ar. o the model was in<ulated. at o maximum ambient
et vl"F The insulation blanket was ri-

Figure 5-17. Drop Height and Orientation Verification
Before the 30-ft Bottom End Drop Test

moeved troan the model and the thermocouples were
detached The bottom end drop te<t was conducted 14
min fiter The thermal model was used to predict
temperatures ain the model at the time ot the test,
using the heat-up r,, of 5.2 hr determined 1n Section
56 tor the uninsulated model Temperatures in the
J77F tnear the
center) to 21 F ron the outer surtace) at the time of
the drop event

model were calonlated to range from
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Figure 5-18. Sequential Photographs of the 30-ft Bottom End Drop Test

Figure 5-18. (continued)



Figure 5-18. (continued)

Figure 5-18. (continued)
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Figure 5-18. (continued)

Figure 5-18. (concluded)
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Figure 5-19. Orientation of Model for 5ot Bottom End
Drop Test stadia board as behind moadels

5.8 Photometrics Data

Phaotographs were made from one of the ~ o0 1.
trames per secand), high speed. To.mm cameras cov
erine the test The trame rate of the camera was
deternmed by viewing the film, locating the trame at
which mmpact ocourred, and counting the trames near
the impact trame with respect to the timing marks on
the tilm. The trame rate for the camern was deter
mined to be 383 fps. Nulac used 8- 1010, enlarge
ments of these photographs to measure total overpack
crush during impact.

5.9 Visual Observations

Fugures 520 through & 26 show the condition of
the model after the test The bodv of the cask
appoared not to have been attected  Fipures 5-21
through 5-23 <how that the bottom impact limiter was
detormed or “mushroomed™; Figures 5-24 and 5-25
~how that the weld around the overpack bore diameter
had partially failed. The surtace of the impact limiter
adjacent to the bore was deformed; however. there was
no visible sign ot exposed foam. The top overpack was
damaged from the ~econdary impact of the model on
the edge of the impact target (Figures & Ztand H-27).
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Figure 5-22. Measurements of Bottom Overpack “Dimple”
Deformation After 30-ft Bottom End Drop Test

Figure 5-21. Bottom Overpack Deformation After 30-ft Bottom End Drop Test
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Figure 5-23. Measurements of Bottom Overpack “Mush-
room” Deformation After 30-ft Bottom End Drop Test



Figure 5-24. Bottom Overpack Failed Weld After 30-ft Bottom End Drop Test

Figure 5-25. Weld Separation Around Inboard Seam of Bottom Overpack After 30
ft Bottom End Drop Test



Figure 5-26. Secondary Impact Damage to Top Overpack
After 30-ft Bottom End Drop Test

5.10 Data Acquisition System
Information

Accelerometer and strain gage data from the 30-ft
bottom end drop test are contained in Appendix Bl.
The data were filtered at 1000 Hz, based on engineer-
ing judgment and the fast Fourier transforms of ihe
unfiltered data (presented in Appendix B2), which
give the frequency response of the model. The consis-
tency and validity of the data are evaluated in Chap-
ter 14.
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DAMAGED AREA ~160° FROM
~3.875 THE 0° MARK AS THE MODEL
CAME TO REST.

TOP IMPACT LIMITER

SECONDARY IMPACT
DAMAGE z

SLIGHT INDENTATION /i
~6-1/2" WIDE AND
~3/4" HIGH

EYE BOLT
(EAST SIDE)

Figure 5-27. Measurements of Secondary Impact Damage
to Top Overpack After 30-ft Bottom End Drop Test



6. 30-ft Oblique Drop Test

The cask was first ruzed tor the oblique drop rest
The rizo:ne hardware, with guillotine cable cutters
sstalied was attachesd to the trodley on the overhead
cable and 1o the eve bolts attached to the trunnions on
the ‘- 7rom portion of the cask body. The unit was
oriented by means of a turnbuckle in one of the ngging
Unes The rientation was measured with anainchnom

vter and adjusted to obhtaim a 629 angle on the body
and a ©.°25 angle on the lower impact himater (Fiy

ure v.1)

6.1 Chilling

Thermocouples were at’ . hed to the cask to re
ot the temperature of the nodel while the as<embly
was chilled for the test The instrumientation cables

were attached to the teommal strips and secured taa
trunnon. The cooling shroud was positioned aronind
the model o« <hown in Figures 62 and 23,
The thermocouples were routed through the wall of
the cooling shroud and attached tooa temperatire
recorder The anstramentation cables and nigging
cables were routed through the top of the shroud and
all openings were ~caled with Cerahlanket The
shrowd was connected to a controller, which was con.
nected toa supply of hquid CO - The controller was
set ot 10 F 1o chill the model overnight to the
required temperature

Ihe supph of hquid €O, was disconnected the
following mornimg at abont 10010 am. to allow the

cask 1o warm while inside the cooling <hroud from
40°F to a temperature between
tor the obhigque drop test

25°F and  20°F

Figure 6-1. Inclinometer Reading for Cask Body Before 30-ft Oblique Drop Test

hy



Figure 6-2. Positioning of Cooling Shroud Around Model

6.2 Oblique Drop Test
Procedure

The stadia boards were positioned, documentary
photographs were taken, and the test procedure steps
were verified and signed. After the data acquisition
checkout was completed, the cooling shroud was
removed (Figure 6-4). Figure 6-5 shows the model
rigged for the 30-ft oblique drop test. The thermo-
couples were removed and the assembly hoisted to the
30-ft drop height in final preparation for the test
(Figure 6-6).

Approximately 19 min after the unit had been
removed from the cooling shroud, or 9 min after the
thermocouples had been removed at the test site. the
guillotine cable cutters were actuated, and the model
free fell to the impact target. Figure 6-7 shows the
actual 30-ft oblique drop test. Figure 6-8 shows the
orientation of the model for the 30-ft oblique drop
test.

A least-squares fit to the heat-up temperature
data for the cask bodv thermocouple using Eq (1)
resulted in a 7,,, of 18.5 hr. The thermal model de-
scribed in Section 5.6 was run to predict the model
temperatures at the time the oblique drop test was
conducted. Surface boundary conditions were deter-
mined by using a heat-up 7., of 5.2 hr before the
model was placed in the cooling shroud, a cool-down
Figure 6-3. Model Installed in Cooling Shroud 7., of 6.1 hr for forced convective cooling in the

‘.W.,.W,,,,u
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shroud, and a heat-up r,,, of 18.5 hr while the model was outside the shroud and exposed to the sun. The

was inside the shroud after the coolant was discon ambient temperature was ~75°F. Calculated model
nected. A higher heat-up r,, of 4.0 hr was conserva- temperatures ranged from —26°F near the model
tively assumed for the 19-min period while the model center to —19°F on the surface

Figure 6-5. NuPac 125-B Model Rigged for the 30-ft Figure 6-6. NuPac 125-B Mode!l Elevated to 30 ft Before
Oblique Drop Test the 30-ft Oblique Drop Test
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Figure 6-7. Sequential Photographs of the 30-ft Oblique Drop Test

Figure 6-7. (continued)



Figure 6-7. (continued)

Figure 6-7. (continued)
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Figure 6-7. (continued)

Figure 6-7. (continued)



Figure 6-7. (concluded)

. /\\ BOTTOM OVERPACK

e\ ACCELEROMETER
\ U\ % BLOCK

TRUNNION

- N TOP OVERPACK

DROP PAD

Figure 6-8. Orientation of Model tor 30 ft Obhique Drop
Test <tadia board 1s behind model)



6.3 Photometrics Data

Photographs were made from one of the ~400-
fps, high-speed, 16-mm cameras covering the test. The
frame rate of the camera was determined by viewing
the film, locating the frame at which impact occurred,
and counting the frames with respect to the timing
marks on the film. The frame rate for the camera was
determined to be 390 fps. NuPac used 8Xx10-in.
enlargements to measure total overpack crush.

6.4 Visual Observations

Figures 6-9 through 6-11 show the results of the
test. The body of the cask appeared not to have been
affected. The top impact limiter was deformed (Fig-
ures 6-10 and 6-11), and the weld around the bore
diameter partially failed. The surface of the impact

limiter adjacent to the bore was deformed; however,
there was no visible sign of exposed foam. Two bolts
attaching the bottom overpack to the cask had failed.
They were on the opposite end of the cask from the
impact end.

6.5 Data Acquisition System
Information

Accelerometer and strain gage data from the 30-ft
oblique drop test are contained in Appendix C1. The
data were filtered at 1000 Hz. Fast Fourier transforms
of the unfiltered data (presented in Appendix C2) give
the frequency response of the model.

The consistency and validity of the data are evalu-
ated in Chapter 14.

Figure 6-9. NuPac 125-B Quarter Scale Model Immediately After the 30-ft Oblique

Drop Test
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Figure 6-10. Deformation of Top Overpack After 30-ft Oblique Drop Test

Figure 6-11. Measurement of Deformation Angle of Top Overpack After 30-ft
Oblique Drop Test
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7. Intermediate Post-Test Examination

7.1 Heating

After the oblique drop test was completed, the
assembly was positioned on the transport skid, re-
turned to the laboratory, and covered with a plastic
tent. A heat controller set at 100°F was connected to
warm the cask to ~80°F.

7.2 Removal of Overpacks

The model was lifted from the transport skid. The
overpacks were removed from the cask body by re-
moving the bolts attaching them to the cask and
sliding the overpacks horizontally from the ends of the
cask (Figure 7-1).

7.3 Leak Testing of Outer
Vessel

The test assembly was enclosed in a plastic bag
envelope. After the leak test hardware was attached to
the vent port on the lid, the outer vessel cavity was
evacuated, which was a very slow process. Verification
of the outer vessel cavity leak rate was deferred to the
final post-test examination.

After the plastic bag envelope was removed from
the outer vessel assembly, the leak test hardware was
transferred from the vent port to the test port on the
lid. The space between the O-rings on the outer vessel
lid was evacuated to the standard operating pressure
for the leak detector. The outer vessel cavity was
evacuated and pressurized with helium. The leak de-
tector was monitored, and the reading was recorded
after it stabilized. The helium leak rate for the pair of
outer vessel O-rings was 4.5X 1077 cm?/s.

7.4 Removal of Outer Vessel Lid

The lid bolt torques were checked, and all were
unchanged within +2 ft-lb. The lid bolts and vent
plug on the lid of the cask were removed and eye bolts
installed for removal of the lid. Lifting slings were
attached to the eye bolts, and the lid was removed
with a forklift. The O-rings and sealing surface of the
outer vessel lid were visually examined. The outer-
most or upper O-ring had been cut all around, and a
small amount of the outer surface had been removed
and pushed up (Figure 7-2). The inner (lower) O-ring
was intact. The sealing surface on the outer vessel was

Figure 7-1. Removal of the Overpacks
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scratched. which ocourred cither on anstallation or Phe arientation ot the Ifting holes and vent port ol
removal of the hid the inner vessel id with respect to the alignmeent prin-

Figures 7 3 i 7.4 show the inner vessel insde tor the outer vessel hd show very hitthe of any change
the outer vessel after removal of the outer vessel hd trom the amtial orentation (Fyoure 2 11

Figure 7-2. Condition of the Outer Vessel Closure During Intermediate Post-Test
Examination

Figure 7-3. Cask Assembly After Removal of Outer Vessel Lid During Intermediate
Post-Test Inspection
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Figure 7-4. Close-up of Cask Assembly After Removal of Outer Vessel Lid During

Intermediate Post-Test Inspection

7.5 Removal of Inner Vessel

Eye bolts were attached to the lid of the inner
vessel, and the lifting slings were attached to the eye
bolts and forklift. To prevent scraping the sides of the
two vessels, the inner vessel was pulled vertically from
the cask and guided as it rose. When the inner vessel
neared the top of the cask, the lifting rate of the
forklift was decreased to prevent the inner vessel from
swinging against the sealing surface of the cask. After
the inner vessel cleared the top of the cask, the forklift
was backed up, and the inner vessel was lowered in the
vertical position. The slings and eye bolts were then
removed from the lid of the inner vessel.

7.6 Leak Testing of Inner Vessel

After the leak test hardware was attached to the
vent port on the lid, the inner vessel cavity was
evacuated, which was also a very slow process. Verifi-
cation of the inner vessel cavity leak rate was deferred
to the final post-test examination.

The leak test hardware was removed from the
vent port and attached to the test port on the lid. The
space between the O-rings on the inner vessel lid was
evacuated to the standard operating pressure for the
leak detector. The inner vessel cavity was evacuated
and pressurized with helium. The leak detector was
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monitored, and the reading was recorded after it
stabilized. The helium leak rate for the pair of inner
vessel O-rings was 1.1 <107 cm®/s.

7.7 Removal of Inner Vessel Lid

When the lid bolt torques were checked, those for
adjacent bolts 20 and 23 were found to be lower than
their pre-test values. The number of turns to return
the torques of those bolts to 28 in.-1b was measured to
be 1/4 turn and 1/8 turn, respectively (see Section
14.3.2 for further discussion).

Figure 7-5 shows a sketch of the numbering
scheme for the inner vessel lid bolts and the cask
coordinate system. Bolts 20 and 23 were located on the
impact side of the model for the oblique drop test and
for the secondary impact in the bottom end drop test.

The lid bolts and vent plug on the lid of the cask
were removed and eve bolts installed for removal of
the lid. Lifting slings were attached to the eve bolts,
and the lid was removed with a forklift (Figure 7-6).
When the O-rings and sealing surface were visually
examined, the O-rings were found to be intact. How-
ever, the sealing surface on the inner vessel was
scratched, which occurred either on installation or
removal of the lid.



Figure 7-5. Sketoh of Inner Vessel Lad Boits Wath Tighten
ing Order

Figure 7-6. Removal of Inner Vessel Lid During Intermediate Post-Test
FExamination



7.8 Removal of Upper Internal
Impact Limiters

The orientations of the upper internal impact
limiters were documented and are shown in Figure 7-7
and Table 7-1. Eye bolts were installed in the tapped

holes in the upper impact limiters, and each impact
limiter was lifted out by hand (Figure 7-8). The condi-
tion of each of the upper internal impact limiters is
shown in Figures 7-9 through 7-15. The deformations

are described in Table 7-1.

Figure 7-7. Orientations of Upper Internal Impact Limiters After the 30-ft Oblique

Drop Test

Figure 7-8. Upper Internal Impact Limiter Being Removed From Inner Vessel



Figure 7-9. Condition of Upper Internal Impact Limiter Figure 7-10. Condition of Upper Internal Impact Limiter
“A” After 30-ft Oblique Drop Test “B” After 30-ft Oblique Drop Test

Figure 7-11. Condition of Upper Internal Impact Limiter Figure 7-12. Condition of Upper Internal Impact Limiter
“C” After 30-ft Oblique Drop Test “D” After 30-ft Oblique Drop Test



Figure 7-13. Condition of Upper Internal Impact Limiter Figure 7-14. Cond.ition of Upper Internal Impact Limiter
“E” After 30-ft Oblique Drop Test “F” After 30-ft Oblique Drop Test

Figure 7-15. Condition of Upper Internal Impact Limiter
“G” After 30-ft Oblique Drop Test
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Table 7-1. Rotations and Deformations of Upper Internal
impact Limiters After 30-ft Oblique Drop Test

Deformation ~:i/4 in. up from
the bottom, ~3/4 around

Rippled skin ~3/4 around, all
Large ripples ~3/4 around, all

Deformation ~1/2X3/4-in.
band; skin was pulled away
~3/4 in. down over the bottom

Skin was pushed under adhe-
sive joint and rippled all
around; major deformation
~1/2 to 3/4 in. up from the

Large ripples all around, all
the way up, ~1/2 in. from the

Impact
Limiter Rotation Deformatiop
A ~30° clockwise
B ~5° counterclockwise
the way up the sides
C ~58° counterclockwise
the way up the sides
D ~10° clockwise
E ~5° clockwise
bottom
F ~30° clockwise
bottom
G ~30° clockwise

Very large ripples all around

7.9 Removal of Canisters

The orientations of the canisters were docu-
mented and are shown in Figure 7-16 and Table 7-2.
Eye bolts were installed in the tapped holes, and each
canister was lifted out by hand. The canisters ap-
peared intact and unaffected by the tests.

Table 7-2. Orientations of Canisters After
30-ft Oblique Drop Test

Orientation

No rotation

No rotation

2° - 3° clockwise

3° - 4° clockwise
~25° counterclockwise
~26° counterclockwise
~15° clockwise

Canister

Omumoom>»

7.10 Removal of Lower Internal

Impact Limiters

During the dynamic tests, the honeycomb had
been pushed through the 1/2-13 UNC holes drilled
and tapped through the top of the impact limiters. As
a result, removal of the individual impact limiters was
difficult. It was, however, accomplished by attaching a
tap to the end of a tube and reaching down into each of
the cavities until the tap stuck into the impact limiter.
The honeycomb was tapped, and the impact limiter
was lifted out of the vessel by slowly raising the tube.
The condition of each of the lower internal impact
limiters is shown in Figures 7-17 through 7-23.

7.11 Inspection

The intermediate inspection of the assembly was
completed by personnel from the Mechanical Mea-
surements Division at Sandia National Laboratories
who had performed the initial inspection. The mea-
surements were taken from the locations previously
marked and used to determine the probable measure-
ment inaccuracy (PMI) (Appendix A).
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Figure 7-16. Orientations of Canisters After 30-ft Oblique Drop Test

Figure 7-17. Condition of Lower Internal Impact Limiter “A” After 30-ft
Oblique Drop Test



Figure 7-18. Condition of Lower Internal Impact Limiter “B” After 30-ft
Oblique Drop Test

Figure 7-19. Condition of Lower Internal Impact Limiter “C" After 30-ft
Oblique Drop Test

i
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Figure 7-20. Condition of Lower Internal Impact Limiter “D” After 30-ft
Oblique Drop Test

Figure 7-21. Condition of Lower Internal Impact Limiter “E” After 30-ft
Oblique Drop Test



Figure 7-22. Condition of Lower Internal Impact Limiter “F" After 30-ft
Oblique Drop Test

Figure 7-23. Condition of Lower Internal Impact Limiter “G" After 30-ft
Oblique Drop Test



7.11.1 Intermediate Inspection of Cask

Body

The measurements of the cask bore diameter
showed no differences outside the PMI. The differ-
ences data for straightness measurements did show
several changes in the cask bore. Differences greater
than the PMI of +0.005 in. are listed in Table 7-3.

Table 7-3. Differences Data (in.) for Cask
Bore Straightness for the Intermediate
Post-Test Inspection

Tangential Longitudinal Location Orientation
Location Lt L2 L3 L4 L5 )
D1 * *x 40.006 * * 270
D2 * oo * * =006 316
D3 * * * * * 0
D4 * ok *  —0.006 —0.007 45
D5 * X *  —0.006 —0.011 90
D6 * * * * * 135
D7 * * * * * 180
D8 * * * * * 225

Notes: *Measurement within PMI of +0.005 in.
Difference measurement = initial measurement
minus current measurement. The sign has been ad-
justed to be positive for a change away from the
center and negative for a change toward the center.

7.11.2
Vessel

There were no measured differences exceeding the
PMI for either the diameter or the straightness of the
inner vessel exterior. None of the diametrical or
straightness measurements for the inner vessel tube
bores differed significantly from their original
measurements.

Intermediate Inspection of Inner

7.11.3 Intermediate Inspection of
Canisters

There were several diametrical measurements of
the canisters that exceeded the PMI of +0.002 in.
These are shown in Table 7-4.
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Table 7-4. Differences Data (in.) for
Canister Diameters for the Intermediate
Post-Test Inspection

Longitudinal Location

Tangential

Location L1 L2 L3 L4 L5
D2e * * * +0.003 +0.005
D2g *  4+0.003 +0.004 +0.003 *

Notes: *Measurement within PMI of +0.002 in.

Difference measurement = initial measurement
minus current measurement. The sign has been
adjusted to be positive for a change radially outward
and negative for a change radially inward.

Significant differences in straightness of the can-
isters are listed in Table 7-5. The large difference
measurements for D2a appear to have been the result
of a svstematic sign error for either the initial or
intermediate straightness measurements at that loca-
tion. This hypothesis was verified at the final post-test
inspection (see Section 12.11.3).

Table 7-5. Differences Data (in.) for
Canister Straightness for the Intermediate
Post-Test Inspection

Tangential Longitudinal Location

Location L1 L2 L3 L4 L5
D2a —0.0190 —0.0235 —0.0245 —0.0285 —0.0160
D2g * * * +0.003 *

Notes: *Measurement within PMI of +0.002 in.

Difference measurement = initial measurement
minus current measurement. The sign has been
adjusted to be positive for a change away from the
center and negative for a change toward the center.




7.11.4 intermediate inspection of Cask

Lid. Cask Bottom, and inner Vessel Lid
There were noe Jdiference measurements exceeding

the PMEof £ 000210 for the cask lid, cask bottom, or

11,
o T NEeSsC it

7.11.5 Intermediate Inspection of
internal impact Limiters

The lengths ! the upper and lower internal o
pact liniters were measurend The amount ot crush ot
each impact limiter «~ gxiven in Table 7 6 10r the lower
internal mpact imaters and in Table 7-7 for the vpper
internal impact nnitors

—— T

Tabie 7-6. Amount of Crush (in.) for the
Lower Internal Impact Limiters for the
Intermediate Post-Test Inspection

Impact ~ Tangental Location

Limiter “wljl___w .2 [ 14
A L 0.4m 1004 Dot
B 0.555 0 558 v 00
C 0,504 0.495 IR 0 50N
I 0«72 0.=x2 0ulh Q1
E 1239 1.244 1232 [RES
F 70l 0713 T1Y G
G 0.5 7 0.768 LA 0.7

Yo Mol rement within PMI of <00l in

Table 7-7. Amount of Crush (in.) for the
Upper Internal Impact Limiters for the
Intermediate Post-Test Inspection

Fangential Location

eopaet
lamiter 1.1 1.2 .4 1.4
A [IRLUAY 00K U.%) 1.020
B [RX}) K AR . 1R
¢ EELTH . * 0.003
D TR 0077 0070 0.o7TH
0237 0,01 (LR 0230
0007 00K} o7 0,069
G 1005 00t 001 nola

*Measurement within PMI ot » 0002 1

Nl



8. Intermediate

8.1 Removal of Entran
Accelerometers From Outer
Vessel

The accelerometers installed for the initial drop
tests were removed to prevent damage during inspec-
tion and to be calibrated for the tests conducted at
ambient temperatures.

8.2 Characteristics of Endevco
Accelerometers

Undamped Endevco accelerometers were added
to the instrumentation installed on the model to
obtain elastic body response in addition to the rigid
body response measured by the Entran accelerom-
eters (described in Section 4.1). The characteristics of
the Endevco accelerometers are listed in Table 8-1.

Table 8-1. Characteristics of Endevco
Accelerometers

Type Piezoresistive
Model No. 2264A-5KR
Range +5000 g’s
Over-range +10000 g’s
Recommended Excitation 10.0 Vdc

Temperature Range 0°F to +150°F

8.3 Intermediate Calibration of
Accelerometers
8.3.1 Entran Accelerometers

The Entran accelerometers used for the initial
drop tests were calibrated on a centrifuge at ambient
temperature as shown in Figures 8-1 and 8-2. Mea-
sured sensitivities are given in Table 8-2.

8.3.2 Endevco Accelerometers
The three Endevco accelerometers added to the
model for the side drop test were calibrated as

described in Section 8.3.1. Measured sensitivities are
given in Table 8-3.
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Instrumentation

Table 8-2. Sensitivities of Entran
Accelerometers at Ambient Temperature
(Model EGAXT-F-1000)

Intermediate Calibration

Serial Number Sensitivity (mV/V/g)

21N50-A11-11 0.0172973
21N50-A12-12 0.0159721
21N50-A13-13 0.0180970
21N50-A14-14 0.0178023
21N50-A15-15 0.0182961
21N50-A16-16 0.0183473
21N50-A17-17 0.0182097
21N50-A18-18 0.0186624
21N50-A21-21 0.0185984
21N50-A22-22 0.0142827

Note: Calibration performed on a centrifuge at 15-\ excita-
tion. Accuracy of sensitivity measurement is esti-
mated at £3% to 4.

Table 8-3. Sensitivities of Endevco
Accelerometers at Ambient Temperature
(Model 2264-5KR)

Serial Intermediate Calibration
Number Sensitivity (mV/V/g)
BNO09B 0.0090163
BN17B 0.0106626
BK76B 0.0098656

Note: Calibration performed on a centrifuge at 10-V excita-
tion. Accuracy of sensitivity measurement is estl-
mated at 3 to4'..




Figure 8-1. Centrifuge Used for Accelerometer Calibration
at Ambient Temperature

Figure 8-2. Mounting of an Accelerometer for Calibration in the Centrifuge
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8.4 Intermediate Installation of
Accelerometers

The Entran accelerometers were installed on the
model as specified by DT-04 and shown in Figure 2-
12. Because the Endevco accelerometers required two
4-40 UNC cap screws for mounting, two 4-40 UNC
holes were drilled and tapped into the accelerometer
mounting blocks opposite accelerometers A2, A5, and
A8. The Instrumentation Installation Procedure was
revised, and the accelerometers were installed. Table
8-4 lists the location of each accelerometer at the
intermediate installation.
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Table 8-4. Intermediate Installation
Location of Accelerometers on Model

Accelerometer Accelerometer
Location Serial Number

AZ1 21N50-Al11-11
AX2 21N50-A21-21
AY3 21N50-A15-15
AZ4 21N50-A16-16
AX5 21N50-A18-18
AY6 21N50-A12-12*
AZ7 21N50-A14-14*
AX8 21N50-A17-17
AX9 BNO0YB
AX10 BN17B
AX11 BK76B

*These accelerometers replace the ones used tor the 30-ft

bottom end and oblique drop tests. The recalibration of the
original accelerometers (21N50-A13-13 and 21N50-A929.
22) showed unacceptable responses.




9. 30-ft Side Drop Test

9.1 Assembly of Inner Vessel

The inner vossel was positioned vertically and
deaned internaliy w thrags dampened with methanol.
Care was taken not 1o remove anv nuarks used tor the
sspection privess. The lewer internal impact hmiters
were i« cleaned with rag~ dampened with methanol.
Reva .~ the honeycimb was deformed. each lower
internal impact limiter had t.. be pushed downint. its
orrespn-ading cell with a tube

The canisters and apperanternal impact hnaters
we s cheanvd with rags dampened with methanol Fe
bo -~ were installed in the tapped hoeles in the canis
te-~ in2 upper internal impact limiter~ and cach was
iowered 10t 1ts cell. Each component was returned to

*-"nkd AT

The - ratches on the ~ealing surface ot the inner
ve~e] and the ~cratches and goeuges arcund the O ning
:moves on the inner vessel hd were <anded. The
intes: - surtace ol the inner ves-ci lid, the O ning
it ~ves on the inner vessel Tid, and the O rings were
ther onv cleaned with Kimwipes dampened with
methanol. The O.rings were then orvased with \pre
20r. vacyum grease and instutled in the croones Ater
the «zaling - .r1a 0 ot the inner vessel was gressed with
Apiezon, the lid wa~ positioned coer the alignment
pins and <lowly wered until the lower Chring rested
on cop of the tapered region of the <eding <urtace
bo-- The lid a4~ then t..ri ed down inte position, and
the '».its «.r installed and torgued to 2=~ in-lh

9.2 Leak Testing of Inner Vessel

Artér the . ym mass spectrometer ieak detector
was zer ! and - acitrated aunrding to the manu-
tirers apstractions and vented, hardware was
sttached ¢ r leak testing the (). ring ~cal~ <! the inner
veasel lid.

Tre leai te-t hardware was attached to the te
- o onthe lid, and the <pace between the () rings was
evacuated ' the standard operating pre-can tor the
leak detsctir The irirnp wrased CavIty Wie ¢vAC Ao
and ;. rssurized with helium. The Jeak ot ctor was
mon: ot and the reading was reconded after it
satinlized Thire wia- no detectable helium leak rate
for the par of inner ve- el O nings to o sensitinaty ol
L6210 7 eme.

V.
-

9.3 Assembly of Outer Vessel

T'he cuter vessel was positioned vertically. It
interior surtace was only vacuumed out and wiped
down with dry rags because cleaning solvents could
remove the inspection markings. The extenior surtace
of the inner vessel was caretully cleaned with rag-
dampened  with methanol After eve bolts were
Attached to the Tid of the inner vessel. the inner vessel
was litted over the outer vessel, lowered ito the outer
vessel, and rotated to ensure proper alignment.

The scratehes on the ~ealing surface of the vater
ve~~c-l und the ~cratches and gouges around the O ring
urooves on the outer vessel lid were ~anded  The
ntertor surtace of the outer vessel lid, the O ring
grooves on the cuter vessel id, and the O-ring~ were
thoreughly cleaned with Kimwipes dampened with
methanol. The O rings were then greased with Apie-
con vacuum grease and installed in the grooves After
the sealing surtace of the outer vessel was vreased with
Aprezon, the hid was positioned over the alignment
pins and slowly lowered until the lower O-ring rested
on top ot the tapered region of the sealing surface
bore The lid was then forced down into position, and
the bolts were installed and torqued 1o 20 ft-1b.

9.4 Leak Testing of Outer
Vessel

Atter the helium mass spectrometer leak detector
was seroed and calibrated according to the manu-
facturer’s instructions and vented. hardware was
attached for leak testing the O-ring seals ol the outer
ves~el hd.

I'he leak te<t hardware was attached to the test
port on the lid, .nd the <pace between the O rings was
evacuated to the ~tandard operating pressure tor the
leak detector The outer vessel (‘ﬂ\"it)’ was evacuated
and pressurized with helium. The leak detector was
monttored. and the reading was recorded after it
abibized There was no detectable helium leak rate
tar the pair of outer vessel O rmgs to a sensnivity ol

eT e o Memts



9.5 Assembly of Overpacks

The lower overpack was positioned with the cavity
for the cask outer vessel facing up. The cask was lifted
and positioned over the overpack, which was rotated
to assure proper alignment. Then the cask was low-
ered into position (Figure 9-1), and the overpack bolts
were installed and torqued to 70 in.-1b.

The upper overpack was positioned on a forklift
with the cavity for the cask outer vessel facing down.
The overpack was lifted, positioned over the cask, and
rotated to assure proper alignment. It was then low-
ered into position (Figure 9-2), and the overpack bolts
were installed and torqued to 70 in.-lb.

Figure 9-1. Model Being Lowered Into Overpack
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Figure 9-2. Installation of the Upper Overpack

9.6 Side Drop Test Procedure

The assembly was placed on a truck and trans-
ported to the drop test facility, where it was unloaded
and placed on the unyielding target.

The rigging hardware, with guillotine cable cut-
ters installed, was attached to the trolley on the
overhead cable and to the eve bolts attached to the
trunnions on the sides of the cask body. The unit was
leveled by means of a turnbuckle in one of the rigging
lines.

The instrumentation cables were attached to the
terminal strips and secured to a trunnion. The stadia
boards were positioned, documentary photographs



were taken. and the test procedure steps were veritied
and ~izned Figure 9.3 shows the model rigged for the
30-ft <ide drop tests After the data acquasition check

out was completed, the assembly was hoisted 1o the
W ft drop height in final preparation tor the test
Figure 9-4).

After all of the test procedure steps were ventied
and, signed. the guillotine cable cutters were actuated,
and the model free fell to the impact target. The actual
30-ft side drop test and the vrientation ot the model
for the test are ~h.wn in Figures 9.5 and 9.8,

respectively

9.7 Photometrics Data

Photographs were made from one of the ~_ o0
‘i~ high-speed. 16-mm cameras covering the test The
frame rate of the camera was determined by viewing
the film. locating the tr.ime at which impact occurred,
and counting the frames near the impact frame with
rexpect to the timing marks on the film he trume
rate {ur the camera wa~ determined to be 19378 1 tps
NuPac used 3X }1-in. enlargements of these photo-
graphs to determine totul caerpack crush

9.8 Visual Observations

Figures 9 7 through 0 14 show the results of the
test The body of the cask appeared not to have been
atfected Fipures 07 and 9 X chow the basn comdition
ot the model atter the test The lower overpack shell
was torn (Fprure 9 and the lower overpack was
tlattened or compressed tFuures 9 1oand 9 11 The
upper overpack was defornied tFypares c 12and 9 10,
and the weld around the toam tOlling hole patch par
tially tailed (Figure 9-14).

9.9 Data Acquisition System
Information

Avcelerometer and straan gage data from the 30-1t
stde drop te~tare contaned in Appendin D1 The data
were Niltered ot 1000 Hz, The fast Fourter transforms
of the unfiltered data (presented in Appendix D2) give
the frequency response of the model.

The consistency and validity of the data are evalu-
ated n Chapter 14

Figure 9-3. Model Rigged for 30-ft Side Drop Test
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Figure 9-4. NuPac 125-B Model Elevated to 30 ft Before
the 30-ft Side Drop Test

Figure 9-5. Sequential Photographs of the 30-ft Side Drop Test



Figure 9-5. (continued)

Figure 9-5. (continued)
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Figure 9-5. (continued)

Figure 9-5. (concluded)
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ACCELEROMETER BLOCK
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Figure 9-6. Oirientation of Model for S0 ft Side Drop Test
tstadia beard i~ behind model

Figure 9-7. Basic Condition of Model After 30-ft Side Drop Test
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Figure 9-8. Visual Inspection of Model After 30-ft Side Drop Test

Figure 9-9. Tear in Lower Overpack Shell After 30-ft Side Drop Test



Figure 9-10. Deformation of Lower Overpack After 30-ft
Side Drop Test: End View

Figure 9-11. Deformation of Lower Overpack After 30-ft Side Drop Test: Side
View



Figure 9-12. Deformation of Upper Overpack After 30-ft
Side Drop Test: End View. (Upper part of deformation was
caused by 30-ft oblique drop test.)

s/i_gl"e 9-13. Deformation of Upper Overpack After 30-ft Side Drop Test: Side
iew



Figure 9-14. Failure of the Weld Around the Foam Filling Hole Patch After 30-ft
Side Drop Test



10. 40-in. Side Puncture Test

10.1 Puncture Bar

A mild steel puncture bar was fabricated, instru-
mented, and calibrated for the test (Figure 10-1).
Characteristics of the puncture bar are listed in
Table 10-1.

Table 10-1. Characteristics of Puncture
Bar for Side Puncture Test
Material SAE 1018
Hardness 92.5-93.0 Ry
55.9-57.00 R,
Upper Radius 0.06 in.
Diameter 1.50 1n.
Length 9.0 in.

General-purpose, mild-steel, compensated biaxial
strain gages, with fully encapsulated grids and
exposed copper-coated integral solder tabs, were
installed on the puncture bar for the dynamic force
analysis. Characteristics of these strain gages are
listed in Table 10-2.

Table 10-2. Characteristics of Micro-
Measurements Strain Gages Used on
Puncture Bar for Side Puncture Test

Gage Type CEA-06-125UT-350
Strain Range +5%

Temperature Range —100°F to +400°F

Figure 10-1. Puncture Bar for 40-in. Side Puncture Test
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10.2 Side Puncture Test
Procedure

The ngeing hardware, with gutllotine cable cut
ter~ installed, was attached to the trolley on the
overhead cable and to the eve bolts attached to the
stdes ! the cask body The unit was

trunnions on the

leveled by means of a turnbuckle in one of the nggimg
line~

The 9.1n puncture bar was positioned on the
umvielding taruet Pancture bar location and distance
iron the cask to the top of the puncture har were
venified  Figure 1020 After the punotare bar hase
plate » i~ welded 1o the target. instrumentation cahles
were attached to the ferminal strips on the puncture
Tat N piate

The -oetrumentation cables were atta bed to the

.

winal ~07ps on the cask and ~ecured 1o 4 trunnion
The «tadia hoards were positionod documentary pho
tographs were taken and the test procedure <top.
avee ver oot and sgned. Figure 1023 chows the modeld
cgoet tor the 4uan. wide puncture test

Ater the test provedure <teps were venified and

et the guillotine cable cutters were actuated. and

the model ‘ree teil anto the punctare bar. The actaal
t 0 sde puncture test and cnentation of the mosdel

for the *+~ are shown in Figures 10-4 and 105,
respectively

i e

Figure 10-2. Verification of Puncture Bar Location and
Distance From Model for 40-in. Side Puncture Test

Figure 10-3. NuPac 125-B Model Before 40-in. Side Puncture Test
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Figure 10-4. Sequential Photographs of the 40-in. Side Puncture Test

Figure 10-4. (continued)



Figure 10-4. (continued)

Figure 10-4. (concluded)

9



ACCELEROMETER BLOCK

TOP OVERPACK Tauylon X+(0%)
= [ BOTTOM
@/ z - OVERPACK
y'(90°)
|
40inA
PUNCTURE BAR

~DROP PAD

Figure 10-5. Orientation of Model for 40-in. Side Puncture
Test (stadia board is behind model)

10.3 Photometrics Data

Photographs were made from one of the ~2000-
fps, high-speed, 16-mm cameras covering the test. The
frame rate of the camera was determined by viewing
the film, locating the frame at which impact occurred,
and counting the frames near the impact frame with
respect to the timing marks on the film. The frame
rate for the camera was determined to be 1900 fps.

10.4 Visual Observations

Figures 10-6 through 10-9 show the results of the
test. The body of the cask was indented in the area of
the puncture bar impact. Figures 10-7 and 10-8 show
the width and depth of the deformed area. Figure 10-9
shows the deformation of the puncture bar caused by
the test.

The thermal shield was torn near the area
deformed by the puncture bar. The tear extended
~1/4 of the distance around the circumference of the
indentation, on the closure end of the cask. The
thermal shield also had a crack about 1/4 in. long,
perpendicular to the tear and ~1/8 of the distance
around the circumference of the indentation.

Figure 10-6. Condition of the Model After the 40-in. Side Puncture Test
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Figure 10-7. Width of Deformation From 40-in. Side Puncture Test

Figure 10-8. Depth of Deformation From 40-in. Side Puncture Test
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Figure 10-9. Deformation of the Puncture Bar After the 40-
in. Side Puncture Test: Front View
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10.5 Data Acquisition System
Information

Accelerometer and strain gage data from the
40-in. side puncture test are contained in Appendix
El. The data were filtered at 1000 Hz. The fast
Fourier transforms of the unfiltered data (presented
in Appendix E2) give the frequency response of the
model. Data from the strain gages located on the
puncture bar are not presented. The signal saturated
the instrumentation because the instrumentation cali-
bration level used was much lower than the signal.

The consistency and validity of the data are evalu-
ated in Chapter 14.



11. 40-in. Closure

11.1 Puncture Bar

A mild ~teel punctire har was tabricated, instru
mented. and calibrated tor the test as shownn Figure
11-1. Characteristics of the puncture har are listed in

Table 11-1

Table 11-1. Characteristics of Puncture
Bar for Closure End Puncture Test

Matenal AR oS
Hastoess 2o Ry

SRYHTOR,
Upper Radiii- 0% 1n
rameter 1 50 an.
Length

11 0an

End Puncture Test

General purpose. mild <stech compensated haxaal
tatlh
Copper voated

stramn pages, with cncapsulated  prids and

exposed mtevral solder tibs, were

installed on the puncture bar tor the dynamic torce
analvears Charactensties ot these

histed i Table 11-2

~Tran  gZages are

Table 11-2. Characteristics of Micro-
Measurements Strain Gages Used on
Puncture Bar for Closure End Puncture
Test

G Type CEA 06 1250712350

Strion Range + 5%

foo b oo« 400°F

l'emperature Range

Figure 11-1. Punciare Bar for 400in Closure End Puncture Test
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11.2 Closure End Puncture Test

Procedure

The rigging hardware, with guillotine cable cut-
ters installed, was attached to the trolley on the
overhead cable and to the eye bolts attached to the
trunnions on the bottom end of the cask body. The
unit was leveled by means of a turnbuckle in one of the
rigging lines.

The 11-in. puncture bar was positioned on the
unyielding target. After the puncture bar base plate
was welded to the target, instrumentation cables were
attached to the terminal strips on the base plate.

The instrumentation cables were attached to the
terminal strips on the cask and secured to a trunnion.

E

i

Figure 11-2. NuPac 125-B Model Rigged for 40-in. Closure
End Puncture Test
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The stadia boards were positioned, documentary pho-
tographs taken, and the test procedure steps verified
and signed. Figure 11-2 shows the model rigged for the
40-in. closure end puncture test. The puncture bar
location and the distance from the cask to the top of
the puncture bar were verified (Figure 11-3). After the
data acquisition checkout was completed, the assem-
bly was hoisted to the 40-in. drop height in fina]
preparation for the test.

After the test procedure steps were verified and
signed, the guillotine cable cutters were actuated, and
the model free fell onto the puncture bar. The actual
40-in. closure end puncture test and the orientation of
the model for the test are shown in Figures 11-4 and
11-5, respectively.

Figure 11-3. Verification of Puncture Bar Location and
Distance From Model for 40-in. Closure End Puncture Test



Figure 11-4. Sequential Photographs of the 40-in. Closure End Puncture Test

Figure 11-4. (concluded)
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Figure 11-5. Orientation of Model for 40-in. Closure End
Puncture Test (stadia board is behind model)

11.3 Photometrics Data

Photometrics data were obtained for this test. No
photos from this footage were used, however, because
effects on the model were obscured by the overpack
during the puncture event.

11.4 Visual Observations

Figures 11-6 through 11-10 show the results of the
test. Figure 11-9 shows the deformed area of the
overpack, and Figure 11-10 shows the condition of the
puncture bar.

11.5 Data Acquisition System
Information

Accelerometer and strain gage data from the 40-
in. closure end puncture test are contained in Appen-
dix F1. Data from the strain gages on the puncture bar
(Gage Nos. F1 and F2) are given at the end of Appen-
dix F1. The data were filtered at 1000 Hz. The fast
Fourier transforms of the unfiltered data (presented
in Appendix F2) give the frequency response of the
model.

The consistency and validity of the data are evalu-
ated in Chapter 14.

Figure 11-6. Condition of the Model After the 40-in. Closure End Puncture Test
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Figure "',7' Close-up of the Model and Puncture Bar After the 40-in. Closure End
Puncture Test

Figure 11-8. Close-up of the Upper Overpac k and Puncture
Bar After Model Had Been Lifted Off the Bar Following the
40-in. Closure End Puncture Test
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Figure 11-9. Deformed Area of Upper Overpack After the 40-in. Closure End
Puncture Test

Figure 11-10. Deformation of the Puncture Bar After the 40-in. Closure End
Puncture Test: Front View
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12.

12.1 Removal of Overpacks

After the m~dct was hitted o1t the transport ~had,
the overpacks were removed from the cask body by
unfastening the beits attaching them to the cask and
< 4ng the overpacks horizontally trom the ends ot the
ok v aircuiar mark caused by the closure end pune
e test was visibic on the top overpach iFigure 12 10,
= acver the puncture bar had not penetrated
through the . erpack base plate Fuiure 12.2 <hows
the condition .-t the outer vessel id. \ mark made by
the punct.re bar i~ barciv visible between the 3- and
$4-in. ine~ on “he rule

12.2 Leak Testing of Outer
Vessel

The outer vessel containment boindary leak 1est
was delaved until the inspection marks oaid be
remc- 1 and the vessel thoroughiv cleaned

Final Post-Test Examination

\iter the teak test hardware was attached 10 1he
test porton the vuter vessol hid, the space hetween the
O rigs on the hid was evacnated to the ~tandard
operating pressure tor the leak detector The hid boh
torques were checked and all were at their pre test
Values The cnter vessel cavity was evacuated and
pressunized with helium  The leak detector was mom
tored. and the reading was recorded atter it <tabihized
Ihere was no detectable heliam leak rate tor the pair
of cater vessel O rings tao a sensitivity of 5.5 « 1001
cm’ s

The bolt< on the hid of the cask were removed The
space between the O rings on the outer ves-el lid
rens oned evacnated 1o the stundard operating pres
sure for the leak detector The leak detectar was
monttored, and the reading was recorded after it
stabnlized Foon with the hid bolt removed. there was
no detectable hellum leak rate 1ar the pair of outer

"

vessel Orings to a sensitinty o 11«10 “em <

Figure 12-1. Interior of Upper Overpack Showing Circular Mark Made by Puncture
Bar During 40-in. Closure End Puncture Test
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| Circular Mark

Made by
Puncture Bar

Figure 12-2. Condition of Outer Vessel Lid After 40-in. Closure End.Pur.)cture Test
(A mark made by the puncture bar is visible between the 3- and 4-in. lines on the

rule.)

12.3 Removal of Outer Vessel
Lid

Lifting slings were attached to the eye bolts, the
lid was removed with a forklift, and the O-rings and
sealing surface were visually examined. The outermost
or upper O-ring had been cut all around and a small
amount of its outer surface removed from the assem-
bly (Figure 12-3). However, the inner (lower) O-ring
was intact. The sealing surface on the outer vessel was
scratched.

12.4 Removal of Inner Vessel

Eye bolts were attached to the lid of the inner
vessel, and the lifting slings were attached to the eye
bolts and forklift. The inner vessel was pulled verti-
cally from the cask and guided as it rose to prevent
any scraping of the sides of the two vessels. When the
inner vessel neared the top of the cask, the lifting rate
of the forklift was decreased so that the inner vessel
would not swing against the sealing surface of the cask
wall as it cleared the internal bore of the cavity. After
the inner vessel cleared the top of the cask, the forklift
was backed up, and the inner vessel was lowered in the
vertical position. The slings and eye bolts were then
removed from the lid of the inner vessel.
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Figure 12-3. Outer Vessel Lid and Cut Portion of Upper
O-Ring



12.5 Leak Testing of Inner
Vessel

The inner vessel containment boundary leak test
was delayed until the inspection marks could be
removed and the vessel thoroughly cleaned

After the leak test hardware was attached to the
test port on the inner vessel lid, the space between the
O-rings on the lid was evacuated to the standard
operating pressure for the leak detector. However, the
background reading was 2000 divisions, which is quite
high. The inner vessel cavity was evacuated and pres-
surized with helium. The leak detector was monitored;
the reading remained at the high background level.
There was no detectable helium leak rate for the pair
of inner vessel O-rings to a sensitivity of 5.2x10 '
em'/s.

12.6 Removal of Inner Vessel
Lid

The lid bolt torques were checked, and all were at
their pre-test values. The bolts and vent plug on the
Iid of the cask were removed and eye bolts installed for
removal of the lid. Lifting slings were attached to the
eye bolts, the lid was removed with a forklift, and the
O-rings and sealing surface were visually examined
The O-rings were intact. Once again, the sealing sur-
face on the inner vessel was found to be scratched.

12.7 Removal of Upper Internal
Impact Limiters

The orientations of the upper internal impact
limiters were documented and are shown in Figure
12-4 and Table 12-1. After eye bolts were installed in
the tapped holes in the upper impact limiters, each
impact limiter was lifted out by hand. The cumulative
damage to the upper internal limiters is shown in
Figures 12-5 through 12-11.

Table 12-1. Final Orientations of Upper
Internal Impact Limiters

Impact Limiter Orientation
A ~5° clockwise
B ~5° counterclockwise
C ~5° clockwise
D ~2° counterclockwise
X ~10° clockwise
F ~2° clockwise
G ~10° counterclockwise

Figure 12-4. Orientation of Upper Internal Impact Limiters After 40-in. Closure
End Puncture Test
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Figure 12-5. Condition of Upper Internal Impact Limiter “A” After 40-in. Closure End
Puncture Test

Figure 12-6. Condition of Upper Internal Impact Limiter “B” After 40-in. Closure End
Puncture Test



B wire S A

Figure 12-7. Condition of Upper Internal Impact Limiter “C” After 40-in. Closure End
Puncture Test

Figure 12-8. Condition of Upper Internal Impact Limiter “D” After 40-in. Closure End
Puncture Test
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Figure 12-9. Condition of Upper Internal Impact Limiter “E” After 40-in. Closure End
Puncture Test

Figure 12-10. Condition of Upper Internal Impact Limiter “F” After 40-in. Closure End
Puncture Test
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Figure 12-11. Condition of U Internal Limiter “G” After 40-i
: o pper Impact 40-in. Closure End

12.8 Removal of Canisters

The rontations of the camislers were dewus
mented and are ~hown in Tahie 122 Atter eve holts
a-r- - .talled in the !ﬂpped holes, cach canister was
lifted out *+ hard The «.atiter- appeared intact and

malfevted by the tests

Table 12-2. Final Orientations of

Canisters

Cant-tor Orientation
A ~10° counterclockwise
B ~3° clickwise
f ~3° counterclo kwise
D ~10° clockwi-
13 ~120% i kwise
¥ ~100°% ¢loe kwise
6 ~90° clockwise

12.9 Removal of Lower Internal
Impact Limiters

Removal of the mdividual impact linaters was
accomphshed by attaching o tap to the end of a tube
and reaching down into each of the cavities until the
tap ~tuck mtecthe impact hmiter. The honeveomb was
tapped. and by <lowlv risiny the tabe the impact
hmiter was lifted out ot the vessel The cumulative
dumaye to the tmpact hmiter< s shownon Figures 12-
12 through 121

12.10 X-Radiography

I'he x radiography ot the closare end of the cask
body was accomphished by positioning the cask 32 1
2an. from the Limtron and then placing S« 10,
x r.ov plates = 1o nsanto the closure end of the cask
body (Figure 12-19 Atter the plate was exposed, the
sk bodyv was rotated 907 and another x radiograph
taken Noanomahes were obhserved tor the closure end
of the cask
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Figure 12-12. Condition of Lower Internal Impact Limiter “A” After 40-in. Closure End
Puncture Test

Figure 12-13. Condition of Lower Internal Impact Limiter “B” After 40-in. Closure End
Puncture Test
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Figure 12-14. Condition of Lower Internal Im Limiter “C" i osure
< pact i After 40-in. Cl End

Figure 12-18. Condition of Lower Internal Impact Limiter “D” After 40-in. Closure End
Pupcture Test
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Figure 12-16. Condition of Lower Internal Impact Limiter “E” After 40-in. Closure End
Puncture Test
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Figure 12-17. Condition of Lower Internal Impact Limiter “F” After 40-in. Closure End

Puncture Test
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Figure 12-18. Condition of Lower Internal Impact Limiter “G” After 40-in. Closure End
Puncture Test

Figure 12-19. X Ray Plate in Position for Examination of the Closure End of
the Cask Body
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The lower portion of the cask was x-radiographed
by positioning 17x21-in. plates behind the body
of the cask (Figure 12-20). After the plate was ex-
posed, the cask body was rotated 90° and another
x-radiograph taken.

An anomaly ~3.750 in. up from the bottom
(closed end) of the cask was observed in the original
x-radiography examination on the 0° bottom x-ray
plate. As shown in Figure 12-21, the anomaly
remained unchanged.

Two views of the cask side wall deformed by the
puncture bar are shown in Figure 12-22 (x-radiograph
taken inside the cask body) and Figure 12-23
(x-radiograph of the cask side wall). A side view of the
indentation caused by the test can be seen at the top of
Figure 12-23.

12.11 Inspection

Final inspection of the assembly was completed
by the personnel from the Mechanical Measurements
Division at Sandia National Laboratories who had
performed the initial and intermediate inspections.
The measurements were taken from the locations
previously marked and used to determine the PMI
(Appendix A).

12.11.1 Final Inspection of Cask Body

The measurements of the cask bore diameter
showed many differences outside the PMI. Differ-
ences data for the cask bore diameter in excess of the
PMI of +0.005 in. are listed in Table 12-3.

Location D3 is measured across the bore at the
site of the trunnions, and the cask was dropped with
trunnions down for both the side drop test and side
puncture test. Therefore, the cask bore diameter
decreased along the line of impact, most of all near the
puncture location D3,L.3. The cask bore ovalized out-
ward at the other diameter locations (D1, D2, D4).

The differences data for straightness measure-
ments also showed changes in the cask bore. Differ-
ences greater than the PMI of +0.005 in. are listed in
Table 12-4.

Measurements taken at tangential locations DI,
D5, D6, and D8 show a localized movement inward
radially at these locations. Measurements taken at
tangential locations D3 and D7 show a localized move-
ment outward radially.

Figure 12-20. X-Ray Plate in Position for Examination of the Bottom End of the

Cask Body
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Figure 12-21. X-Radiograph of Cask Bottom at 0° After Completion of Testing




Figure 12-22. X-Radiograph of Puncture Area Taken From Inside the Cask Body




Indention caused by
side punctlure test

Figure 12-23. X Radiograph of Puncture Area: Side View at
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Table 12-3. Differences Data (in.) for Cask Bore

Diameter for the Final Post-Test Inspection

Tangential
Location LS L1

Longitudinal Location

L2

L3

L4

L5

D1
D2
D3
D4

* 40.009 +0.022 +0.023
+0.011 +0.028

*

*  —0.009

*

*

*

*

—0.031 —-0.121

+0.028

Notes: *Measurement within PMI of +0.005 in.

Difference measurement = initial measurement minus current
measurement. The sign has been adjusted to be positive for an
increase in diameter and negative for a decrease in diameter.

+0.023 +0.011

*

*

—0.031 —-0.010

*

*

Table 12-4. Differences Data (in.) for Cask Bore

Straightness for the Final Post-Test Inspection

Longitudinal Location

Tangential Orientation
Location L1 L2 L3 L4 L5 (°)
D1 * —0.008 —-0.009 —0.007 * 270
D2 * * * * * 3 1 5
D3 *  +0.008 +0.011 +0.010 +0.007 0
D4 * * * 45
D5 * —0.012 -0.113 —-0.020 —0.017 90
D6 * * —0.029 —0.006 * 135
D7 * +0.025 +0.115 +0.028 +0.011 180
D8 * * —-0.024 —-0.007 —0.006 225

Notes: *Measurement within PMI of +0.005 in.

Difference measurement = initial measurement minus current measure-
ment. The sign has been adjusted to be positive for a change away from
the center and negative for a change toward the center.




12.11.2 Final Inspection of Inner Vessel

Only one measured difference exceeded the PMI
of =000 1n for either the diameter or the strayght
nes of the inner vessel exterior that was the duameter
at location D313, which measured a shight increase
{Q.011 in) in the inner veassel outer duameter N\
difference measurements of the inner vesset tube

bores exceeded the PMI

12.11.3 Final Inspection of Canisters

Several ditference measurements of the cani-ters
evceeded the PML ot - 0,002 1m0 «(Table 12-3)

The cani~ter~ were ~lightly bulged cutward. The
measurements {or D2g agree exactly with the differ-
ence measurements taken at the intermediate post.
test - -pecion. However, the measurements tor
DZe have changed. particularly near the «nd of the
canster

Ir contrast 1o the intermediate post test inspec-
mon  Sectjon 1.11.3), no wigmificant ditterences in
<traghiness of the canisters were ohserved at the final
v ~1-te~i inspection. This finding verifies the assump
uon that the large change in <traizhtness recorded tor
2 4 the intermediate post-test inspection i olved
8 ~vslematic SIgN error

Table 12-5. Ditferences Data (in.) for
Canister Diameters for the Final Post-Test
Inspection

Tangential __ Longituiainal Lacation —
Location Ll 1.2 1.3 ~L4 I:S
. . - 0.0 . .

0003 - 0.004 - 0003 *

[2e
D2g .

Notes. “\Measrement within PN of = 0.007 10

Derence measurement - iniial measurenent
minus current measurement. Sun- have heen
adjustea Lo '+ positive for an ancrease in diameter
and negative for 8 de reoase in diameter

T N e s =

12.11.4 Final Inspection of Cask Lid,
Cask Bottom, and inner Vesse! Lid
There were noditterence measurements excecding

the PMI ot » 000240 tor the cask bid. cask hottom, or
inm-r \('\\(‘l ll(i.

12.11.5 Final inspection of internal
impact Limiters

The lengths of the upper and lower internal im-
pact hmiters were mea~ured The amount o crush of
each impact imiter was the same within the A as
the crush measured for the intermediate post-test
mspection, with two exceptions Upper impact himiter
"7 was measured at two locations, L3 and L4, 1o have
shizhtly dess erush (by 0.003 to D004 10} at the end of
the test «equence than at the intermediate inspection.

12.11.6 Final Ingpection of Overpacks

12.11.6.1

After testing ot the NuPac quarter ~cale model
was complete, the exterior surfaces of the overpacks
were measured and photovraphed to document their
tinal condition. Figures 12-24 through 12-27 <how the
conditton ! the top overpack, while Fioures 12.258
through 1231 <how the condition of the bottom
vverpack.

The muator exterior detormations were measured
hetfore the ~ectioning of the individual overpacks.
Figure~ 12.32 and 12-33 ~how the measurements of
the top overpack, while Figures 1254 and 12-35 ~how
the measurement- of the bottom overpack.

inspection of Overpack Exteriors

12.11.6.2 Sectioning of Overpacks

The overpacks were permanently marked through
the center and around the exterior surtace through
areas where damage appeared to be maximal.

The overpacks were positioned on a band saw and
cut as indicated by the permanent marks. Figures 12-
woand 1237 show the sectioned top overpack, while
Figures 12 2% and 12-39 show the sectioned bottom
overpack



Figure 12-24. Top Overpack Exterior: End View

T A um

Figure 12-25. Top Overpack Exterior: Side View at 0°
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Figure 12-26. Top Overpack Exterior: Side View at 90°

Figure 12-27. Top Overpack Interior



Figure 12-29.

Figure 12-28. Bottom Overpack Exterior: End View

Bottom Overpack Exterior: Side View at 0°



Figure 12-30. Bottom Overpack Exterior: Side View at 90°

Figure 12-31. Bottom Overpack Interior

19
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Figure 12-36. Sectioned Top Overpack: 0°-90°-180° View

"TOP_OVERPACK

Figure 12-37. Sectioned Top Overpack: 180°-270°-0° View
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Figure 12-38. Sectioned Bottom Overpack: 180°-90°-0° View

Figure 12-39. Sectioned Bottom Overpack: 0°-270°-180° View



12.12 Final Leak Testing of
Outer Vessel Containment
Boundary

The outer vessel was disassembled, examined,
inspected, and the x-radiography completed before
reassembly for the final leak test to check the entire
containment boundary of the outer vessel.

The cavity and lid of the outer vessel were cleaned
as thoroughly as possible with methanol. The outer
vessel was assembled with new O-rings and enclosed
in a plastic bag envelope. The leak test hardware was
attached to the vent port on the lid, and the outer
vessel cavity was evacuated. Evacuation of the vessel
was a very slow process because of the volume of the
vessel and the possible presence of residual helium.
The leak detector was monitored for 1 wk, during
which time the readings gradually lowered until they
stabilized. The plastic bag envelope was pressurized
with helium, and the leak detector reading was re-
corded. There was no detectable helium leak rate for
the outer vessel containment boundary to a sensitivity
of 2.4 1078 cm?/s.

12.13 Final Leak Testing of
Inner Vessel Containment
Boundary

The inner vessel was disassembled, examined, and
inspected before reassembly for the final leak test to
check the entire containment boundary of the inner
vessel.

The cavity and lid of the inner vessel were cleaned
as thoroughly as possible with methanol. The inner
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vessel was assembled with new O-rings and enclosed
in a plastic bag envelope. The leak test hardware was
attached to the vent port on the lid, and the inner
vessel cavity was evacuated. Evacuation of the inner
vessel was also a slow process, taking several days to
complete. The leak detector was monitored until the
reading stabilized, the plastic bag envelope was pres-
surized with helium, and the leak detector reading was
recorded. There was no detectable helium leak rate for
the inner vessel containment boundary to a sensitivity
of 7.3% 107" cm?/s.

12.14 Measurement of Lead
Thickness in Area of Side

Puncture

A 0.375-in.-dia hole was drilled in the cask body at
the puncture location through the 10-gage thermal
shield, outer stainless-steel shell, and lead shielding
(but not through the stainless-steel inner liner). The
bar of a dial caliper was inserted into the hole, and the
depth indicated on the dial was read. The hole depth
was 1.195 in.

The thickness of the stainless-steel thermal shield
and outer shell was then measured. A dental pick was
inserted into the hole and used to locate the stainless-
steel/lead junction. The bar of a dial caliper was
inserted into the hole, and the depth from the outer
surface of the thermal shield to the dental pick was
measured. The stainless-steel thickness was 0.550 in.

Figure 12-40 shows a section view of the hole with
measured thicknesses. The thickness of the lead
shielding material is given by the hole depth minus the
stainless-steel thickness, or 0.645 in.
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Figwe 12-40. Section View of Hole Drilled for Measuring Shield Material Thickness
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13. Final Instrumentation

13.1 Removal of
Accelerometers From
Outer Vessel

The Entran and Endevco accelerometers installed
for the drop and puncture tests were removed to
prevent damage during x-radiography and inspection
of the outer vessel.

13.2 Final Calibration of
Accelerometers

13.2.1 Entran Accelerometers

The Entran accelerometers used for the tests were
calibrated on a centrifuge at ambient temperature to
determine whether there were any differences in re-
sponse from the previous calibration.

Measured sensitivities before and after the final
three tests are given in Table 13-1.

13.2.2 Endevco Accelerometers

The Endevco accelerometers used for the tests
were calibrated on a centrifuge at ambient tempera-
ture to determine whether there were any differences
in response from the previous calibration.

Measured sensitivities before and after the final
three tests are given in Table 13-2.

Table 13-1. Sensitivities of Entran
Accelerometers at Ambient Temperature
(Model EGAXT-F-1000) Before and After
Final Three Tests

Intermediate Final
Calibration Calibration
Serial Sensitivity Sensitivity
Number (mV/V/g) (mV/V/g)
21N50-A11-11 0.0172973 0.0167827
21N5H0-A12-12 0.0159721 0.0158868
21N50-A13-13* 0.0180970 not measured
21N50-A14-14 0.0178023 0.0177016
21N50-A15-15 0.0182961 0.0181520
21N50-A16-16 0.0183473 0.0183458
21N50-A17-17 0.0182097 0.0181835
21N50-A18-18 0.0186624 0.0187214
21N50-A21-21 0.0185984 0.0186890

21N50-A22-22* 0.0142827 not measured

Notes: Calibration performed on a centrifuge. Accuracy of

sensitivity measurement is estimated at +3% to

4.

*These accelerometers were not used in the final
three tests.

Table 13-2. Sensitivities of Endevco
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Accelerometers at Ambient Temperature
(Model 2264-5KR) Before and After Final
Three Tests

Intermediate Final
Calibration Calibration
Serial Sensitivity Sensitivity
Number (mV/V/g) (mV/V/gi
BNO09B 0.0090163 0.0090613
BN17B 0.0106626 0.0108099
BK76B 0.0098656 0.0098951

Notes: Calibration performed on a centrifuge. Accuracy of

sensitivity measurement is estimated at +3¢. to
4.




14. Test Data Evaluation

This section summarizes the results of the tests
and addresses internal consistency of the data, includ-
ing accelerometer and strain gage data, leak test mea-
surements, dimensional inspection, x-radiography,
and visual observations. Incorrect or questionable
data are identified where possible. Comparison of the
test results with analytical predictions is presented in
the Safety Analysis Report for the NuPac 125-B Cask
{Nuclear Packaging. 1986).

14.1 30-ft Bottom End Drop
Test

14.1.1 Description of Test Events

The model was dropped with its negative z-axis in
the direction of motion thottom end down) and the
- and y-axes in the plane perpendicular to the direc-
tion of motion. The model impacted almost flat onto
the target, bounced once on the same end, rotated
sbout its y-axis, bounced one more time on the over-
pack edge. then continued rotating about its y-axis,
resulting in a final impact as the upper overpack hit
the edge of the target (Figure 5-18). The “dimple” in
the botwom overpack was confined to the surface
defined by 0°-270°-180° axes.

14.1.2 Evaluation of Accelerometer and
Strain Gage Data

Accelerations in the x- and y-directions should be
zero or very small. The following relationshipe are
found (Appendix B1):

* Accelerometers AZl, AZ4, and AZ7 have the
largest accelerations; their peak readings range
from 189 to 205 g.

* Accelerometers AX2, AX5, and AX8 have very
low readings, averaging close to zero.

* Accelerometers AY3 and AY6 have very low
readings, averaging close to zero.

Spikes in some of the data traces were observed

before impact. These spikes should not be considered
8 part of the impact data.

14.2 30-ft Oblique Drop Test

14.2.1 Description of Test Events

The model was dropped (lid end down) with its
z-axis at an angle of ~62° with respect to the horizon-
tal (28° with respect to the vertical). The y-axis was in
the plane perpendicular to the plane of motion. The
model impacted onto the target, rebounded, and
rotated about its y-axis, hit the target with the lower
overpack almost flat, bounced twice as it continued
rotating, and finally impacted on its upper overpack
outside the target area (Figure 6-7).

14.2.2 Evaluation of Accelerometer and
Strain Gage Data

The accelerations in the x- and z-directions can be
predicted from the impact angle, and the acceleration
in the y-direction should be zero or very small. The
following relationships are found (Appendix C1):

* Accelerometers A1Z, A4Z, and A7Z have the
largest accelerations; their peak readings range
from 87 to 93 g (average = 91 g).

» Accelerometers A2X, A5X, and A8X have the
second largest accelerations; their peak readings
range from 42 to 67 g (average = 52 g). Note that
the sign of the data from accelerometer A8X is
incorrect; all three accelerometers in the x-
direction should have recorded a negative
acceleration.

o Accelerometers A3Y and A6Y have very low
readings, averaging close to zero.

o The impact angle with respect to the horizontal
is given by sinf = a /a;
where a, is the acceleration in the z-direction
and ay is the total acceleration. Calculation of
the impact angle for each of the accelerometers
in the z-direction yields an average angle of
62.5° with respect to the horizontal, verifying
the impact orientation.

o The final impact had an acceleration along the
z-axis ~30% that of the primary impact along
the z-axis.

139



Spikes in some of the data traces were observed
before impact. These spikes should not be considered
as part of the impact data.

Strain gage SR5-Z has a high noise-to-signal ratio,
much higher than the other strain gages. The data do
not return to a reasonable level after the test. Data
from this gage for the oblique drop test should be
considered faulty and for subsequent tests may be
questionable.

14.3

14.3.1 Evaluation of Leakage Rate
Measurements

No degradation of the containment boundaries
sufficient to cause an increase in leakage rates was
observed.

Intermediate Inspection

14.3.2 Evaluation of Disassembly and
Dimensional inspection Data

Two of the bolts on the inner vessel lid, #20 and
#23, were found to have torques less than their pre-
test values at the intermediate post-test inspection
(Section 7.7). These bolts are adjacent, located on the
impact side of the model in the oblique drop test.
They were also located on the impact side of the model
for the final impact in the bottom end drop test after
the model rebounded and overturned.

The upper internal impact limiters and canisters
showed rotations as much as 25° to 30° from their
initial orientations (Section 7.8). However, the inner
vessel had not rotated appreciably with respect to the
outer cask.

The dimensional inspection measurements (Sec-
tion 7.11) showed several changes in outer cask bore
straightness outside the PMI of +0.005 in. These
changes in cask bore straightness would be unlikely to
indicate important deformations in the cask bore
because there were no changes in the cask bore diame-
ter outside the PMI. The measurements are probably
the result of a larger-than-expected PMI caused hy
the relatively large initial variations in dimensions of
the cask.

Two of the canisters, “E” and “G,” showed very
small changes in their diameters at different points
along their lengths at the D2 location. Because these
canisters had rotated 25° and 15° from their initial
orientations, no attempt is made to identify a physical
cause for these diametrical changes. Relatively large
changes were recorded for the straightness of canister
“A” at tangential location D2, but these were found to
be caused by a measurement sign error.
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Differences were observed in the amount of crush
of both the upper and lower internal impact limiters.
These differences could have been caused by different
canister weights, the orientations of the model in all of
the impacts that occurred during the bottom end and
oblique drop tests, and differences in strength of the
honeycomb, which came from three different material
lots, according to NuPac.

14.4 Evaluation of Intermediate

Instrumentation Data

Accelerometers 21N50-A13-13 and 21N50-A22-
29 located for the first two tests at positions AZ7 and
AY®6, respectively, did not recalibrate successfully
(Section 8.4) and were replaced during intermediate
instrumentation. These accelerometers could have
been adversely affected by impacts experienced dur-
ing the tests, by handling after the tests, or by other
factors.

Data taken by these gages may be considered
suspect. However, the acceleration data taken hy
these gages appear to be consistent with data from
other gages having the same orientations.

14.5 30-ft Side Drop Test

14.5.1 Description of Test Events

The model was dropped with its negative x-axis in
the direction of motion and the z- and v-axes in the
plane perpendicular to the direction of motion. The
model impacted almost flat onto the target, re-
bounded and then rotated about its v-axis, with the
upper overpack reaching the maximum rebound
height. The model then impacted on its lower over-
pack and again on its lid-end overpack (Figure 9-5).

14.5.2 Evaluation of Accelerometer and
Strain Gage Data
Accelerations in the z- and v-directions should be

zero or very small. The following relationships are
found (Appendix D1):

e Accelerometers AZ1, AZ4, and AZ7 have very
low readings, averaging close to zero.

« Accelerometers AX?2. AN5S. and AXS have read-
ings from 170 to 180 g (average = 176 g).

» Additional accelerometers ANXY, AN10, and
AXI1 have data almost identical to accelerom-
cters ANX2, AXGS, and AXS (but of opposite sign
because they were installed on the opposite side
of the accelerometer blocks).



» Accelerometer AY3 has very low readings, aver-
aging close to zero. The data from AY6 should be
disregarded. During pre-test instrumentation
checkout. balancing the signal from the AY6
channel was found to be impossible. The test
engineer noted on the test procedure data sheet
that AY6 data would be "bad.” NuPac gave
approval for the test, and it was conducted. The
same problem occurred on the remaining two
tests. Because the accelerometer recalibrated
succeasfully, the problem was most likely with
the instrumentation at the test site.

Nospikes in the data were observed before impact
for this test. Surain gage SR4-Z did not provide usable
data. The data from the other two components of the
strain gage rosette appear to be consistent with the
data from corresponding components of SR5.

The strain gage data show residual strain in the
model of 20 to 40 (in units of microstrain), indicating
some permanent deformation. These data do not dif-
ferentiate between inelastic behavior of the steel shells
snd movement of the lead that locks the shells in place
in an ovalized configuration.

14.6 40-in. Side Puncture Test

14.6.1 Description of Test Events

The model was dropped with its negative x-axis in
the direction of motion and the z- and y-axes in the
plane perpendicular to the direction «f motion. The
model impacted almost horizontally onto the punc-
ture bar, bounced, and hit the bar again in nearly the
same location, began rotating about its z-axis, rolled
off the bar, hit the target, and rolled off the target
(Figure 10-4).

14.6.2 Evaluation of Accelerometer and
Strain Gage Data

Accelerations in the z- and y-directions should be
tero or very small. The following relationshipe are
found (Appendix E)):

* Accelerometers AZ1, AZ4, and AZ7 have very
low readings, averaging close to zero.

* Accelerometers AX2, AX5, and AX8 show a
strong effect of the elastic body vibration of the
model. The maximum accelerations measured
by these accelerometers range from 102 to 89 g;
the minimum accelerations range from 18 to 7 g.
The average can be expressed as 53 + 40 g. Both
rigid body and elastic body responses are seen.

* Additional accelerometers AX9, AX10, and
AX11 have data almost identical to accelerom-
eters AX2, AX), and AXBS (but of opposite sign
because they were installed on the opposite side
of the accelerometer blocks).

* Accelerometer AY3 has very low readings, aver-
aging close to zero. The data from AY6 should be
disregarded.

No spikes in the data for this test were observed
before impact.

The data for gage SR4-Z appear consistent with
the data from SR5-Z. The data from gage SR4-Z may
be considered questionable, however, because of the
bad data recorded from that gage for the side drop
test.

The strain gages show residual strain after the
side puncture test. Maost of the residual strains are in
the 20 to 50 microstrain range. Three gages show much
higher residual strains: SR>-YZ at 120, SR4-Z at 220,
and SR5-Z at 200, all in units of microstrain. Gages
SR4 and SR5 were located on the model collinear with
and equidistant from the puncture location. The large
residual strains in these gages are consistent with the
permanent deformation of the model found in the
final post-test inspection (Section 12.11). These data
do not differentiate between inelastic behavior of the
steel shells and movement of the lead that locks the
shells in place in an ovalized configuration.

Data from the strain gages located on the punc-
ture bar are not presented. The signal saturated the
instrumentation because the instrumentation calibra-
tion level used was lower than the signal.

14.7 40-in. Closure End
Puncture Test

14.7.1 Description of Test Events

The model was dropped onto the puncture bar
with its positive z-axis in the direction of motion (lid
end down) and the x- and y-axes in the plane perpen-
dicular to the direction of motion. The puncture bar
penetrated through the lid-end overpack, but did not
pierce the back plate on the overpack. The model
remained upright, supported on the bar (Figure 11-4).

14.7.2 Evaluation of Accelerometer and

Strain Gage Data

Accelerations in the x- and y-directions should be
zero or very small. The following relationships are
found (Appendix F1):
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o Accelerometers AZ1, AZ4, and AZ7 have the
largest accelerations; their peak readings range
from 64 to 72 g (average = 68 g). The accelerom-
eter data show a small shock upon initial impact
of the puncture bar with the overpack shell and
large shock upon impact with the lid.

« Accelerometers AX2, AX5, and AX8 have very
low readings, averaging close to zero.

+ Accelerometer AY3 has very low readings, aver-
aging close to zero. The data from AY6 should be
disregarded.

Zero time was set by the puncture bar data. The
data from the accelerometers in the z-direction are
consistent and show the following:

* A negative peak at ~+7 ms

« A sharp positive peak of about the same ampli-
tude at ~+9 ms

« A sharp positive peak of about the same ampli-
tude at ~+31 ms

o A large negative peak at ~ +62 ms, with width
~10 ms (beginning at ~58 ms).

The data from the strain gages on the puncture
bar show a relatively small force on the bar beginning
at 0 ms and peaking at ~+6 ms. This is followed at
~ 458 ms by a relatively large force on the bar.

Strain gages SR1-Z, SR2-Z, and SR3-Z on the
model recorded appreciable strains at ~62 ms, with
an event duration of ~10 ms, in agreement with the
accelerometer data. All of the data for the strain gages
on the model show sharp spikes at ~0 ms, with a
much higher reading than the strain recorded at 62
ms. Some, but not all, of the strain gages recorded
sharp spikes at ~+9 ms.

The event at ~62 ms of ~10 ms duration can be
attributed to the puncture bar striking the back plate
of the impact limiter and forcing the plate against the
outer cask lid. The puncture bar data indicate that the
bar struck the overpack shell at 0 ms.

The sharp positive spikes in the accelerometer
data occurring at ~+9 and ~ +31 ms are question-
able. The large spikes recorded from strain gages on
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the cask body before 50 ms are not readily explained
either, because they would have occurred before the
puncture bar hit the cask body.

The noise-to-signal ratio in the SR4-Z data is
unacceptable, and those data should be disregarded.

14.8 Final Inspection

14.8.1 Evaluation of Leakage Rate
Measurements

No degradation of the containment boundaries
sufficient to cause an increase in the leakage rates was
observed.

14.8.2 Evaluation of Disassembly and
Dimensional Inspection Data

The x-radiography examination of the outer ves-
sel showed no observable changes in the location of the
lead shielding, except in the puncture impact area.

The dimensional inspection measurements
showed appreciable changes in the cask bore diame-
ters, the largest change being 0.121 in. near the coordi-
nates of the puncture on the outside of the outer
vessel. The measurements show a distinct ovalizing of
the outer vessel, with decreases in the diameters mea-
sured from the line of impact upwards, and increases
in the other directions. Many changes in straightness
outside the PMI were also observed.

Only one change in a measurement of the inner
vessel exterior exceeded the PMI (Section 12.11). No
changes in the inner vessel tube bores exceeded the
PMI. Four different measurements for canister diam-
eters exceeded the PMI, but only slightly.

The foam in both of the overpacks exhibited
cracking and had at least one crack extending from a
damaged surface through to the back plate (Section
12.11.6.2).

14.9 Evaluation of Final
Instrumentation Data

All of the accelerometers recalibrated success-
fully.
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A.1 Initial Inspection of Cask
Body

The internal cavity of the cask body (referred to as
the cask bore) was inspected for straightness and
diameter.

The diameter was measured at tangential loca-
tions D1 (between points D1 and D5), D2 (between
points D2 and D6), D3 (between points D3 and D7),
and D4 (between points D4 and D8), at each longitudi-
nal location (Figure Al). The PMI was determined to
be +0.005 in. The diametrical measurements for the
initial inspection are listed in Table Al.

The straightness was measured at longitudinal
locations L1 through L5 for each tangential location
D1 through D8. Positive or negative values were re-
corded to indicate a point radially greater or less than
Reference Datum “C” shown in Figure A1 at longitudi-
nal reference locations “A” and “B.” The PMI was
determined to be =0.005 in. The straightness
measurements for the initial inspection are listed in
Table A2.

TRUNNTON —

180°

L 12.81° DIA
e (REF)

CASK BORE —

pr—=8.65"

51.887
(REF)

Figure A1. Cask Bore Inspection Geometry

Table A1. Diametrical Measurements (in.) of the Cask Bore for the Initial

Inspection

Tangential Longitudinal Location

Location LS L1 L3 L4 L5

D1 13.375 12.767 12.785 12,882 12.798 12.769
D2 13.376 12.799 12,809 12.784 12.823 12.835
D3 13.376 12.864 12.831 12.827 12.831 12.839
D4 13.375 12.783 12,788 12.770 12.770 12,785
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the Initial Inspection

Table Az ‘Stralghtnﬂoru Measurements (in.) of iho Cask Boro for

Longitudinal Location

Tangential __ o
_location L1 L2
D1 -0.016 - 0.013
D2 -0.018 -0.021
D3 ~0.054 —-0.043
D4 -0.019 -0.014
D5 +0.003 -0.017
Dé +0.016 +0.005
D7 -~ 0.021 +0.002
D8 0.009 -0.025

L3 14 1.5
-0.038 -0.013 -0.004
-0.013 ~0.029 -0.028
~0.041 —0.031 —0.028
+0.001 -0.012 ~0.021
+0.009 ~0.031 ~0.011
+0.018 0.007 -0.027
+0.002 ~0.005 -0.012
-0.031 ~-0.015 -0.022

A.2 Initial Inspection of Inner
Vessel Exterior

The exterior of the inner vessel was inspected for
straightness and diameter.

The diameter was measured at tangential loca-
tions D1 (between points D1 and D5), D2 (between
points D2 and D6), D3 (between points D3 and D7),
and D4 (between points D4 and D8). at each longitudi-
nal location (Figure A2). The PMI was determined to
be »0.010 in. The diametrical measurements for the
initisl inspection are listed in Table A3.

The straightness of the inner vessel outside diam-
eter was measured at longitudinal locations L1
through L5 for each tangential location D1 through
D8. Pusitive or negative values were recorded to indi-
cate a point radially greater or less than Reference
Datum “C" shown in Figure A2 at longitudinal refer-
ence locations “A” and “B.” The PMI was determined
to be * 0.10 in. The straightness measurements for the
initial inspection are listed in Table A4.

T =
0 & o6 & & .ré"

Figwe A2. Inner Vessel External Inspection Geometry
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Table A3. Diametrical Measurements (in.) of the Exterior of the Inner

Vessel for the Initial Inspection

Longitudinal Location

TI?:cg:tIilz:ll LS L1 L2 L3 L4 L5
D1 12.253 12.518 12.532 12.532 12.535 12.521
D2 12.256 12.529 12.538 12.534 12.502 12.505
D3 12.256 12.495 12.553 12.524 12.483 12.463
D4 12.255 12.576 12.605 12.595 12.567 12.563

Table A4. Straightness Measurements (in.) of the Inner Vessel
Outside Diameter for the Initial Inspection

Tangential Longitudinal Location

Location L1 L2 L3 L4 L5
D1 +0.001 +0.007 +0.011 +0.012 +0.011
D2 +0.006 +0.003 +0.001 —0.002 +0.002
D3 —0.047 —0.014 —0.029 —0.045 —0.038
D4 +0.018 +0.027 +0.019 +0.009 +0.002
D5 —0.027 —0.011 —0.002 +0.009 +0.007
D6 —0.038 —0.019 —0.010 —0.021 —0.029
D7 +0.001 +0.037 +0.029 —0.002 —0.026
D8 +0.013 +0.032 +0.025 +0.004 —0.001

A.3 Initial Inspection of Inner
Vessel Tube Bores

The internal cavities of the inner vessel (referred
to as inner vessel tube bores) were inspected for
straightness and diameters.

The diameter of each tube bore, labeled “a”
through “g,” was measured at tangential locations D1
(between points D1 and D5), D2 (between points 2
and D6), D3 (between points D3 and D7), and D4
(between points D4 and D8), at five evenly spaced
longitudinal locations separated by 7.28 in. These
locations were marked for subsequent. inspections.
The inner vessel tube bore inspection geometry is
shown in Figure A3. The PMI was determined to he
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+0.005 in. The diametrical measurements for the
initial inspection are listed in Table A5.

The straightness of the tube bore diameters was
measured at longitudinal locations L1 through L5 for
each tangential location D1 through D4 for each of the
tube bores. Positive or negative values were recorded
to indicate a point radially greater or less than the
Reference Datum defined as the bore surface at the
extreme ends of each bore length. In Figure A1, Refer-
ence Datum "™ is the tube bore. and reference loca-
tions “A” and “B” are the extreme ends of the tube
bores. The PMI was determined to be +0.005 in.

The straightness measurements for the initial in-
spection are listed in Table A6.



Figere AY. Inner Vessel Tube Bore Inspectiun Geometry (Viewed from Closure End)

13.06° OUTSIDE DIA
(REF)

(REF)

Table AS. Dlarmot}k’:'avl‘ﬁ;‘asdrements (in.) of the inner Vessel
Tube Bores for the Initial Inspection

Tangential Longitudinal Location
Location L1 L2 L3 L4 L5
Dla 3.673 3.682 3.688 3.692 3.691
D2a 4B 3.563 3.556 3.523 3.541
Dl1b 3.620 3.622 3.623 3622 3.609
D2b 3.642 3.634 3.629 3.639 3.649
Dic 3.607 3.603 3.595 3.594 3.600
D2c 3.656 3.656 3.667 3.668 3.658
Did 3.648 3.640 3.634 3.640 3.655
D2d R 3.620 3.624 3.617 3.5693
Dle 3.816 3611 3.607 3.608 3.602
D2e 3.643 3.645 3.645 1.650 1.653
Dif 3.629 3617 3.615 3618 1614
D2f 3.633 3.646 3.648 J.646 3.650
Dig 3.633 3.635 1.635 3.636 3.636
D2 3.638 3.638 3.635 1634 1.634

3.63° DIA DORE (TYP 7 PLLS)
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Table A6. Straightness Measurements (in.) of the Inner Vessel
Tube Bores for the Initial Inspection

Longitudinal Location

Tangential
Location L1 L2 L3 L4 L5
Dla —0.013 -0.0186 —-0.019 —0.021 —0.022
D2a +0.034 +0.018 +0.013 +0.039 +0.030
D3a —0.028 —0.033 —0.037 —0.039 —0.035
Dda +0.023 +0.036 +0.042 +0.044 +0.030
Di1b +0.031 +0.023 +0.012 +0.005 +0.008
D2b —0.047 —0.046 —0.048 —0.046 —0.035
D3b —0.031 —0.023 —~0.015 —0.006 +0.003
D4b +0.031 +0.039 +0.049 +0.035 +0.016
Dlc +0.022 +0.028 +0.033 +0.031 +0.021
D2c —0.020 —0.024 —0.025 —0.020 —0.009
D3c —0.009 —0.010 —0.009 —0.006 —0.002
D4c —0.013 —0.008 —0.016 —0.021 —0.023
Did +0.005 +0.016 +0.022 +0.016 +0.001
Dad +0.013 —0.005 -0.012 —0.011 —0.003
D3d -0.022 —0.027 —0.026 —0.024 —0.024
D4d —0.001 —0.001 +0.001 +0.006 +0.021
Dle —0.006 —0.007 —0.010 —0.008 0.000
D2e +0.013 +0.010 +0.013 +0.005 —0.001
D3e +0.014 +0.019 +0.023 +0.022 +0.016
D4e —0.025 —0.025 —0.027 —0.024 —0.023
Dif —0.011 +0.004 +0.008 +0.006 +0.006
Daf —0.002 —0.008 —0.005 —0.004 —0.008
D3f +0.001 0.000 —0.001 0.000 +0.005
D4f +0.001 —0.006 -0.011 —0.009 —0.010
Dlg +0.008 +0.016 +0.014 +0.006 -0.001
D2g —0.015 —0.019 —0.015 —0.010 —0.005
D3g —0.010 —0.021 —0.021 —0.015 —0.007

D4g +0.009 +0.015 +0.015 +0.010 +0.005




A.4 Initial Inspection of Canisters

The exterior of each of the canisters was inspected

for -traightness and diameter.

The diameters were measured at tangential loca-
tions D1 (between points D1 and D3) and D2 (between
points D2 and D4) for each of the seven canisters
labeled “a” through °g.” at five evenly spaced longitu-
dinal locations spaced ~6.25 in. apart (Figure A4).
The PMI was determined to be £0.002 in. The dia-
metrical measurements for the initial inspection are

histed in Table A7.

The straightness of each canister’s outside diame-
ter was measured at longitudinal locations L1 through
L5 for each tangential location D1 through D4. Posi-
tive or negative values were recorded to indicate a
point radially greater or less than the Reference
Datum defined as the outside diameter at the extreme
ends of the canister length. In Figure A4, Reference
Datum “C" is the outside diameter, and reference
locations “A™ and “B" are 2 in. from the extreme ends
of the canisters. The PMI was determined to be
+0.002 in. The straightness measurements for the
initial inspection are listed in Table A8.

®

3.50° DIA (REF)

Eé$é5

A7 —epe—§. 17—t

(ree) ii .
u b

2.5
(8244}

%0® (rm

®

o 0.47° DIA (REF)

Figwe M. Canister External Inspection Geometry. (Because of material deformation, reference locations “A” and "B~ are

taken 2 in. from each end.)

Table A7. Diametrical Measurements (in.) of the Canisters for

the Initial Inspection

Tangential Longitudinal Location
Location L1 L2 L3 L4 L5
Dla 3.503 3.507 3.507 3.503 3.508
D2a 3521 3.518 3.510 3.508 3.500
Di1b 3517 3.517 3.513 3.515 3.508
D2b 3.506 3.507 3.513 3.512 3.510
Dic 3.512 3.513 3.512 3.511 3.513
D2 3.512 3.511 3.512 3.514 3.512
Did 3.513 3.514 3.515 3.511 3.509
D2d 3.514 3.514 3512 3.515 3.517
Die 3.520 3.518 3.521 3.515 3.510
D2e 3.508 3.506 3.508 3.512 3.516
Dif 35612 3514 3.515 3.514 1.515
D2f 1514 3.513 3.614 1.513 3.510
Dig 3.507 3511 3513 3,513 3.611
D2g 3.5620 3.512 3.510 3.510 3.516
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Table A8. Straightness Measurements (in.) of the Canisters for
the Initial Inspection

Longitudinal Location

Tangential
Location L1 L2 L3 L4 L5
Dia —0.0015 +0.0015 0.0000 —0.0020 +0.0040
D2a +0.0090 +0.0115 +0.0125 +0.0145 +0.0080
D3a ~-0.0010 —0.0015 —0.0010 —0.0035 —0.0035
Dda —0.0025 —0.0020 —0.0060 —0.0060 —0.0015
Di1b +0.0040 +0.0085 +0.0090 +0.0110 +0.0075
D2b 0.0000 +0.0030 +0.0060 +0.0035 —0.0005
D3b +0.0005 -0.0005 —0.0010 +0.0050 +0.0050
D4b —0.0015 —0.0050 —0.0040 —0.0025 —0.0020
Dic +0.0010 —0.0015 —0.0005 —0.0025 —0.0010
D2¢ —0.0015 —0.0010 —0.0010 —0.0010 —0.0005
D3c +0.0015 +0.0030 0.0000 +0.0005 +0.0005
D4e¢ —0.0005 —0.0020 —0.0020 0.0000 —0.0010
Did —0.0010 +0.0020 +0.0030 +0.0010 —0.0005
Dad -0.0010 —0.0055 —0.0070 —0.0040 —0.0020
D3d +0.0010 +0.0010 +0.0030 +0.0045 +0.0045
D4d 0.0000 +0.0015 0.0000 —0.0025 —0.0035
Dle +0.0060 +0.0040 +0.0060 —0.0020 +0.0015
D2e +0.0010 +0.0030 +0.0010 +0.0010 +0.0010
D3e —0.0010 +0.0005 +0.0035 +0.0030 +0.0010
Dde —0.0030 —0.0090 —0.0060 —0.0055 —0.0055
Dif —0.0030 —0.0005 —0.0020 —0.0040 —0.0010
Daf +0.0005 —0.0005 —0.0015 —0.0015 —0.0025
D3f +0.0015 +0.0010 +0.0030 +0.0030 +0.0015
D4f —0.0010 —0.0020 0.0000 —0.0005 —0.0010
Dig —0.0020 +0.0030 +0.0045 +0.0025 +0.0050
D2g —0.0010 —0.0035 —0.0070 —0.0050 —0.0025
D3g +0.0010 0.0000 +0.0015 4+ 0.0040 + 0.000H

D4g +0.0005 —0.0030 0.0000 —0.0030 +0.0010




A.5 Initial Inspection of Cask
Lid, Cask Bottom, and Inner

Vessel Lid

The cask lid, cask bottom, and inner vessel lids
were inspected for (latness. The flatness of each sur-
face was measured at five radial locations R1 through
RS for each orientation A through D (Figure A5).
Pusitive or negative values were recorded to indicate a
pasition above or below the intersection of Reference
Detum “E” and the outside diameter of the surface.
The PM! was determined to be +0.002 in.

The flatness measurements are given in Tables
A9. A0, and A1l for the cask lid, cask bottom, and
inner vesse] lid, respectively.

3 ——— | TR
am

A.6 Initial Inspection of Internal
Impact Limiters

The length of each internal npact limiter was
measured at four tangential locations 1.1 through L4
{Tables Al2 and A13). Tangential location L] corre-
sponds to the alignment datum marked on each
impact limiter. The PMI was determined to be
+0.002 in.

-y [ ] -
' [SUNN— |
——
e vitw
(Borrom Facts W)
/—ll
4 LRI S

Figuwe AS. Cask Lid, Cask Bottom, and Inner Vesael Lid Inspection Geometry
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Table A9. Flatness Measurements (in.) of the Cask Lid for

the Initial Inspection

Radial Location

Tangential
Location R1 R2 R3 R4 R5
A (set) O 0 —0.0001 +0.0001 (set) 0
B +0.0001 —0.0001 —0.0001 +0.0001 +0.0001
C —0.0002 —0.0001 —0.0001 0 —0.0002
D —0.0003 —0.0001 —0.0001 —0.0001 —0.0002

Table A10. Flatness Measurements (in.) of the Cask Bottom for

the Initial Inspection

Radial Location

Tangential
Location R1 R2 R3 R4 R5
A (set) O +0.008 +0.010 +0.0075 (set) O
B —0.006 +0.0056 +0.010 +0.005 —0.0065
C —0.012 +0.003 +0.010 +0.004 —0.0115
D —0.0055 +0.005 +0.010 +0.0065 —0.005
Table A11. Flatness Measurements (in.) of the Inner Vessel Lid

for the Initial Inspection

Tangential Radial Location
Location R1 R2 R3 R4 R5
A (set) O —0.0003 +0.0006 —0.0002 (set) O
B —0.0004 —0.0004 +0.0006 —0.0003 —0.0005
C —0.0009 —0.0005 +0.0006 —0.0005 —0.0010
D —0.0005 —0.0003 + 0.0006 —0.0005 — (L0006
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Table A12.

Length Measurements (in.) of the Upper
Internal Impact Limiters
Upper .
Impact . __ Tangential Location
_ Limiter L1 L2 L3 L4
a 5.240 5.248 5.245 5.248
b 5.252 5.247 5.236 5.238
c 5.246 5.238 5.239 5.248
d 5.241 5.244 5.255 5.250
e 5.261 5.263 5.257 5.256
) 5.239 5.239 5.231 5.233
g 5.246 5.251 5.248

5.242

Table Aié. Length Measurements (in.) of the Lower
Internal impact Limiters

Lower

Impact Tangential Location

Limiter L1 L2 L3 L4
a 2.761 2767 771 2.764
b 2.765 2.768 2.764 2.762
c 2763 2.767 2.770 2.765
d 2771 2.76% 2763 2.767
e 2.768 2.768 2.767 2.773
f 2767 2772 2.769 2.767
g 2767 2767 2.765 2.768

A.7 Weights of Model
Components

All of the model components were weighed. The

Table A14. Weights of Major Model
Components

weights of major model components are listed in Component Weight (Ib)

lelg A14. The weights of the internal impact limiters Upper overpack 205

are listed in Table A15, and the weights of the canis- Lower overpack 205

ters are listed in Table A16. Total assembled weight p y 1437

was 2830 Ib. The inner vessel assembly weight was Cask body (w/o lid)

904 Ib. Cask lid 79.9
Inner vessel body (w/o lid) 475
Inner vessel lid 41.6




Table A15. Weights of Internal iImpact Table A16. Weights of Canisters
Limiters

Location Weight (1b)
Weight (Ib) a 46.15
Location Upper Lower b 46.40
a 8.3 0.85 c 45.65
b 8.3 0.85 d 45.75
c 8.35 0.85 ‘; :g-i’g
d 8.35 0.85 '
e 8.35 0.85 g 46.40
£ 8.40 0.90
g 8.40 0.85
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APPENDIX B1

Accelerometer and Strain Gage Data for the 30-ft

Bottom End Drop Test Filtered at 1000 Hz
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Bi-1  Acceleration vx Time for Gage AZ1 for 30-ft Bottom End Drop Test ..o, 158
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Figure B1-1. Acceleration vs Time for Gage AZ1 for 30-ft Bottom End Drop Test (filtered at 1000 Hz)
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Figure B1-2. Acceleration vs Time for Gage AX2 for 30-ft Bottom End Drop Test (filtered at 1000 Hz)
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Figure B1-5. Acceleration vs Time for Gage AX5 for 30-ft Bottom End Drop Test (filtered at 1000 Hz)
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Figure B1-9. Microstrain vs Time for Gage SR1-Y for 30-ft Bottom End Drop Test (filtered at 1000 Hz)
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Figure B1-10. Microstrain vs Time for Gage SR1-YZ for 30-ft Bottom End Drop Test (filtered at 1000 Hz)
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Figure B1-14. Microstrain vs Time for Gage SR2-Z for 30-ft Bottom End Drop Test (filtered at 1000 Hz)



o9 30%18

- -
. |
nuT
|
"1
0.0 J

w0 9 o * oe e Tee X7 P~ % o0 6 vo % o0 b . 60 <%. 00
Time im ms

Figure 81-18. Microstrain vs Time for Gage SR3-Y fur 30-ft Bottom End Drop Test (filtered at 1000 Hz)

-v0.08 J

| =TI

.85 6,

T3 00

L “1

IR wr— @ oo v o8 i 8o i se .00 oo .00 #9.60 b o0 .00

TINE (w M3

Figwre B1-16. Microstrain vs Time for Gage SR Y7 for 30.(t Bottom End Drop Test (filtered at 1000 Hz)

Ld

165



100.00

~30.00 4

~100. 004

-150.00 ...

N[bELSCHIIN

~200.004 .. .

-230.00.4

-400. 00 . , . .
-s.00 0.00 <. 00 10. 0o 1500 20.00 25.00 36.00 a%. 00 ub. 00 us.00

TIME IN MS

Figure B1-17. Microstrain vs Time for Gage SR3-Z for 30-ft Bottom End Drop Test {filtered at 1000 Hz)

140.00

120.00 J

100.00

80.00

80.00 -

%o.00

N19Y1S0821K

20.00

~20.00 .

-uo.oo |

-80.00

-3.00 0. 00 5. 00 10. 00 15,00 20.00 23.00 s0.00 8. 00 wb. 00 us.00
TIME IN MS

Figure B1-18. Microstrain vs Time for Gage SR4-Y for 30-ft Bottom End Drop Test (filtered at 1000 Hz)

166



T

NI s
$
]

) @ oo s oo R ) 1%. 80 v oo a%.e0 5. 00 *8.90 «b. 80 ub. 00
Timg In Ny

Figure B1-19. Microstrain vs Time for Gage SR4-YZ for 30-ft Bottom End Drop Test (filtered at 1000 Hz)

.0 —p

'l...“.‘ —_—

NiwisoNdin

- 108 . 804

N ¥

-89 . 00 N

-..'“-‘h-i‘é._“&'oo s o8 8 se DN 3% 60 7% 00 RM‘:“ %, 6o ws.e0
TIME IN NS —

Figwe 81-20. Microstrain vs Time for Gage SR4-Z for 30-ft Bottom End Drop Test (filtered ot 1000 Hz)

167



168

1S0.00

120.00 {

80G. 00 ﬁ

80.00 -

30. 00 ~

LR

-30.00

-8c.00

-90.00

=-120.00]

-130.00

T
10.00

1500

T IME

20.00

IN MS

25.00

30.00

8. 00

Figure B1-21. Microstrain vs Time for Gage SR5-Y for 30-ft Bottom End Drop Test (filtered at 1000 Hz)

l20.00

0. 00 <

eo.o0o0 |

30.00 _

~30.00 |

LIGET N

-00.00

-890.00 J

-120.00

-150.00]

-180.00

10. 00

.

l-vb -un

TIME

2u. 00
I MS

2% oo

3b. 00

s8 .00

wb. o0

L)

Figure B1-22. Microstrain vs Time for Gage SR5-YZ for 30-ft Bottom End Drop Test (filtered at 1000 Hz)



8. 00 J 4

=

~h. 08 J

[ [ TS8P

'M.N\

e oo + oe 16 o0 .80 20.00 2%.00 5. 00 »%. 00 «b. 00 wb. 00
TIing tw ns

Figure 81-23. Microstrain vs Time for Gage SR5-Z for 30-ft Bottom End Drop Test (filtered at 1000 Hz)

. 169-170






APPENDIX B2

Fast Fourier Transforms of Raw Accelerometer Data
for the 30-ft Bottom End Drop Test
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APPENDIX C1

Accelerometer and Strain Gage Data for the 30-ft

Oblique Drop Test Filtered at 1000 Hz
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APPENDIX D1

Accelerometer and Strain Gage Data for the 30-ft

Side Drop Test Filtered at 1000 Hz
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Accelerometer and Strain Gage Data for the 40-in.

APPENDIX F1

Closure End Puncture Test Filtered at 1000 Hz
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