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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
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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 more 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 iSandia) 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 -1 the model just before the 30-ft
bottom end and oblique drop tests

Instrumentation calibration data
Accelerometer and <train gage data

Measurements of .\ erpack and internal impact
limiter deformations

Individual frames from photometric footlage of
the tests

Pocitive 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, 1986).
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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 tests 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 ot leak rates of both inner and outer
vessels, and (c) each test being conducted at the worst -
case temperature and pressure of the cask determined
by the structural analy<ex. Data from accelerometers
and strain gages. while usctul 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 boundaries, were added to the test

program scope to address the concerns of the NRC. At
the recommendation ¢f 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 model was added at the end of the
test sequence.

The following program interfaces were estah-
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 Cask.”
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. 1953 (see Appendix 2.10.6 of
Nuclear Packaging, 1986}, DT-4 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 z: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.

~andia 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 its suitability for continued testing. “Quick-look™
data from selected accelerometers and strain gages
were avallable for inspection immediately following
each test. Raw and filtered data from accelerometers
and s<train gages. inspection data sheets, documentarv
photographs, photometrics tfootage. 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 NubPac verified that test criteria
and environmental conditions were satisfied hefore
each test. Field changer 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. NulPac 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 records, and the raw and filtered data will be
retained in Transportstion Syvstem Development
Department 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 NulP’ac 125-B cask.

2.2 Test Requirements

Evaluation of the peckage design must address its
sdequacy h.th 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 perfurmed in agreement
with "Drop Test Requirement~ H\ipothetical Acci-
dent Conditions (Type “B”) for 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 lests
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
uperating prensure 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 initial tem-
peratures for the 30-ft ~ide drop test and puncture
tests. The most unfavorabie 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 s 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° +1° 62.5°+1° 0°x1° 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,-01in.) (+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 Yes Yes
POST-TEST STEPS
Remove Overpacks No Yes No No Yes
Leak Test No Yes No No Yes
Inspect Lid Bolts No Yes No No Yes
Disassemble and

Visually Inspect No Yes No No Yes
1007 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.

Tablé 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 Model 30-ft Bottom End
Drop Test Procedure

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

NP-5 Quarter Scale Mode! 30-1t Side Drop
Test Procedure

\P-6 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 Mxdel Chilling Procedure

NP-11  Quarter Scale M:xiel Impact Limiter

Destructive Disassembly Procedure

Tablo 2-3. Procedures Uud

Activities

N Activity
Initial examination

Instrument for tests
30-ft bottom end drop

test
A0-ft oblique drop test

Intermediate post-test
examination

e e TR

in ﬁarjaerui

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 (N1°-14)

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)

Side puncture (NP-6)

30-ft side drop test

40-in. side puncture

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 lb.

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 2-8. 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

OBLIQUE IMPRCT SURFACE—
(s0e Menct 180°
OPPOSITE OBLIQUE IMPACT)

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,
Al10, 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 system is shown
in Figure 2-13. The coordinate syvstem 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 hody when the model was assem-
bled for testing. These components were marked and
assembled as shown for each test conducted.

\ TOP OVERPALK

ACCELEROMETER B.2Cxe
TYPICAL 3 FLACES

CASK BOOY

THERMOCOUPLE
ACCESS

si.e8 .
CASK 17,25~ TWERMAL SIELD
LENGTH ‘ cuTOUTS
(=3 ca)
“~ / \ ’
A < - \»\\l\\“’l?_Nm:N
2594 —~—— .
y (270°)
.
BOTTOM
OVERPACLK
NOTE:@ SR4 aND SRy ARE DRECTLY
OPPOSITE SR, AND SRa .
X(O'j) X-Y-Z AXES CENTER ON CASK BOTTOM

SR = Strain gage rosette

A -- Accelerometer

Figure 2-12. ("oordinate System for Nul’ac 125-B Quarter Scale Model, and

Transducer Locations and Orientations
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Figure 2-13. Planned Relationship Between Inner Vessel
Components and the Cask Coordinate Svstem

Figwe 2-14. Actual Relationships Among Ilnner Vessel,
Ianer 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 of a wire rope cable suspended across a moun-
tain canyon as illustrated in Figure 2-15. This load-
bearing cable may be raised and lowered ubove the
impact surface from 0 to 61 m (200 ft); the cable can
support proportionally heavier loads at lower eleva-
tions. The load at 61 m (200 ft) is 1360 kg (3000 lb),
whereas the load at 15 m (50 ft) is 4540 kg (10 000 Ib),

The unyielding target is an extensively reinforced
24X 10°-kg (5.3% 10°.1b) mass of concrete and steel,
~6 m (20 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, 76 to
12.7 em (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 filings filled
cement grout.

Two parallel wire rope cables were attached to the
target and run vertically 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-5 8 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)

224 10° «q (500 000 )
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

7 = S
. MANM SUSPENSION
LOAD RING
LINE CABLE
|
RUBBER PADSW T
CABLE EYELEY
ADAPTER
MPACT TARGET
[ 4

Figure 2-16. Mounting of Test Article on Aerial Cable
Apparatus













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 body. 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.









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
roseties were installed on the assembly (Figure 2-12).

4.1 Gage Characteristics

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

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

Type Miniature Damped,

(piezoresistive)
Maodel No. EGAXT-F-1000
Range + 1000 g'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 ~haker 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.

T:BTe 4-3 Sens‘i'tivit'i;ars of Entran
Accelerometers at — 20°F (Model
EGAXT-F-1000)

Initial Calibration
Sensitivity at —20°F

Serial Number (m\V/\/g)
21N AL 0.0165
21N50-A12.12 not measured
21 NH5-A13-13 0.0166
21NHM-A14-14 0.0168
21N50-A15-15 0.0171
21N50-A16-16 0.0167
21N50-A17-17 0.0168
21N50-A18-18 0.0165
21N50-A21-21 0.0163
21N50-A22.22 0.0172

Note: Calibration performed on a 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 rosettes were oriented so
that the *Z" gage was aligned with the z-axis of the






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 impact 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 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 28 in.-lb
(Figure 5-2).

Figure 5-1. Sketch of Inner Vessel Showing Cells and
Alignment Pins
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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 tfor 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 very 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
unyelding 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
temperature 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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Tabte 7-1. Rotatlom and Do!otmatloﬁ“;f Upper Internal
impact Limiters Atter 30-1t Obiique Drop Test

Deformation ~3/4 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 Del‘ormatiop
A ~30° clockwise
B ~5° counterclockwise
the way up the sides
C ~5° 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

Canister Orientation
A No rotation
B No rotation
C 2° - 3° clockwise
D 3° - 4° clockwise
E ~25° counterclockwise
F ~26° counterclockwise
G ~15° clockwise

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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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 L1t L2 L3 L4 L5 °)
D1 *  * 40.006 * * 270
D2 oo * * —0.006 315
D3 * * * * * 0
D4 * o * * —0.006 —0.007 45
D5 *K * —0.006 —0.011 90
D6 * * * * * 135
D’] * * * * * 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 iIntermediate inspection of Cask

Lid, Cask Bottom, and Inner Vessel Lid
There were o Jdiference measurements exceeding

the PMEof £ 00020 for the cask lid, cask bottom, or

1y 4
s Vesselodnd

7.11.5 Intermediate Inspection of
Internal Impact Limiters
The lengths o the upper and lower internal :m

pact liniters were measured The amount ot crush ot
each impact limiter .~ yiven in Table 7 6 1or the lower
internal - pact imiters and in Table 7-7 fir the nipper
internal impact nitors

e e

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

Impact ~_ Tangentni Location
Limiter l.l__w [.2 [ 1.4
A LA [VRLEN 1.0ah LR
B 0.555 1558 R 000
C Q.50 0.495 IR 0 30N
I 0.-72 0.-~2 0ulh 0
E 1234 1244 1232 i
F 70l 0713 0 T0g G
G 0374 0.765 TP 0.7
Yo Mo rement within PN of < 0ol gn
. ] B e R e st SIS IR [ B

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

oot Fangential Location
limiler 1.1 1.2 [.3 It
A 10005 0004 0005 1,020
R (X} IR AR . 1R
C g . . (.00
D TR 0077 0nuTy 0076
0237 0,011 (LR 0230
0007 00K} Hnou7? 0,069
G 10000 (ARSI 001s noln

*Measurement within PMI ot » 0002 1

K1



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-V 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)
BN09B 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° to 4'..







8.4 Intermediate Installation of Table 8-4. Intermediate Installation

Accelerometers Location of Accelerometers on Model
The Entran accelerometers were installed on the
model as specified by DT-04 and shown in Figure 2- Accelerometer Accelerometer
12. Because the Endevco accelerometers required two Location Serial Number
4-40 UNC cap screws for mounting, two 4-40 UNC AZ1 21N50-A11-11
holes were drilled and tapped into the accelerometer
mounting blocks opposite accelerometers A2, A5, and AX2 21N50-A21-21
A8. The Instrumentation Installation Procedure was AY3 21N50-A15-15
revisled, an}(]i tllle acceleromete}:s wer(le installed. Tal;)le AZ4 21N50-A16-16
8-4 lists the location of each accelerometer at the
intermediate installation. AX5 21N50-A18-18
AY6 21N50-A12-12*
AZ7 21N50-A14-14*
AXS8 21N50-A17-17
AX9 BNO09B
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-A29.
22) showed unacceptable responses.
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9. 30-ft Side Drop Test

9.1 Assembly of Inner Vessel

The inner ro~~c! Wi~ posiioned vertically and
cleaned internaliy wth ray~ dampened with methanol.
Care was~ taken not to remove anv marks used tor the
sspection privess. The lewer internal impact hmiters
were i« cleaned with rag- dampened with methanol.
Beva ~: the honeycomb was deformed. each lower
internal impact limiter had t. be pushed down int. s
orresps-ading cell with a tube

The canisters and apperanternal impact hnaters
werr cleanvd with rags dampened with methanol Fue
bo .-~ were installed in the tapped holes in the canis
te-~ in2 upper internal impact hmiter-. and cach was
iowered :nto its cell. Each component was returned to

~nbed = ras

The - ratches on the <wvaling ~urfuce <t the inner
ve~w| and the ~cratches and geuges arcund the O ning
cv vve~ on the inner vessel hid were ~anded. The
intes: - surtace oi the inner ves-vi lid, the O ning
grwves on the inner ves<el id, and the O rings were
thor im0y cleaned with Kimwipes dampened with
methanol. The U -rings were then creoced with Apie
2or. vacyum grease and instulled i the croones \ter
the <saling - .7t o ot the inner vessel was grea~cd with
Apiezon, the lid wa~ positioned coer the alignment
pins and ~lowly . wered until the lower O ring re-ted
on cop of the tapered region of the <eding surtace
bo-- The lid a4~ then 1o eid down into position, and
the 'vits w.re installed and torgued to 2= in-lh

9.2 Leak Testing of Inner Vessel

Artér the . im mass spectrometer jeak detector
was zer -t and - aitirated 8(‘(nr(“ng tv the manu-
tirers anstractions and vented, hardware was
attached ¢ r leak testing the () ring ~cals -t the inner
vessel lid.

Tre leai te-t hardware was attached to the tes
i~ - onthe lid, and the ~pace between the () rings was
evacuated ' the standard operating prre-an tor the
leak detsctir The i1 b wrseed CavIty Wie ¢VBC AT ed]
and ;. ressunzed with helium. The leak ot otor was
mon: ot and the reading was rocorded after it
statilized Thiore wa- no detectable helium ook rate
for the par of inner ve--el O fings 1o sensitivaty of
L6 10 ° cm'/s.

V.
-

9.3 Assembly of Outer Vessel

T'he cuter vessel was positioned vertically. s
imterior surtace was onlv viacuumed out and wiped
down with drv rags because cleaning solvents could
remove the inspection markings. The exterior surtace
of the inner vessel was carctully cleaned with rag-
dampened with methanol After eve bolts were
attached to the Iid of the inner vessel the ipner vessel
was litted over the outer vessel, lowered ita the outer
vessel, and rotated to ensare proper alignment.

The scratches on the sealing surface of the outer
ve~~cl.nd the <cratches and gouges around the O ring
grooves on the outer vessel hid were ~anded  The
ntertor surface of the outer vessel lid, the O ring
grooves on the enter vessel id, and the O-ring~ were
thoreughly cleaned with Kimwipes dampened with
methanol. The O -rings were then yreased with Apie-
ron vacyum grease and installed in the srooves After
the sealing surtace of the outer vessel was greased with
Apieson, the lid was positioned over the alignment
pins and siowly lowered until the lower O-ring rested
on top ot the tupered region of the sealing surface
bore. The lid was then forced down into position, and
the bolts were installed and torqued 10 20 ft-1b.

9.4 Leak Testing of Outer
Vessel

Atter the helium mass spectrometer leak detector
was zeroed and calibrated accerding to the manu-
facturer’s anstructions and vented, hardware was
attached for leak testing the O-ring seals ol the outer
vessol hd.

I'he leak te<t hardware was attached to the test
port on the lid, .ond 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
monitored, and the readimg was recorded after at
ababized There was no detectable helium leak rate
tar the pair of outer vessel O rimgs to a sensimivity ol

T e lu n (‘rn“'l\
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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

* 40009 +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 14 L5 (°)
D1 * —0.008 —-0.009 —0.007 * 270
D2 * * * * * 315
D3 *  40.008 +40.011 +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 +40.028 +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 =0010 1n for either the diameter or the straght
nes of the inner vessel exterior, that was the diameter
at location D313, which measured a shight increase
{0011 in) in the inner vessel outer duameter N\

difference mea~urements of the inner vessel tube
bores exceeded the PMI

12.11.3 Final Inspection ot Canisters
~everal ditference measurements ! the cani-ters
evereded the PML G - 0,002 10« Table 12-5)

The cani-tcr~ were ~lizhtly bulged cutward The
measurements {r D2g agree exactly with the differ-
ence measurements taken at the intermediate post.
test - -pection. However, the measurements tor
DZe have changed. particularlv near the «nd of the
canister

Ir contrast 1o the intermediate post test inspec-
mon  Secton 7.11.3) no significant ditterences in
straghiness of the canisters were ohserved at the final
= ~t-te~l inspection. This tinding verifies the as<ump
uon that the large vhange in <traizhiness recorded tor
22 a° the intermediate post-test inspection involved
8 ~v~lematic SIgN error

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

Tangenual _ loneitornal Location
Location },l 1.2 1.3 ~L-l 155
® b P ERE IX] . b

0008 - 0.004 - 000 .

D2e
D2g .

Notes. “\Measrement within PN of = 0007 in

Difererie measurement - niial measurenent
minus current measurement ~i:n- have been
adjuste o 1= positive for an ancrease in diameter
and negative for 8 de. roawin diameter

B i L o

12.11.4 Final Inspection ot Cask Lid,
Cask Bottom, and Inner Vessel Lid

There were noditterence measurements exceeding
the PNMT ot 00020 tor the cask bid. cash hottom, or
mner vessel ll(i.

12.11.5 Final Inspection of Internal
Iimpact Limiters

The lengths of the upper and lower internal im-
pact himiters were mea~ured The amount o crush of
each impact limiter was the same within the PPN as
the crush measured for the intermediate post-test
mspection, with two exceptions Upper impact himiter
"7 was measured at two locations, L3 and 14, 10 have
shivhtly iess erush (by 0.003 to 0004 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 Nul’ac quarter ~cale model
was complete, the exterior surfaces of the overpacks
were measured and photosraphed to docament their
tinal condition. Figures 12-24 through 12-27 <how the
conditton ! the top overpack, while Fioures 12:28
throoagh 1231 <how the condition of the bottom
overpack.

The major exterior deformations were measured
hetare the sectioning of the individual overpacks.
Figure~ 12-32 and 12-33 <how the measurements of
the top overpack, while Figures 1254 and 12-35 show
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
area~ where damage appeared to be maximal.

The overpacks were positioned on a band saw and
cut as indicated by the permanent marks. Figures 12-
doand 1237 show the sectioned top overpack, while
Figures 1275 and 12-139 show the sectioned bottom

overpick
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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 2.4x107% em?/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.



Shielding -
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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
21N50-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 0.018689%0

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/g)
BN09B 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 sccelerometer 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
1- 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-
peck edge. then continued rotating about its y-axis,
resulting in s final impact as the upper overpack hit
the edge of the target (Figure 5-18). The “dimple” in
the botiom 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 AZ1, 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 Cl1):

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

e 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.

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

« The impact angle with respect to the horizontal
is given by sinfd = a /fa;

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.

¢ The final impact had an acceleration along the
z-axis ~30 that of the primary impact along
the z-axis.
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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 by
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 werc 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-
22, located for the first two tests at positions AZ7 and
AY6, 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 y-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 y-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. AN5, and ANS have read-
ings from 170 to 180 g (average = 176 g).

» Additional accelerometers AXY, AXI10, and
AXI1 have data almost identical to accelerom-
cters ANX2, AXGS, and AXS (but of opposite sign
hecause they were installed on the opposite side
of the accelerometer blocks).



o 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. Strain 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
and movement of the lead that locks the shells in place
i 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 104,

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 E1):

* 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 AXB (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: SR5-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
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 A1). The PMI was determined to
be +0.005 in. The diametrical measurements for the
initial inspection are listed in Table Al.

Initial Inspection of Cask

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 —

|80°

S 12.81° DIA
T (REF)

CASK BORE —

pr—=8.65"

51.88"
(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 .3 L4 L5

D1 13.375 12.767 12.785 12,882 12.798 1:2.78&{7
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 12,785 12,770 12.770 12.785
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the Initial Inspection

Table A2 ‘Stnlghtn“oru Measurements (in.) of iho Cask Boto for

Longitudinal Location

Tangential ___ o
_location 11 L2
D1 -0.016 - 0.013
D2 -0.018 -0.021
D3 -0.054 -0.043
D4 -0.019 -0.014
DS +0.003 -0.017
Dé +0.016 +0.005
D7 ~0.021 +0.002
D8 0.009 -0.025

L3 14 L5
-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
initial 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
tobe * 0.10in. The straightness measurements for the
initial inspection are listed in Table A4.

T =

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

Tangential
Location 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

Longitudinal Location

Tangential

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
Dé -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 12
and D6), D3 (between points D3 and D7), and D4
(between points D4 and D8), at five evenly spaced
longitudinal locations separated by 7.24 in. These
locations were marked for subsequent. inspections.
The inner vessel tube bore inspection geometry is
shown in Figure A3. The PM] was determined to bhe
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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 “C™" 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.



Figure AY. Inner Vessel Tube Bore Inspection Geometry (Viewed from Closure End)

13.08° OUTSIDE DIA
(REF)

(REF)

Table AS. Dlar;elrical ‘“;‘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 A0 3.563 3.556 3.523 3.541
Di1b 3.620 3622 1.623 3.622 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 3658
Did 3.648 3.640 3.634 3.640 3.655
D2d A B0 3.620 3.624 3617 3.593
Dle 3816 4611 3.607 3.608 3.602
D2e 3.643 3.645 3.645 3.650 3.653
DI1f 3.629 3.817 3.615 3618 1614
D2f 3.833 3.648 3.648 31.646 3.650
Dig 3.633 3.635 3.635 3.636 3.636
D% 3.638 3.638 3.635 .64 3.634

3.63° DIA BORE (TYP 7 MLLS)
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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 -0.016 —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
D1b +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
D2d +0.013 —0.005 —0.012 —0.011 —0.003
Dad —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
Dof —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 D) for each of the seven canisters
labeled “s” 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

listed 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 PM! 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

6.17° —ote— §, 17* i

(rve) ii .
u <

2.%°
ow)

%0? mm

®

t—0.07° DIA (REF)

Figwre A4. 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
Dia 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 3.512 3.515 3.517
Dle 3.520 3.518 3.521 3.515 3.510
D2e 3.508 3.506 3.508 3.512 3.516
Dif 35612 3514 1.516 3.514 1,616
D2f 3514 3513 3.514 3.513 3.510
Dig 3.507 3511 3.513 1.513 3.611
D2g 3.520 3512 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
Dla —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
D4a —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
Dilc +0.0010 —0.0015 —0.0005 —0.0025 —0.0010
D2c —0.0015 —0.0010 —0.0010 —0.0010 —0.0005
D3c +0.0015 +0.0030 0.0000 +0.0005 +0.0005
D4c —0.0005 —0.0020 —0.0020 0.0000 —0.0010
Did —0.0010 +0.0020 +0.0030 +0.0010 —0.0005
D2d —-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
D4e —0.0030 —0.0090 —0.0060 —0.0055 —0.0055
Dif —0.0030 —0.0005 —0.0020 —0.0040 —0.0010
D2f +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 + 0.0040 + 0.0005

D4g +0.0005 —0.0030 (10000 — (L0030 +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 flatness. The flatness of each sur-
face was measured at five radial locations R1 through
R5 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 PMI was determined to be +0.002 in.

The flatness measurements are given in Tables
A9. Al0, and A1l for the cask lid, cask bottom, and
inner vesse! lid, respectively.

3 > { TREmIe
ams

A.6 Initial Inspection of Internal
Impact Limiters

The length of each internal impact limiter was
measured at four tangential locations 1.1 through 1.4
{Tables Al2 and A13). Tangential location L.1 corre-
sponds to the alignment datum marked on each
impact limiter. The PMI was determined to be
+0.002 in.

- w -
' [SUNN— |
——
md vitw
(Bortom Facts W)
/—ll
4 [R17 - W

Figwe AS. Cask Lid, Cask Bottom, and Inner Vessel 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) 0 0 —0.0001 +0.0001 (set) O
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) 0
B —0.006 +0.005 +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) 0 —0.0003 +0.0006 —0.0002 (set) 0
B —0.0004 — (L0000 +0.0006 —0.0003 —(0.0005
C —0.0009 —0.0005° + 0.0006 —0.0005 —0.0010
D —0.0005 —0.0003 + (L0006 —0.0005 —0.0006
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Tiblo A12. Length Measurements (in.) of lh’o UDDOI’
Internal Impact Limiters

Upper
Impact . Tangential location
_Limiter LI L2 L3 L4
a 5.240 5218 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
f 5.239 5.239 5.231 5.233
(4

5.242 5.246 5.251 5.248

Table Aiﬁ. Length Measurements (in.) of tho Lower
internal Impact Limiters

Lower
Impact Tangential Location
Limiter L1 L2 L3 L4
a 2.761 2,967 771 2.764
b 2.765 2.768 2.764 2.762
c 2.763 2.767 2.770 2.765
d 2771 2,768 2.763 2.767
e 2.768 25 2.767 2,773
f 2.767 2772 2.769 2.767
g 2,767 2.767 2.765 2.768
A.7 Weights of Model Table A14. Weights of Major Model
Components Components
All of the model components were weighed. The
;!Ulll of major model components are listed in Component Weight (Ib)
able A14. The weights of the internal impact limiters 1
are listed in Table A15, and the weights of the canis- L')"’" °"°"’“: 2232
ters are listed in Table A16. Total assembled weight wer overpac .
was 2830 lb. The inner vessel assembly weight was Cask body (w/o lid) 1437
904 Ib. Cask lid 79.9
Inner vessel body (w/o lid) 475

Inner vessel lid 416




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

Location Weight (lb)
Weight (lb) 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 e 46.50
d 8.35 0.85 d 46.15
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

Figures

Bl1-1 Acceleration vx Time for Gage AZ1 for 30-ft Bottom End Drop Test ..o, 158
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Bl.5 Acceleration vs Time for Gage AXS5 for 30-ft Bottom Fnd Drop Test . e 160
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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 B1-9. Microstrain vs Time for Gage SR1-Y for 30-ft Bottom End Drop Test (filtered at 1000 Hz)
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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 C2

Fast Fourier Transforms of Raw Accelerometer Data

for the 30-ft Oblique Drop Test
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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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APPENDIX E1

Accelerometer and Strain Gage Data for the 40-in.

Side Puncture Test Filtered at 1000 Hz
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Accelerometer and Strain Gage Data for the 40-in.
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APPENDIX F2

Fast Fourier Transforms of Raw Accelerometer Data

for the 40-in. Closure End Puncture Test
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