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Abstract

Tnis 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 H> 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 condition* specified in 10CFR71 and to define the accident

damage as initial conditions for the thermal, shielding, and criticality

analyses.
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Glossary

CANISTERS. Conuiners loaded with fuel debris.

CASK BODY See OUTER VESSEL.

CASK BORE Internal cavity of cask body.

CONTAINMENT SYSTEM. The componenU of

the packaging intended to retain the radioactive

material during transport.

IMPACT LIMITERS. Eitemal impact limiters

(also called OVERPACKS in this document) are

atUchmenU to each end of the cask body that

consist of a polyurethane foam filled meUl 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 conUinment 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

Uinment vessel or seal.

OUTER VESSEL. The outer conUinment 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 recepUcles, 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 conUinment vessel, internal impact
limiters/shield plugs, and lids for the inner and

outer vessels.

15-16



 



Test Data Report for Quarter Scale

NuPac 125-B Rail Cask Model

1 . Scope

ITus document presents the data obuined by
Sandia National Laboratories (Sandia) during impact
and puncture testing of the quarter scale model of the

NuPac 12.VB Cask. The date include the following:

Inspection reports documenting the dimen-

Mons 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 strain gage data

Measurements of overpack and internal impact
limiter deformations

Individual frames from photometric footage of

the tesU

Positive images from % radiographs

Documentary photographs of the teste and

associated activities

The testing was performed to:

(a) Verify that the package is structurally ade

quate to survive accidentel drops of 30 ft in

any orienUtion and accidenUl puncture

events, without loss of either conUinment

boundary

(b) 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

(c) 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. i 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 from the TM1

site at Middletown. Pennsylvania, to the Idaho Na

tional Engineering Laboratory iINEL) 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 iNRO. the certifying 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 of the

package. The 4( i-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.

Ib> measurements of leak rates of both inner and outer

vessels, and ic) 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 useful to check the analyses.
were considered of secondary importance.

X-radiography and careful dimensional inspec
tion ot model components, and leak testing of both

ca.-k containment boundaries, 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 model was added at the end of the

test sequence.

The following program interfaces were estab

lished between Sandia. NuPac. and EG&G.

NuPac prepared the test plan. "Drop Test

RequirementsHypothetical Accident Condition?

(Type "B") for Quarter Scale NuPac 125-B Rail Cask."

DT-04. Rev. 0. lanuarv 24. 1985. with considerable

input from Sandia. EG&G and Sandia reviewed the

test plan, which was issued as a controlled document

by NuPac. The tests were conducted in accordance

with Rev. 2. April 8. 1985 isee Appendix 2.10.6 of

Nuclear Packaging. 1986). 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 oi 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 same configuration for each

test. Sandia performed inspections of the test article

identified in DT-04 to document its measurements

before testing began, after completion of the oblique

drop test, and after completion of the drop and punc

ture tests. NuPac approved the inspection reports.

Sandia was responsible tor 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 available for inspection immediately following

each test. Raw and filtered data from accelerometers

and strain gages, inspection data sheets, documentary

photographs, photometries footage, 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 ot 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 test 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

farm and provided comments for incorporation into

the final te^t data report. NuPac interpreted the test

data results and compared them with analytic predic
tion- (Nuclear Packaging. li'"*o 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 Transport-it ion System 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 copy of the test records package for the

duration of the useful life of the NuPac 125-B cask.

2.2 Test Requirements
Evaluation of the package design must address its

adequacy both under normal conditions <>t 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 Teat Requirement-" Hypothetical Acci

dent Conditions (Type "B"> for Quarter Scale NuPac

125-B Rail Cask." DT-04. Revision 2. April 8. 19H.1

(see Appendix 2 10.6 of Nuclear Packaging. 1986).

They address only the impact and puncture portions

of the hypothetical accident conditions.

Evaluation for the hypothetical accident condi

tions is baaed 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 Condition*

The initial conditions for the tests specified by

10CFR71 73 include.

"The ambient air temperature before and after

the teats must remain constant at that value

between -29*C <-20*F) and + 38C <100F>

which is roost unfavorable for the feature under

consideration."

"The initial internal pressure within the con

tainment system must be tin maximum normal

operating pressure unless a lower internal pres
sure consistent with the ambient temperature

aasumed to precede and lollnw the tests is more

unfavorable."

NuPac determined that ambient spring tempera
tures in Albuquerque provided sufficient initial tern

peratures for the 30-ft side drop test and puncture

tests The most unfavorable initial temperature for

the 30-ft bottom end and oblique drop tests was

calculated to be 2uF. Because the ambient air

temperature could not be adjusted to -20F, the

model itself was chilled to a temperature above

-40F but below 20 F, and the bottom end and

oblique drop tests were performed with the model at a

temperature between 27F and - 19F.

2.2.2 Tests Conducted on the NuPac

125-B Quarter Scale Model

The required impact teste include the following:

FreeDrop-"A free drop of the specimen through
a distance of nine m (30 ft I 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 (>4,

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.

19



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 verify 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

Te:5t 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 62.51 0 1 01 901

(with respect to horizontal)

Drop Height 30 ft 30 ft

( + 1,-0 in.) ( + l,-0in.

30 ft 40 in. 40 in.

1,-0 in.) (+0.25,-0 in.) (+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 <-20F 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

100' i Visual Inspection No Yes No No Yes

Dimensional Survey No Yes No No Yes



2.3 Test Procedures
Procedures for all tests and related activities were

prepared by Sandia and reviewed by EG&G and

NuPac. The procedures defined the steps to be taken

in performing the teste. They 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. 19*4). 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 Scab Model are listed in Table 2-2; proce

dures used for each major test activitv are shown in

Table 2-3.

rXSm&S&ZZZ;?.:.; /S.Z.Z~Z

Table 2-2. Test Procedures

Test

Procedure

Number

Title

(NuPac 125-B)

NP-1 Quarter Scale Model Instrumentation

Installation Procedure

NP-2 Quarter Scale Model Inspection
Procedure

NT 1 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 Model 30-ft Side Drop
Test Procedure

NP-6 Quarter Scale Model Side Puncture

Test Procedure

NP-7 Quarter Scale Model Closure End

l'un< tore Test Procedure

NP 8 Quarter Scale Model Assembly/

Disassembly Procedure

NP 9 Quarter Scale Model Leak Test

Procedure

NP-10 Quarter Scale Model Chilling Procedure

NP-11 Quarter Scale Model Impact Limiter

Destructive Disassembly Procedure

Table 2-3.

Activities

Procedures Used in Major Test

Activity

Initial examination

Instrument for tests

HO- ft bottom end drop
test

.to ft oblique drop test

Intermediate post-test
examination

30-ft side drop test

40-in. side puncture
test

40-in. closure end

puncture test

Pinal post-test
examination

Procedures Used

l-eak 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 (NP-.'ti

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)

Closure end puncture (NP-7)

Leak test (NP-9), Disassemble

(NP-8), Inspect (NP-2),
Impact limiter destructive

disassembly (NP-1 1)

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 2-1 1. A thin thermal shield, consist

ing of wire wrapped around the cask body, covered by
stainless steel sheet, ia not shown in the drawings.
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Figure 2-1. Test Unit on Transport Skid

Figure 2-2. Outer Cask Body

!2



Figure 2-3. Outer Cask Body With Lid

Figure 2-4. Inner Veasel



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 BoiU



CASK LID

ICV LID

HEX HC>. CAP SCREW, 1^-28 UNF-2AK IO S LG
WITH Vif 1.0. STAINLESS 6TCEL. FLAT WASHER

OVERPACK- REF DW6 X-IOI-20O

SHIELD PLUG/ UPPER

IMPACT LIMITER -REF sk 795

MOCK CANISTER(s)

Cask assc*\bly - ref sk 79;

ICV ASSEMBLY ref sk j9h

HEX HP. CAP SCREW, Vn -2a UNF - 2A > 10 IO US,
WITH !*) Lb. STAINLESS STEEL. FLAT WASHER

OVERPACK - REF PW& X-IOI-200

LOWER INTERNAL
IMPACT LIMITER
REF SK J5

(M) ASSEMBLY

Figure 2-8. Assembly Drawing of the Model (NuPac I)wr 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 rosettes 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: -40F to 120CF

Frequency

Response: Flat within 10', up to 5 kHz

Figure 2-12 shows the coordinate system 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

tesls performed. Three additional accelerometers (A9,

A10, All) 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 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 for each test conducted.

OBLIQUE IMH1CT SURFACE

(side impact \eo'

OPPOSITE OBUOU6 impact)

Tt^P ^VEJEPACK

ACCELEeoMETEK B-I

TYPICAL. 3 PLACES

CASK BODY

TWEEmoCOUPlE

access

25 ~TuElMiL S-E.D

CUTOUTS

y i^TO)

BOTTOM

OVEKPaCK

<(1*

MOTE : 5E4 t+JO SR5 ABE DlBECTLY

OPPOSITE SE, AMD SBj

X-y-Z AXES CESJTEK OU CASK BOTTOM

SR = Strain gage rosette Accelerometer

Figure 2-12. Coordinate System for Nul'ac I2.r>-B Quarter Scale Model, and
Transducer Locations and Orientations
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270*

Flgur* 2-13. Planned Relationship Between Inner Veasel

ComponenU and the Cask Coordinate System

Figure 2-14. Actual Relationships Among Inner Veasel,

Inner Veasel Lid, and Outer Cask Body for Testing

2.6 Aerial Cable Facility,
Sandia National Laboratories,

Albuquerque, NM
The Aerinl Cable Facility suspension mechanis-m

consists df 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 above the

impact surface from 0 to fil m (200 ft); the table can

support proportionally heavier loads at lower eleva

tions. The load at fil m (200 ft) is 1360 kg C1000 lb),

whereas the load at In m (50 ft) is 1540 kg ( 10 (><>o lb).

The unyielding target is an extensively reinforced

2.4X10*-kg <5.nxHr''-lli) mass of concrete and steel,

-6 m t'20 ft) in diameter and 3.8 m (12.5 ft) deep,

placed on top of tamped earth, faced with a 3x3-m

(10x10ft) slab of battleship armor plate, 7 ti to

12.7 cm (3 to "> in.) thick. The steel facing is welded to

the alloy steel -concrete reinforcing members and is

grouted to the concrete plug with iron filings tilled

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 (1.25 IN )

CABLE CORE TYPE-FIBER

BREAKING STRENGTH-5 8X 104 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 ANCHOP

ELEVATION 1963 METERS

16440 FTI

EAST ANCHOR

ELEVATION 2036 METERS

16680 FTI

LOAD RlNu

HOISTING LINE

MAIN CABLE

TROLLEY

MAIN SUSPENSION

CABLE

2 2- 10" kg I5O00OO if

UNYIELDING TARGET

3 m X 3 m AflMOR

ELEVATION 1890 METERS

16200 FTI

GROUND ZERO

Figure 2-15. Aerial Cable Facility at Sandia National Laboratories. Albuquerque. New Mexico

LOADRMG

HCMSTMG UNE

-

im
SPREADER BEAM

RUBBER PADS

mr~

H

MAM SUSPENSION

CABLE

-CABLE EYTLET

ADAPTER

PACT TARGET

^L.

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

Apparatus
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Figure 2-17. Test lad With Stadia Hoard

2.7 Photometries and

Photographic Coverage
Photometries and photographic data were re

corded with the cameras listed in Table 2 4. The

locations <>f the cameras with respect to the target are

shown in Figure 2-18. Figure 2-19 show*, some of the

cameras used to document the tests.

10X10 FT

AftMO* TAftOFT

nata

wwv

Not*: Numbers are eiplslned In text.

Figure 2*18. Typical Camera Locations
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Figure 2-19. Typical Camera Setup

Table 2-4. Cameras Used to Record Photometric

and Photographic Data

Camera

Speed
Lens Setting

No. Camera Type (mml (fps)

1 \ ideu color 17/102 zoom video

2 Video black and white 12.5/75 zoom - 500

3 2000 fps (Hi mml 254 - 2(XX)

4 2000 fps (16 mmi 2.S 105 zoom -2000

5 400 fps 116 mm) 50 - 40H

6 400 fps (16 mm) 25 - 4i>(i

i 24 fps real-time (16 mm) 12.5 24

X Stills Cin mm) 80 200 zoom 5

H 150 fps C15 mml 75205 zoom - 150

Notes: See Figure 2-1H for typical camera locations.

Ip*- = frame-- 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.mdia 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 omnia-

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

zontally from the ends of the cask. The eve bolts

attached to 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 eye bolts,

the assembly was lifted in the horizontal orientation

from the transport skid by a fork lift 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 Ud

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.

Flgurs 3 1. Removal of Cask Body I. id

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 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.

The lower portion of the cask was x-radiographed

by positioning 17x21-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.
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FlfMra 3-2. X R*du*raph of Bottom End of Cask Body at 0*
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Figure 3-3. Inspection of a Canister
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4. Instrumentation

Accelerometers and strain gage rosettes were used

lo measure accelerations and strains experienced by

the package. The locations and orientations of the

gages were defined by NuPac in DT-04. A total <>f

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.

4.2 Calibration

Calibration of the Entran accelerometers was con

ducted by the Sandia Calibration Laboratory at

20F 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.

Table 4-1. Characteristics of Entran

Accelerometers

Table 4-3. Sensitivities of Entran

Accelerometers at - 20F (Model

EGAXT-F-1000)

Initial Calibration

Type Miniature Damped,

(pietoresistive)
Serial Number

Sensitivity at -20F

ImVA'/g)

Model No.

Range

F.CAXT-F-1000

1 000 g's

21N.-><>-All-ll

2lN5o -A12-12

21N50 A13-13

0.0165

not measured

0.0166

Over- range t 10 000 g's 2 IN.W A14-14 0.01<s

Recommended Excitation 1. u Vdc 21N50-A15-15 0.0171

Temperature Range -40F to +250F
21N50 A16-16

21N50-A17-17

21N50-A18-18

0.0167

0.0168

0.0165

General-purpose, stainless-steel, compensated 21N50-A21-21 0.01611

strain gage rosettes, with fully

exposed copper-coated integr

encapsulated grids and

il solder tabs, were in

>f the strain gages are

21N50-A22 22 0.0172

stalled. The characteristica c

listed in Table 4-2
Noi- Calibration performed on a shaker device.

Table 4-2. Characteristics of Micro-

Measurements Strain Gages

Gage Type

Strain Range

Temperature Range

CEA-09 2501' K -350

5r,

-100Fto + 400F

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
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model, and the "Y" gage was aligned with the y-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.

Table 4-4. Initial Installation Location of

Accelerometers on Model

Accelerometer Accelerometer

Location Serial Number

AZ1 21\7,i>-All-ll

AX2 2lNo(>-A21-21

AYH 21N50-A15-1.T

AZ4 21N50-A16-Ki

AX5 21No()-Al.H-18

AYii 21\'50-A1:MH

AZ7 21N50-A22-22

AX8 21X50- A 17- 17

Figure 4-1. Routing of Instrumentation Wires to Terminal

Strips

Figure 4-2. Si ruin t'.n^r SIM Installed

in



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 teats 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 eye 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 so that the model could be reassem

bled with all components in their initial locations and

orientations. For etample. the canister and upper and

lower impact limiters belonging to cell A were marked

wilh an "A" and the componenU oriented so that all

scribed marks were aligned.
The interior surface of the inner veasel lid, the

O-ring grooves on the inner veasel lid, and the O-rings
were thoroughly cleaned with Kimwipes dampened
with methanol The O-rings were greased with

Apieton vacuum grease and installed in the grooves.

After the sealing surface of the inner veasel was

greastd with Apieton. 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 5-2. 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

9.0/10
9
cm'/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

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 2.3Xl0~7 cm3/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-lb
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Figure 5-3. Synthetic Putly Plugging the Units i..r Itudiiilvsix (Ihm-s in the i-iiittnin

of the Inner Vessel

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 standard operat

ing pressure for the leak detector. Here again, evacua

tion of the vessel was a very glow 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 x 10
~7
cmVs.

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 O-rings
was 4.0X10 "cmVs.

Figure 5-4. inner V

Si,

I Being I-owered InUi the Outer
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Figure 5-5. Plastic Bag Envelope Leak Test of the Outer Vessel

Figure 5-6. Leak Test <>l Outer Vessel Seal

5.5 Assembly of Overpacks
The model was positioned on the transport skid,

and the overpacks were installed by sliding them

horizontally onto the ends of the cask. After the

overpacks were rotated to assure proper alignment,

the bolts were installed ;ind torqued to 70 in.-lb

(Figure 5-7).

5.6 Chilling
The assembled cask was transported to the San

dia Shock and Climatic Division laboratory to be

chilled. The cask and skid were positioned on a cart

and placed inside a climatic chamber (Figure 5-8).

The environmental temperature outside the climatic
chamber was ~68F. 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 thermocouple
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

produces 40*F environment Figure 5-10 shows the

model inside the climatic chamber during the chilling

process.

Figure 5-7. Overpack Boll* Being Torcju*d to 70 in.-lh

Figura 8-g. Model Being Positioned in the Climatic Chamber
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Figure 5-9. Thermocouple Attached to Model
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Figure 5-10. Model Inside Climatic Chamber During Chilling Proces

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:

Trn>(t) T(tl |T (t (l) T..U <] exp [<ln 2/r, Jt|

(D

where

T, = surface temperature (F),

T,nv - temperature of the environment (F),

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

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

t = elapsed time (hr).
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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 rM of 6.1 hr.

A second experiment was conducted to determine

the rate at which the model would heat upwithout any

insulation. A least-squares fit to the heat-up data

using Eq i 1) resulted in a ru for heat-up of 5.2 hr. The

similarity between the rM values indicates that the

convection coefficient for the heat -up phase is similar

to that for the cool-down phase, and it is relatively

constant over the applicable range of experimental
lest temperatures. Following this experiment, the

model was returned to the climatic chamber and

chilling continued.

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 l-iru-thick Cerablanket

(Figure 5-11). The cask body itself was covered with

two layers of the insulating blanket

The temperature data for the model wanning
while covered with Cerablanket yielded a r . , 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

assembly was resumed.

The time behavior of the model surface tempera
ture obtained from these experimenu 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-
leas 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 S- 1 1 Cerablanket Insulation CuverinK 'he MikIiI d.r tin- I'ihh- n> Warm

Calculation Verification Teal
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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 <().5F, 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,

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 body. 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 V 13. Temperature Response of the Quarter Scale NuPac 125-B Cask

(tee 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

waned 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

unyielding target
The rigging hardware, with guillotine cable cut

ten installed, was attached to the trolley on the

overhead cable and to the eye bolt* 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 tumbuckle 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

4V

Figure 5-15. NuPac 125-B Model Rigged for the .10 ft Bottom End Drop Test
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Figure 5-16. Removal of Cerabuuike! Insulation
Figure 5-17. Drop Height and OrienUtion Yeniimti

Before the 30-ft Bottom End Drop Test

\ppr i.rnateU 1 hr alter >h> im! h.id l><> n n

rr. '.*.-< -

; the um.itii i haml-r. r hi guill' it mi- < .i i <!

.'>-r- * r.- actuated. .iimI the n,.-ii !r-c N-i! in tin

,mpai:t target r vure 5-1- -h-'A- 'he actual '{dt'l

S< "*,rri end ''] test Kigure 5 1 ' sho\* tin- . in i- 1 it. i

'.i'.r. '.( the ( ,i-k when dropped.
\ least -Hi. in-- fit t<> the model thermoiouple

data using rvj < 1 1 r - - i S t - i in a heat up r ! . ;t. .'. hr

*'... the mo^iel a.i- insulated, .it .i maximum amlm-ni

'.'". ;*: v ,*> ! *-.\'~r The insulation blanket *ih re

moved Ir.'Mi the model and the thermocouples were

detached I'he bottom end drop te-l was conducted 1 I

mm later 1 he thermal model wa> used to predul

temperatures in the model at the time ol the te-t,

using the heat up r, ol 5.2 hr determined in Se< lion

5 ii lor the uninsulated model I emperatures in the

model were i .ih 1 1 la ted to range Irom ..'7 1-' i near the

iiflterlto 21 f Ion the outer --urlai ei at the tune ol

the drop cent
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Figure 5-18. Sequential Photographs of the 30-ft Bottom End Drop Test

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

Figure S-18. (continued!

5:i



vxm>- :Wk

-sajfrnasm** r*-\

Figure 5-18. (continued)

Figure 5-18. (concluded)
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1
j TOP OVIUPACK

kCCELtnomrr^n block

! r

CASK

TffUNMON

-: i
i

BOTTOM OVEHPACK

' '

i270

PAD

* .i .i >

Figure 5-19. < in.iit.iti...': of \tsiei tor ;u ft Bottom Knd

1 >r p Ttt -tad,. i board i behind m.siei

5.8 Photometries Data
I 'In it i graphs were made Irntn one o| t he |m i |p-

llrames per second), high speed. Iii mm < ameras cov

ermi: the lest The Irame rate o| the camera wa-

detertiuned b\ Mewing the him. locating the Irame al

wlm h tin pael oi cur red. and counting the I rallies near

the impact Irame with respect to the tuning marks on

the tilm. The Irame rate lor the (amera was deter

mined to Ik- ;Is:i |p* Nul'.u used * 10 in enlarge
ments ol these photograph- to measure total overpack
crush during impact.

5.9 Visual Observations

Figures 5 20 through '< _f > show the condition of

Ihe model after the test The hod\ of the cask

appi ared not to have been alleited Figures 5-21

through 5-25" show that the bottom impact limiter was

delormed or "mushroomed"; Figures 5-2 1 and 5-25

show that the weld around the over pa< k be 're diameter

had parti, illv failed The surface of the impact limiter

adjacent to the Ixire was deformed; however, there was

no mm hie sign ol exposed foam The top overpack was

damaged from the s,-< ondarv impact of the model on

the edge ot the impact target I Figures " _'ii and 5-27).

Figure 5-20. N.jIV 125-B Quarter Scale Model Immediately After to ft Bottom

Knd Drop Tet
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Figure 5-21. Bottom Overpack Deformation After 30-ft Bottom End Drop Test

NO DIMPLE

-1/4 (in)

NO DIMPLE

-1/4

90' 270'

-3/16 (in)

NO DIMPLE

NOTE: IMPACT LIMITER -18-3/4 IN. HIGH.

DIMPLES ON THE IMPACT END OF

THE OVERPACK WERE IN FROM THE

EDGE -1.0 IN.

Figure 5-22. Measurements of Bottom Overpack "Dimple"
Deformation After 30-ft Bottom End Drop Test

1-1/16

13/16

1-5/16

180'

1-1/2

270*

BOTTOM SURFACE

OF OVERPACK

(IMPACT LIMITER)

Figure 5-23. Measurements of Bottom Overpack "Mush

room" Deformation After 30-ft Bottom End Drop Test
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Figure 5-24. Bottom (Herpack Failed Weld Alter to ft Bottom Knd Drop Test

Figure $-25. W i-ld >< paritn-n Around Inboard Seam ol Bottom Overpack Alter in

it Bottom End Drop I '<-t



DAMAGED AREA -160' FROM

THE 0' MARK AS THE MODEL

CAME TO REST

TOP IMPACT LIMITER

SECONDARY IMPACT

DAMAGE

SLIGHT INDENTATION

-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

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 the

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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6. 30-ft Oblique Drop Test

Th< cask was tir^t ru^id tor the olihqwtdrop test

1 he fiu':iii hardware with guillotine cable cutters

.:>!.rtlh-d i- iM.uhr.i t the trolles on the o\erhead

cable and to the < \ c bolts attached to the trunnions on

the '- "um portion i-\ the < i-k IhkI\ The unit was

>rn ntrd h\ means ot a turn hut kle in on, ,,t the rigging

'. :"e- The rent.it ion was measured with. in mclinom

t-UT and .idiu-ted to obtain a ti'Jc an>:le on the body

and a <;22* angle on the lower impact ltuuter (Fig

Lire o 1

6.1 Chilling
1 herrnocouple-- were iitt.nhed to the (ask to re

ct
*

'. tr>e temperature ol the m.-rlel while tin ass, mhlv

a* chilled lor the te-t The instrumentation cables

were attached to the terminal strip- and -e, und to ,i

trunnion. I he cooling shroud was positioned around

the model a- shown in Figures i. 2 and i.f

The thermocouples were routed through the wall ol

the cooling shroud and attached to a temper.it ore

recorder The instrumentation cables and rigging

i ables were routed through the top of the shroud and

all openings were -i aled with (erablanket The

shroud was connected to a < out roller, which was con

in , ted to a supply ol lap nd ( '( > The unit roller was

set at |n V to chill the model o\ennght to the

required temperature

The siippK ol liquid CO was disconnected the

following morning at about 10:10 a.m. to allow the

(ask to warm while inside the cooling shroud from

toF to a temperature between JaF and 'JHF

lor t he oblupie drop test

Figure 5-1. Inclinometer Reading for < ii*k Body Before :ui ft Oblique Drop Test
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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 body thermocouple using Eq (1)

resulted in a r,,., of 18."> hr. The thermal model de

scribed in Section fi.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 r,,., of 5.2 hr before the

model was placed in the cooling shroud, a cool-down

Txn of 6.1 hr for forced convective cooling in theFigure 6-3. Model Installed in Cooling Shroud
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shroud, end a heat -up r,, of 18 :> hr while the model

was inside the shroud after the coolant waa di*n>n

nected. A higher heat-up r, .. of 4.0 hr was conserve

ti\-ely easumed for the 19-min period while the model

was outside the shroud and expoaed to the un. The

ambient temperature waa ~75F Calculated model

temperature* ranged from 26 F near the model

center to 19F on the surface

Figure 6-4. Removal of Cooling Shroud

I

Figure -. NuPac IMH Model Rigged for the 30 ft

Dbuque Drop Tet
Figure 6-4. NuI'ik !'.!.' B Model Klevated to 30 ft Before

the to ft Oblique Drop Teat
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Figure 6-7. Sequential Photographs of the 30-ft Oblique Drop Test

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

^'"~ &Si*#ZMrA

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



Figure 6-7. (concluded)

A BOTTOM OVERPACK

\ ^ W ACCELEROMETER

,
\ \ \ BLOCK

TRUNfefOW
(0'1

y(90")

CASK

\^\ TOP OVERPACK

V
J

62.5V

DROP PAD

30 FT

.' I . t . 4

Figure 6-8. OrienUtion of M -hi l-r Id ft Ohln|iii I r,.|.

Tet '-'a'li/i rtoard i behind rmxlell



6.3 Photometries 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 8xl0-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 Cl. 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 Afu r :m ft oblique Drop Tei

Figure 6-11. Measurement of Deformation An;le

Oblique Drop Tei

,1 Tup Owrpmk After 30 ft



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 100F was connected to

warm the cask to ~80F.

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 4.5Xl0~7 cm'Vs.

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 . Hvurred cither on m-tallntitai or

removal of the lid.

Figures
"

3 i"-d 7 I show the inner vexvd inside

the miter \es>cl .-titer tcmc\.il ,>f tin- outer vessel lid

I he i>rn-nl.iHon <! the hftin;' hole and lent port "I

I be inner \esscl lid with respect In tin alignment |,m-
lor the outer s esse I lid show \er\ lilt 1 1 it Jill \ i hange

Irum tin inituil nrieiitatinn I Figure 2 III

Figure 7-2. Condition (' the Outer Vessel Closure During Intermediate Post Test

Examination

Figure 7-3. Caak Assembly After Removal <>f Outer Vessel I .nl 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

monitored, and the reading was recorded after it

stabilized. The helium leak rate for the pair of inner

vessel O-rings was 1.1 X 10
7
crnVs.

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.-lb 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 eye bolts installed for removal ot

the lid. Lifting slings were attached to the eye 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.
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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
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Figure 7-g. Condition of Upper Internal Impart Limiter

A" After ft Oblique Drop T*t
Figure 7-10. Condition of Upper Internal Impact Limiter

*B* After 30-ft Oblique Drp Test

Figure 7-11. Condition of Upper Internal Inipi. t Limiter
"C* Aft. r J0-ft Oblique Drop Te*t

Figure 7-12. Condition ot Upper Internal Impact Limiter

"D" After 30 It Oblique Drop Test
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Figure 7-13. Condition of Upper Internal Impact Limiter

"E" After 30-ft Oblique Drop Test

Figure 7-14. Condition of Upper Internal Impact Limiter

"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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Tabla 7-1. Rotations and Deformations of Uppar Intarnal

Impact Limiters Aftar 30-ft Oblique Drop Test

Impact
Limiter Rotation Deformation

A 30B clockwise Deformation 3/4 in. up from

the bottom, 3/4 around

B 5" counterclockwise Rippled skin -3/4 around, all

the way up the sides

C 5* counterclockwise Large ripples 3/4 around, all

the way up the sides

D 10* clockwise Deformation - 1 12 X 3/4-in.

band; skin was pulled away

3/4 in. down over the bottom

E -5 clockwise Skin was pushed under adhe

sive joint and rippled ail

around; major deformation

1/2 to 3/4 in. up from the

bottom

30* clockwise

-30 clockwise

Large ripples all around, all

the way up, 1/2 in. from the

bottom

Very Urge 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 bolt* were installed in the tapped holes, and each

canister was lifted out by hand. The canisters ap

peared intact and unaffected by the te*t*

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

P 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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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
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Figure 7-18. Condition of L>wer Internal Impact Limiter "B" After 30-ft

Oblique Drop Test

Figure 7-19. Condition of I,ower Internal Impact Limiter "C" After 30-ft

Oblique Drop Teat



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
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Figure 7-22. Condition

Oblique Drop Teat

of Lower Internal Impact Limiter "K" After 30-ft

1 <5 1J I
, *

1
t- 4

M
* *;

*"'

''> ,

Figure 7-23. Condition

Oblique Drop Text

of Ixrwer Internal Impact Limiter "C." After 30-ft

, ;i



7.1 1.1 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 LI L2 L3 L4 L5 ()

Dl

D2

D3

D4

D5

D6

D7

D8

+0.006
* * 270

*

-0.006 315

* *
0

0.006 -0.007 45

0.006 -0.011 90

* *
135

* *

180

* *
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 Intermediate Inspection of Inner

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.

Table 7-4. Differences Data (in.) for

Canister Diameters for the Intermediate

Post-Test Inspection

Tangential
Location LI

Longitudinal Location

L2 L3 L4 L5

D2e

D2g

+ 0.003 +0.005

+ 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 systematic 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
Location Ll

Longitudinal Location

L2 L3 L4 L5

D2a -0.0190 -0.0235 -0.0245 -0.0285 -0.0160

D2g
* * *

+0.003

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.

Ncites: '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.
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7.11.4 Intermediate Inspection of Cask

Lid, Cask Bottom, and Inner Vessel Lid

!'ht '% were > dsffereiu e measurement* i'Viti'iIiiii;

tbe PMI of O.tHVj in tor the ci>k lid, ca*k bottom, or

:-, r \e**ei ltd

7.11.5 Intermediate Inspection of

Internal Impact Limiters

The lenj5th> o! the upper and lower internal mi

pact lir.j'.tr- were measured The amount ul i ru>h o|

each impact limiter .* given in Table 7 >' i.r the lower

internal -.r.'.pact limiter* and in Table 7-7 lor the :|p< r

internal impact : ;:. r*

Table 7-6. Amount of Crush (in.) for the

Lower Internal Impact Limiters for the

Intermediate Post-Test Inspection

Impact Tangent :,i I.. -cation

L.;miter LI 1.2 I.'? I.I

A . i t * 0 ilvl 1.IK1.5 [ INI'I

B 0..v>5 0 "- ".i ii ",:.'

r O..VM n 4v" 1 1 4>;>i (1 ."><!>

I) 0.*7-J 11 s. 0 '.il'i n lot

K 1 2.;i. 1 244 1 2 ij 1 :H

F 0.701 0.-13 o ~u.J 1 > 1 ','!'

i. 0.7 ' ti.~< - i ! ~~>2 n.7 1'

' v M--.!- ,r.-rr,.-r! within 1'MI ( -oii: in

Table 7-7. Amount of Crush (in.) for the

Upper Internal Impact Limiters for the

Intermediate Post-Test Inspection

'..;>.ii 1

1 .imiter 1.1

A I.I Ml.".

B i.OLi

i* 1 IHl|

I) i nsU

K 1.237

F 1.0(17

('. l.i MI.5

\I. .i-ureni< nt within PMI ol -(11102 in

SI



8. Intermediate Instrumentation

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

Model No.

Range

Over-range

Recommended Excitation

Temperature Range

Piezoresistive

2264A-5KR

5 000 g's

10 000 g's

10.0 Vdc

0F to + 150F

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.

Table 8-2. Sensitivities of Entran

Accelerometers at Ambient Temperature

(Model EGAXT-F-1000)

Serial Number

Intermediate Calibration

Sensitivity (mV/V/g)

21N50-A11-11

21N50-A12-12

21N50-A13-13

21N50-A14-14

21N50-A15-15

21N50-A16-16

21N50-A17-17

21N50-A18-18

21N50-A21-21

21N50-A22-22

0.0172973

0.0159721

0.0180970

0.0178023

0.0182961

0.0183473

0.0182097

0.0186624

0.0185984

0.0142827

Note: Calibration performed on a centrifuge at 15-V excita

tion. Accuracy of sensitivity measurement is esti

mated at 3fV to 4 ,-' .

Table 8-3. Sensitivities of Endevco

Accelerometers at Ambient Temperature

(Model 2264-5KR)

Serial Intermediate Calibration

Number Sensitivity (mY/'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 esti

mated at + ;V, to 4' , .

H2



Figura 8-1. Centrifuge I'sed for Accelerometer Calibration

at Ambient Temperature

Figura 8-2. Mounting >>t an Arrelemmeter fr 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.

Table 8-4. Intermediate Installation

Location of Accelerometers on Model

Accelerometer Accelerometer

Location Serial Number

AZ1 21N50-A11-11

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 BN09B

AX10 BN17B

AX11 BK76B

'These accelerometers replace the ones used for the 30-ft

bottom end and oblique drop tests. The recalibrationof the

original accelerometers (21 X50-A13-13 and 21N50-A22-

22) showed unacceptable responses.
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9. 30-ft Side Drop Test

9.1 Assembly of Inner Vessel

The inner vc--c: wa- positioned vertically and

cleaned internals a th r.u- dampened with methanol

Care w.i> taken not to remove ,inv mark- u-cd for the

>pe\tk>n proces- The lower internal impact limiter-

were .t^ cleaned with rags dampened with methanol

rWa .-< the honeycomb wa> deformed, e.u h lower

internal impact limiter had to be pushed down into it-

ivrre-;- ading cell with a tulx

The ..ini-ter- and upper internal impact linutt r-

*t'r cleaned with rat- dampened with methanol Km

be.:.- were installed in the tapped hole- in the cani-

'.<-- i"c! upper internal impact limiter- and each wa-

iowered into it- cell F.a< h component wa- returned to

:!.-. . r..'..J locution and orientation hv aligning the

- nbed :7\.irn-

The -.rati he- on the sealing -urf.ice ! the inner

;*--.-eS and the -cratches and gouge- an und t he ( > ring

;: .- on the inner \e--el lid were -anded. The

ir.'.er: : -urlace of the inner ve--e< lid. the O ring

7'-ve* on the inner \e--el lid. and the O run;- were

:h< .iT . cleaned with Kimwipe* dampened with

rnr'.runo! The O ring- were then .jria-ed with Apie

ror. vacuum grease and in>l. tiled in th. gn>ve- \tter

the -eabnt - .r:.i> ! the inner \e--ei was gn- i-ed with

Apteron. the lid wa- pinioned ..-, er the alignment

pin- and -lowly ; .wend until th- lower < ring re-ted

on -.rp ..f the !a|v-red region ot the -ealmg -urt.ne

bj-- The lid *a- then tor, ed down into position, and

the S.-I:- .- '. m-t.illed and torqued to j- in. -lb

9.3 Assembly of Outer Vessel

1 he otiler vessel was positioned vertuallv It-

mlerior siirtace was onlv vacuumed nut and wiped
down with dry rags hecau-e cleaning solvent- could

remove 1 he inspection markings. The exterior -urlace

ol the inner vessel was carclullv cleaned with rag-

dauipeiied with methanol After eve bolts were

itt.u tied to the lid ot the inner \e--el. the inner ve--el

was hn, d over the outer vessel, lowered into the outer

vessel, and rotated to ensure proper alignment
The scratches on tile sealing surface ot tin outer

ve-sel and the scratches and gouges around the O-ring

grooves on the outer vessel lid were -anded The

interior -url.il e ol the outer vessel lid. the (> ring

groove- on the outer vessel lid, and the O ring- were

thoroughly > leaned with Kimwipe- dampened with

methanol The < *
rings were then greased with Apie

/on vacuum grea-e and installed in the groove- After

[tie -eal 1 nt; siirlace of the outer vessel was greased with

Apie/oii, the lid was positioned over the alignment

pin- and slowlv 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 bolt- were installed and torqued to _'(> ft-lb.

9.4 Leak Testing of Outer

Vessel

Alter the helium mass spectrometer leak detector

wa- /eroed and calibrated uiording to the manu

lai hirer's inst rm t ion- and vented, hardware wa

it t a, bed for leak testing t he O ring seals of the outer

\e--el lid

I he leak te-t hardware wa- attached to the test

port on the bd. and the -p.u e between tin (I ring- was

evaluated to the standard operating pressure tor the

leak fletei tor The outer ve-sel cavity was evacuated

and pressim/ed with helium The leak detector was

monitored and the reading was recorded alter it

-labih/ed I lure wa- no dete, table helium leak rate

lor the pair ol outer ve-sel O ring- to a -eu-itivitv ol

1, 1." in
''

cm s

9.2 Leak Testing of Inner Vessel

,'vr he '

im mass >|io t rometer leak b u 'or

a Mr--! and i:;t>ra'cd aciordmg to tin manu

':*>'. iff- r < in-'' 11 'ions and vented, hardware wa-

at lacbed : -r leak te-hng the < 'ring -eal- ! the inner

v-iwel lid

I h- leak tet hardware was attailnd to the te-i

;-
''

on the lid. and 'he -p.u e tut ween the () rings wa-

rva<uated '< the standard operating prc-.in lor the

leak !<*-. ?or The mar ves-el invitv wa- evaluated

and : r->ojri/i-d with helium The leak ,).!., tor w.e-

mon" ': and the reading wa- n 1 ,.r.|i d alter it

"labilued. Ttar- wa- n<i dele< table behum liak rate

f'-r the p,i:r of inner u- ->[ (I ring- to a -ens it iv it v o|

1.0. 10 'cm -



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.-lb.

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

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 eye bolts attached to the

trunnions on the sides of the cask body. The unit was

leveled by means of a tumbuckle 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
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"ere taken, and the test procedure steps were vended

and -igned Figure .3 shows, the model rigged for the

3Q-ft -idc drop te-t. After the data acquisition check

out wa- completed, the assembly was hoisted to tbe

JO ft drop height in final preparation tor the test

i Figure 9-41.

After all of the test procedure steps were verified

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 orientation ,.f the model

for the test are shown in Figures 9 .,-, am\ < ,;

respective I v

9.7 Photometries Data

Photographs were made from one -t the imxi

'i>- high-speed. lt>-mm camera- covering the te-t The

frame rate of the camera was determined bv viewing

the film, locating the frame at which impact occurred,

and counting the frames near the impact frame with

respect to the timing mark- on the film The Ir.uin

rate for the camera was determined to be lo.;.^ :; ip-

NuPac used oXl"-in. enlargements of the-e photo

graphs to determine total ovcrpaik cru-h

9.8 Visual Observations

Figure- !i 7 through '* 11 -how the re-ull- ot the

test I he bodv ol the ca-k appeared not to have been

itltcoted Figures '' 7 and 0 M show the ba- Iihon

"I the model after the test I he lower overpai k shell

was torn i Figure O'.O, and the lower overpack wa-

flattened or compre--ed I f inures 0 111 and 0 111. The

upper overpack was deformed ( Figure- 'i 12 and 'i l.'ii.

and the weld around the loam filling hole pah h par

hallv tailed (Figure i' 14).

9.9 Data Acquisition System

Information

Ai i elerometer and strain gage data from the :tO-ft

-ide drop t,-t are contained in Appendix Dl . The data

were filtered at 1 < N M i Hz, The fast Fourier transforms

of the unfiltered data (presented in Appendix 1)21 give
the frequency response ol the model.

The consistency and validity of the data are evalu

ated in Chapter 11

Figura 9-3. Model Rigged for JO 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

^*^p*^a^*sv "**
-

,*&\* ***

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



Figure 0>5. (continued I



Figure 9-5. (continued)

Figure 9-5. (concluded)
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ACCELEROMETER BLOCK

TOP OVERPACK TRUNMON
<(>)

V 1 > 1

1
,.

i
i

BOTTOM

OVERPACK

r U|

y'ocn

OAOPPAD

Flour* 9-. Orientation of \|.,l, i for to ft Side Drop Test

'stadia board i- behind model i

Flour* 9-7. Hasir Condition of Miwlel After 10 ft Side Drop lest



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
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Figure 9-10. Information of Lower Overpack After to ft

Side Drop Test Find View

Figure 9-1 v Deformation of l-ower Ov.rpark \f i.-r 30-ft Side Dro(> Test Side

View



mam mm

WftwB> a^aa

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.)

Figure 9-13. Deformation of Upper Overpack After 30-ft Side Drop Test: Side
View



Flgur*9-14. Failure

Side Drop Tet

.1 the Weld Around the Foam Filling Hole Patch Mter to fi



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

laterial SAE 1018

ardness 92.5-93.0 RB

55.9-57.00 R

pper Radius 0.06 in.

iameter 1.50 in.

ength 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

Strain Range

Temperature Range

CEA-06-125UT-350

5'c

-100F to + 400F

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

Procedure
l be rij:t!n>; hardware, with guillotine iahle > ut

ter- installed, wa- ;t t.i. httl to tbe : r.db-v on the

i'\erhe.ui cable and :. the m Iwlt- attached to the

trunnions on the subs .! the cask O.slv The unit wa-

,\'Usi bv means ,.f a tumbuckle in one o| the ri^gim;

The ;' in puiulure bar w.i- positioned on the

unyielding target Puncture bar ligation and di-taiu <

!>orn the ca-k to the top ^i the puncture bar were

verified Figure 10 Ji After the posture bar !m-.

plate wa- welded to t he target, instrumentation cahle-

ere attached 0- the ttrnimal -trip- on the puncture

'.: ba-< pla'.i

The .nstrnmt ntation iahle- were att.n hid to tin

rrv.wr.A. -'.: p- on the ca-k and secured to a trunnion

The -tadta Ns-ml- were po-it \ otu d d< vumentarv phn

'..;riph- were taker, and the te-t prsedwn -tep-

*- \e'
-

.' i and -igne<l Figure 10 A sh.w- the model

.iiPt for the !' in side pitncture test

Attet the test procedure -tep- were verified .Hid

.ir.ed the C Ui I l"t me i able cutti r- were actuated. M\i\

'..V rr. .iei tree tell onto the punct ir bar I he actual

' lde puncture te-t .trs.', or lent at loll ol the model

'

r '.he a--: in shown in Figure- 10 I and |(> .'>,

-.-pe, >L.\elv

Figure 10-2. Verification of Puncture Bar Location and

Distance From Model for -to in Side Puncture Test

Figure 10-3. Nul'a. !." H Model Before III in >id> I'mn lure I'esl



Figure 10-4. Sequential Photographs of the 40-in. Side Puncture Test

Figure 10-4. (continued)
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Figure 10-4. (continued I

Figure 10-4 (concluded)
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ACCELEROMETER BLOCK

/

TOP OVERPACK TRUNNION /
x,(0.)

BOTTOM

OVERPACK

DROP PAD

Figure 10-5. Orientation of Model for 40-in. Side Puncture

Test (stadia board is behind model)

10.3 Photometries 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 lo m Side Pumture Test

Figure 10-8. l)*pth >! Deformation Krom to m Side Puncture lest
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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.

Figure 10-9. Deformation of the Puncture Bar After the 40-

in. Side Puncture Test: Front View
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11. 40-in. Closure End Puncture Test

11.1 Puncture Bar

A mild steel punci ;r< Icir was t.ibrii .ited. nistru

raen'ed. and calibrated 0>r tbe test as shown in Figure

11-1 Characterising ot th. puncture bar .ire listed in

Table 111

(ieller.il purpose, mild steel, c oinpeus.ited biaxial

strain >;a^e-. with lulls em apsiilatt d i;nd- and

exposed copp, r loiited integral solder talis, were

installed mi tin puncture bar tor the dynamic lone

an, il\sis ( 'har.ii terist ics ,it these ~tr.un ^at;es . t r>

hst.d in Table 11 -2

Table 11-1. Characteristics of Puncture

Bar for Closure End Puncture Test

Material S\l- KM*

H.i. ::>.- :_' " '.' H
.Viu '.To H,

I'pper Radiu- Oc in

I '
.1, :t->: 1V in

Lerujth 11 o in

Table 11-2. Characteristics of Micro-

Measurements Strain Gages Used on

Puncture Bar for Closure End Puncture

Test

( oi. . Type

Strain Kan^e

temperature Range

( KA hi, rj.M I -:iM i

Ion |- to - 40OF

Figure 11-1. P*mf*r- Bnr for 4T-in C\t*utr* Knd Puncture Tent

I OH



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 tumbuckle 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.

Figure 1 1-2. NuPac 125-B Model Rigged for 40-in. Closure
End Puncture Test

[ 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

e location and the distance from the cask to the top of

e the puncture bar were verified (Figure 11-3). After the
e data acquisition checkout was completed, the assem-

e bly was hoisted to the 40-in. drop height in final

preparation for the test.

e After the test procedure steps were verified and

e signed, the guillotine cable cutters were actuated, and
e the model free fell onto the puncture bar. The actual

40-in. closure end puncture test and the orientation of

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

Figure 11-4. (concluded I



BOTTOM OVERPACK

ACCELEROMETER

BLOCK

TRUNNION

TOP OVERPACK

PUNCTURE BAR DROP PAD

Figure 1 1-5. Orientation of Model for 40-in. Closure End

Puncture Test (stadia board is behind model!

11.3 Photometries Data

Photometries 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 Fl. Data from the strain gages on the puncture bar

(Gage Nos. Fl and F2) are given at the end of Appen
dix Fl. 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.

/
*?

<* ^v

Figure 11-6. Condition of the Model After the 40-in. Closure End Puncture Test
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Figure 11-7. Cloae-up of the Model and Puncture Mar Alter the -lo m Closure End

Puncture TeM

*
Figure 11-. C|<*e up of the I pper Overpack and I'mn tun

Bar After Model Had Been Lifted Off the Bar Following the

40 in Ooaure End Puncture Tet



Figure 11-9. Deformed Area of Upper Overpack After the 40-in. Closure End

Puncture Test

i

i I tinaahil iai

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

12.1 Removal of Overpacks
Vtter the model .|s htted oil the transport skid.

:ht overpaiks wire removed from the . a-k IhhIv b\

utiti-tfiwii; the U-its attaching them to tin i.isk and

. ..: . ivjc '.he overpacks hon/ontallv troni the ends .t the

..e-k \ circular mark i.iused bv tb< closure end puni

t ..-. test w s \ is;t>ie on the top ..\er p.u k i Fm u re 1 '.' '. i,

-

vkt-vt-r the puncture Kir had n>t penetra'i-d

through the verpack base plate Figure \2-2 shows

'.he condition t the outer u-i I lid V mark made b\

ihe punct .re bar is baniv visible lntHnn the ' and

4 m iir.es on "he rule

12.2 Leak Testing of Outer

Vessel

The outer vess,-i containment boundarv. leak lest

a> delayed until the inspection marks ..dd be

ii-m .et and tbe vessel thnrouj:hlv leaned

Vtter the leak test hardware was attai lied to the

lest |>ort oil I be outer \css, | lid. the spai e Let wi en thi

l> rin^s on the lid was evaluated to the .|,mi|,iril

operating pressure lor the leak detei tor The lid boll

toripies were die. ked. and all were at their pre test

Values 1'f.e outer \ess,| eavitv was evaluated and

pressiin/ed with helium flu leak detei tor was nmni

tored. and tin reading was recorded att< r it stalnli/ed

There was no detei table helium leak rate lor the pair

ot outer vessel < rmi> t,, ,i sensilivitv ol ">."> 10

cms

1 be Ixilts nn the ltd ol the cask were re n i ov id The

spate between the (1 rill^s on the outer vessel lid

riu, lined evaluated to the standard operating pres

sun |nr the leak detei tor I be leak detei tor was

monitored and the reading was rei onled after it

stabilized Fvt n with the lid Ixill- removed, there was

no detei. table helium leak rate tor the pair of outer

vessel ( l rm^s ti, a seiisit i\ it v ol 1 I 111 "cm s.

Figure 12-1. Interior of I pper Overpack Showing Circular Mark Made bv I'uncture

Bar Ifuririj; 4<> in Closure Knd Puncture Tet

Id'.i



Figure 12-2. Condition ofOuter Vessel Lid After 40-in.
Closure End Puncture 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.

Figure 12-3. Outer Vessel Lid and Cut Portion of Upper

O-Ring
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12.5 Leak Testing of Inner

Vessel
The inner veasel containment boundary leak text

ras delayed until the inspection marks could be

removed and the vessel thoroughly cleaned.

After the leak test hardware was attached t the

teat 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 ipnte

high The inner vessel cavity w as evacuated and pres-

sunwd 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 .V2\ 10"

12.7 Removal of Upper Internal

Impact Limiters
The orientations of the upper internal impact

limiters wire documented and are shown in Figure
I J 1 and Table I "J- 1. Alter eve bolts were installed in

the tapped boles in the upper impact limiters, each

impact limiter was lifted out bv hand. The cumulative

damage to the upper internal limiters is shown in

Figures l'2-o through \2 11

Table 12-1. Final Orientations of Upper

Internal Impact Limiters

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 tbe

bdof 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 tbe

O-rings and sealing surface were visually examined

The O-rings were intact. Once again, the sealing sur

face on the inner veasel was found to be scratched

Impact L imiter Orientation

A -s-5 clockwise

B ~-o counterclockwise

r ~5 clockwise

D ~2 counterclockwise

K 10 clockwise

F ~2 clockwise

('. ~10 counterclockwise

Figure 12-4. Orientation of I'pper Internal lmpm t lamiter* Alter |u in i losun-

Knd Puncture Tet
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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
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Figure 12-7. Condition of I'pper Internal Impact larmier "C" After u-in. Closure End
Puncture Tet

>

Figure 12-S. Condition of I'pper Internal Impart I.muter "D" After -III in Closure Knd

Puncture Test

1 l:i



Figure 12-9. Condition of Upper Internal Impact Limiter "E" After 40-in. Closure End

Puncture Test

F

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 I'pper Internal Impart Limner (;" After lo in. Closure Fnd
Puncture Teat

12.8 Removal of Canisters

The ri>. ntations .! the ..misters were d.i.i-

mented and are shown in 1 able 1 J _' \ttere\e bolts

*- ..-.-'aiied in the tapped holes ,.,,, h ..mister was

lifted ;! t>\ hand I'he . atiisier- apj-ared intact ,ind

.r. itJec'ecl h\ trie tests

Table 12-2. F ina 1 0 rientations ol

Canisters

1 ant-'er ( 'mutation

A lnc coi .nteri loekw isi

H

i

1)

'.\ I |ix kw Isi

.1 i oiinteri ! kw i-i

- 10 rlnrkwi-,

F -1_'0 i I.h kwise

? - 1(KI cIim kwi-i

r, 'Kl" clockwise

12.9 Removal of Lower Internal

Impact Limiters
Removal ol the individual impact limiters was

accomplished by attaching a tap to the end ot a tube

and reaching down into each ol the i.uiiir- until t In

tap stin k into the impact limiter. The honeycomb was

tapped, and b\ s|,,wl\ raising the tube, the impact

limiter was lifted out ,>! the vessel The cumulative

damage !" the nnpa. t limiters is shown in Figures \2

\2 through l_' I s

12.10 X-Radiography
Flu X radiography ot the closure end ot the cask

ImkIv was accomplished by positioning the i.isk '.\2 tt

J in triiin the l.imtroM and then plating s 10 in

X r.i\ plates
s |,, 'i m mto the closure end ot the cask

body (Figure \2 I'.O Alter the plate was exposed, the

cask bodv was rotated !t and another \ radiograph

taken No anomalies were observed lor the closure end

of the i ask



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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Figura 12-14. Condition of Lower Internal Impact l.imiter'C" After 4<> in. Closure End

Puncture Test

Figura 12-1$. Condition of Nwer Internal Impact Limiter "D" After in in < 'Insure Knd

Puncture Test

I 17



B

Figure 12-16. Condition of Lower Internal Impact Limiter "E" After 40-in. Closure
End

Puncture Test

F

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 Impart Limiter "G" After (> m Closure End
Puncture Test

Figure 12-19. X-Ray Plate in Position for Kxamination ol the Closure Knd of

the Cask Itodv
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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,L3. The cask bore ovalized out

ward at the other diameter locations (Dl, 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 Dl,

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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Fajare 12-21. X Radwfraph of Cask Bottom a. After r,.,pleti..n ( Testing

l.M



Figure 12-22. X-Radiograph of I'uncture Area Taken From Inside the Cask Hodv
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*" 12-23. X Radiograph of Puncture Area Side View at 270"
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Table 12-3. Differences Data (in.) for Cask Bore

Diameter for the Final Post-Test Inspection

T
.. Longitudinal Location

Location LS LI L2 L3 L4 L5

Dl
*

+0.009 +0.022 +0.023 +0.023 +0.011

D2
* *

+0.011 +0.028
* *

D3
*

-0.009 -0.031 -0.121 -0.031 -0.010

D4
*

+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.

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

Straightness for the Final Post-Test Inspection

Longitudinal Location

Tangential
Location LI L2 L3 L4 L5

Orientation

()

Dl
*

-0.008 -0.009 -0.007
*

270

D2
* * * * *

315

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.
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12.11-2 Final Inspection of Inner Vessel

Only one measured difference exceeded the PMI

of rO.010 in for either the diameter r the straight

m s.* ol the inner vessel exterior that was the diameter

at location Da.l+. which measured a slight increase

lO.OU in in tbe inner vessel outer diameter \o

difference measurements- o! the inner vessel tul>e

bore* exceeded tbe PMI

12.11.3 Final Inspection of Canisters

"<\era! difference measurements ot the canisters

evet-ded the PMI o!
- 0.OO2 Ill liable 12-51

The canisters were slightly bulged outward The

measurements tor D2g agree exactly with the differ

ence measurements taken at the intermediate p>st-

test .: spection However, the measurements tor

Die have changed, particularly near the mil ot the

canister

In intrast to the intermediate (xst test inspec

tion Nev.ion 7.11.31. no significant ditteremi- in

s'.raigtv. tiess ot the canisters were olser\ed at the final

:- -t tes; ,n-; > turn This finding verifies the assuinp

lion that the large ehange in straightness recorded for

P2a it the intermediate post -test inspection involved

a systematic sign error

Table 12-5. Differences Data (in.) for

Canister Diameters for the Final Post-Test

Inspection

Tangential I.ong.t ..-Pnal Location

Location Ll 1.2 I.:< 1.4 l.~>

Die
' *

- 1 1 1 i-l

D2g
"

?n.oo:t -00114 -imkli

Sates "M<-,t-;r<-rrient within PMI of - mm:.' in

[)'t<-:r.. . measuremen! initial mea.sur.rn.nt

rrssnu current measurement s,tn> have l-i-ii

adjuster! U> ' ptmitive tor an increase in diameter

and negative for a de. r. a-., in di.imeter

12.11.4 Final Inspection of Cask Lid,

Cask Bottom, and Inner Vessel Lid

I here were no dillereiii i measurements e\i ceding

tbe PMI ol OlMl'.' m. for tbe i ask lid. task hottum. or

inner vessel lid

12.11.5 Final Inspection of Internal

Impact Limiters

The lengths of the upper and lower internal irn

p. ii t limiters were measured The amount ot crush ol

imi b impact limiter was the same within tin PMI as

the crush measured for the intermediate post test

inspection, with two exceptions I'pper impact limiter

"D" was measured at two locations. 1.3 and 1.4. to have

slightly I-- crush (In n (Xi.t to 0.IKI4 in t at the end ol

the test sequein e than at the intermediate inspection

12.11.6 Final Inspection of Overpacks

12.11.6.1 Inspection of Overpack Exteriors

After testing ot the NuPiu quarter scale mode!

was complete, the exterior surfaces ol the overpacks
were measured and photographed to dm ument their

linal condition Kigures 12-2 1 through 12-27 show the

condition ot the top overpack, while figures 12 2-s

through 1 'J M 1 show the condition of the bottom

i 'V erp.u k

The maior exterior detormatmns were measured

helore the set turning <>f the individual overpacks

Kigures \1 XI and 12-i.'i show the measurements of

the top overpai k, while Figures 12 i-l and l'2-:<5 show

the measurements of the bottom overpack

12.11.6.2 Sectioning of Overpacks

The overpacks were permanently marked through

the i enter and around the exterior surface through

areas where damage appeared to be maximal

The overpacks were positioned on a band saw and

i ut as indicated bv the permanent marks Kigures 12

'.' and 12 .'17 show the set tinned top overpack. while

Figures 12 'IK and 12 !9 show the sectioned bottom

i iv erpai k
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Figure 12-24. Top Overpack Exterior: End View

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

Figura 12-27. Top Overpack Int.



Figure 12-28. Bottom Overpack Exterior: End View

Figure 12-29. Bottom Overpack Exterior: Side View at 0

12H



Figure 12-30. Bottom Overpack Kxterior Side View at 90

f-'^jfcjjjaiiflSfc ,

9&BB_

Figure 12-31. Bottom Overpnt k Interior
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Figure 12-32. Top Overpack Measurements: Section Through Lifting Talis
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Figure 12-34. Bottom Overpack Measurements: Section Through Lifting Tahs
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Figure 12-36. Sectioned Top Overpack: 0-90-180 View

Figure 12-37. Sectioned Top Overpack: 180-270-0 View
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Figure 12-3. Sectioned Bottom Overpack: 180,-90o-0 View
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Figure 12-39. Sectioned Bottom Overpack: 0 270 1M0 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 2.4XlO-8cm7s.

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

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 7.3X10 -10cm7s.

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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Shielding
Material

(lead)

Cask Liner

Stainless Steel

(outer shell and

thermal shield)

0.375 in. dia. hole

I

13-40. Section View of Hole Drilled for Measuring Shield Material Thickneas
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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

Serial

Number

Intermediate

Calibration

Sensitivity

(mV/V/g)

Final

Calibration

Sensitivity

(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 0.0186890

21N50-A22-22* 0.0142827 not measured

Notes: Calibration performed on a centrifuge. Accuracy of

sensitivitv measurement is estimated at 3^ to

4r,.

*These accelerometers were not used in the final

three tests.

Table 13-2. Sensitivities of Endevco

Accelerometers at Ambient Temperature

(Model 2264-5KR) Before and After Final

Three Tests

Serial

Number

BN09B

BN17B

BK76B

Intermediate

Calibration

Sensitivity

(mV/V/g)

0.0090163

0.0106626

0.0098656

Final

Calibration

Sensitivity

(mV/V/g)

0.0090613

0.0108099

0.0098951

Notes: Calibration performed on a centrifuge. Accuracy of

sensitivity measurement is estimated at 3'V to

4';..
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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

Themodel was dropped with its negative * axis in

the direction of motion (bottom end down) and the

x- 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

about 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 S-18). The "dimple" in

the bottom 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

aero or very small The following relationships are

found (Appendix Bl):

Accelerometers AZl, AZ4, and AZ7 have the

largest accelerations; their peak readings range
from 189 to 206 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

a 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 Cl):

Accelerometers AlZ, 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.

Accelerometers A3Y and A6Y have very low

readings, averaging close to zero.

The impact angle with respect to the horizontal

is given by sinfl - ajaj

where a, is the acceleration in the z-direction

and % 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"i 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 Intermediate Inspection

14.3.1 Evaluation of Leakage Rate

Measurements

No degradation of the containment boundaries

sufficient to cause an increase in leakage rates was

observed.

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, "K" 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 lor the straightness of canister
"A" at. tangential location 1)2, but these were found to

be caused by a measurement sign error.

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 by

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 y-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 Dl):

Accelerometers AZl. AZ4, and AZ7 have very

low readings, averaging close to zero.

Accelerometers AX2. AX5. and AX8 have read

ings from 170 to ISO g (average = 176 g).

Additional accelerometers AX9, AX10, and

AX 11 have data almost identical to accelerom

eters AX2, AX5, and AXS (but of opposite sign

because they were installed on the opposite side

of the accelerometer blocks).
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Accelerometer AY3 has very low readings, aver

aging close to zero. The data from AY6 should be

disregarded. During pretest 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

successfully, the problem was most likely with

the instrumentation at the test site.

So spikes in the data were observed before impact
for this test Strain gage SR4-Z did not provide usable

data. Tbe 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 microslrain), indicating
some permanent deformation. These data do not dif

ferentiate between inelastic behavior of tbe steel shells

andmovement of the lead that lochs the shells in place
in an ovalized configuration.

14.6 40-in. Side Puncture Test

14.6.1 Description of Tost Event*

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 tbe direction < >f motion. The

mode) imparted 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 1<M>

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 relationships are

found (Appendix El):

Accelerometers AZl, 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. AX 10, and

AXll have data almost identical to accelerom

eters AX2, AX5, and A.\H (but of opposite sign
because they were installed on the opposite side

of the accelerometer blocks).

Accelerometer AY:i 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. Most of the residual strains are in

the 20 to 50 microstrain range. Three gages show much

higher residual strains: SR.5 -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 1 1 -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 Fl):
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Accelerometers AZl, 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 \-l ms

A sharp positive peak of about the same ampli

tude at 1-9 ms

A sharp positive peak of about the same ampli

tude at ~ + 31 ms

A large negative peak at 1-62 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

1-58 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 --TO 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 h9 and h 31 ms are question
able. The large spikes recorded from strain gages on

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 Dl (between points Dl 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 LI through L5 for each tangential location

Dl through D8. Positive or negative values were re

corded to indicate a point radially greater or less than

Reference Datum "C" shown in Figure Al 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.

12. 81* DIA

(REF)

CASK BORE

A

+]
-8.65"

(TYP)

(g)

lo

Figure A1. Cask Bore Inspection Geometry

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

Inspection

Tangential Longitud nal Location

L3Location LS

13.375

LI

12.767

L2 L4

12.798

L5

Dl 12.785 12.882 12.769

D2 13.376 12.799 12..H09 12.784 12.823 12.835

D3 13.376 12.864 12.831 12.827 12.831 12.839

D4 13.375 12.783 12.7HH 12.770 12.770 12.785

146



Table A2. StraightnessMeasurements (In.) of the Cask Bore for

the Initial Inspection

Tangential
LI

-0.016

UIUjl1

1.2

-0.013

udinai uociItlOII

L4Location L3 1.5

Dl -0.038 -0.013 -0.004

D2 -0.018 -0.021 -0.013 -0.029 -0.028

D3 -0.054 -0.043 -0.041 -0.031 -0.028

D4 -0.019 -0.014 +0.001 -0.012 -0.021

D5 + 0.003 -0.017 + 0.009 -0.031 -0.011

D6 ? 0.016 + 0.005 +0.018 0.007 -0.027

D7 0.021 +0.002 + 0.002 -0.005 -0.012

D8 0.009 -0.025 -0.031 -0.015 -0.022

A.2 Initial Inspection of Inner

Vessel Exterior

The exterior <>f the inner vessel was inspected for

straightness and diameter.

The diameter was measured at tangential loca

tions Dl (between points Dl 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 measuremenU for the

initial inspection are listed in Table A3.

The straightness of the inner vessel outside diam

eter was measured at longitudinal locations Ll

through L5 for each tangential location Dl through
D8. Positive 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 1 0. 10 in. The straightness measurements for the

initial inspection are listed in Table A4.

u.w tit ncri

u.- in

am. tern

i 101

-1
f*

870*

- /fc>

O. Inner Vessel Externa) Inspection Ge<>mrirv
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Table A3. Diametrical Measurements (in.) of the Exterior of the Inner

Vessel for the Initial Inspection

Longitudinal Location

Location LS LI L2 L3 L4 L5

Dl 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 Lon|?itudinal Location

Location LI L2 L3 L4 L5

Dl + 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 Dl
(between points Dl and D5), D2 (between points 1)2
and D6), D.3 (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 be

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 Ll through L5 for

each tangential location Dl 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 Al, 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.
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trwio-

13.08* OUTSIK DU

(REF)

/So0
r. TmsMion

3.63' Dl* KK. (TY? 7 PUS)

(REF)

270'

Inner Veasel Tube Bore Inspection Geometry (Viewed from Closure End)

Table A5. Diametrical Measurements (in.) of the Inner Vessel

Tube Bores for the Initial Inspection

Tangential Longi tudinal L ication

Location LI

3.673

L2 L3 L4 L5

Dia 3.682 3.688 3.692 3.691

D2a a '*>:\ 3.563 3.556 3.523 3.541

Dlb 3.620 3622 3623 3.622 3609

D2b 3.642 3.634 3.629 3.639 3.649

Die 3.607 3.603 3.595 3.594 3.600

D2c 3.656 3.6.% 3.667 3.668 3.65H

Did 3.648 3.640 3.634 3.640 3.655

D2d ', lii 15 3.620 3.624 3.617 3.593

Die 3.616 1611 3.607 3.608 3.602

D2e 3.643 3.645 3.645 3.650 3.653

Dlf 3.629 3.617 3.615 3.618 :i.614

D2f 3633 3.646 3.648 3.646 3.650

Dig 3.633 3.635 3.635 3.636 3.636

D2g 3.638 3.636 3.635 3.634 3.634
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A.4 Initial Inspection of Canisters
The eiterior of each of the canisters was inspected

for straightness and diameter.

The diameters were measured at tangential loca

tions Dl (between points Dl and D3) and D- (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

feted in Table A7.

The straightness of each canister's outside diame

ter was measured at longitudinal locations LI through
L5 for each tangential location Dl through D4. Pom

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 "('" 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.

^^s^i^wsAna^ta

11 I
-^ TI - ! m. ii ii 9

U 6. it* L s.xr -

-u.or-

.. ... .
9r (TWI f

-0.V* Dl* IKFI ***- J

v.$cr

(Tlr\

j. so- du mfi

(u)

i M. Canister External Inspection GeomeUy. (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 Long tudinal Locat on

Location LI L2 L3 L4 L5

Dia 3.503 3.507 3.507 3.503 3.508

D2a 3.521 3.518 3.510 3.508 3.500

Dlb 3.517 3.517 3.513 3.515 3.508

D2b 3.506 3.507 3.513 3.512 3.510

Die 3.512 3.513 3.512 3.511 3.513

D2c 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

Die 3.620 3.518 3.521 3.515 3.510

D2e 3.508 3.506 3.508 3.512 3.516

Dlf 3.512 3.514 3.515 3.514 3.515

D2f 3.514 3.513 3.514 3.513 3.510

Dig 3.507 3.511 3.513 3.513 3.511

D2g 3.520 3.512 3.510 3.510 3.516
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Table A8. Straightness Measurements (in.) of the Canisters for

the Initial Inspection

Tangential Longitudinal Location

Location LI 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

D4a -0.0025 -0.0020 -0.0060 -0.0060 -0.0015

Dlb + 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

Die + 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

Die + 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 -0.0O60 -0.0055 -0.0055

Dlf -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 -O.0020 + 0.0030 + 0.0045 + 0.0025 + 0.0050

D2g -0.0010 - 0.0035 -0.0070 -0.0050 -0.0025

D3g + 0.001(1 0.0000 + 0.0O15 + 0.0040 + 0.0005

D4g + 0.0005 -0.0030 0.0000 -0.0030 + 0.0010



A.5 Initial Inspection of Cask

yd, Cask Bottom, and Inner

Vessel Lid

The cask lid, cask bottom, and inner vessel lids

ere inspected for flatness. The flatness of each sur

face was measured at five radial locations Rl through

R5 for each orienUtion A through D (Figure A5>.

Positive or negative values were recorded to indicate a

position above or below the intersection of Reference

Datum "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. A10. end All for the cask lid, cask bottom, and

inner vessel lid, respectively.

A.6 Initial Inspection of Internal

Impact Limiters
The length of each internal impm t limiter was

measured at four tangential locations Ll through L4

(Tables A12 and A 13). Tangential location Ll corre

sponds to the alignment datum marked on each

impact limiter. The PMI was determined to be

1 0.002 in.

au m

ItO'lOT 'Kit l

Figure 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

Tangential
Radial Location

Location Rl R2 R3 R4 R5

A (set) 0 0 -0.0001 + 0.0001 (set) 0

R + 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

Tangential
Radial Location

Location Rl R2 R3 R4 R5

A (set) 0 + 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 A1 1. Flatness Measurements (in.) of the Inner Vessel Lid

for the Initial Inspection

Tangential R adial Location

Location Rl R2 R3 R4

-0.0002

R5

A (set) 0 -0.0003 + 0.0006 (set) 0

B -0.0004 -0.0004 + 0.0006 -0.0003 -0.0005

C -0.0009 -0.00O5 + 0.0006 - 0.0005 -0.0010

I) -0.0005 -0.OOO3 + 0.0006 - 0.0005 -0.0006
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Table A 12. Length Measurements (in.) of the Upper

Internal Impact Limiters

Upper

Impact Tangential location

Limiter Ll L2 L3

5.245

L4

a 5.240 5.238 5.248

b 5.252 5.247 5.236 5.238

c 5246 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

B 5.242 5.246 5.251 5.248

Table A 13. Length Measurements (in.) of the Lower

Internal Impact Limiters

Lower

Impact Tangential Location

Limiter Ll L2 L3 L4

a 2.761 2.767 2.771 2.764

b 2.765 2.768 2.764 2.762

c 2763 2.767 2.770 2.765

d 2.771 2.768 2.763 2.767

e 2.768 2.768 2.767 2.773

f 2.767 2.772 2.769 2.767

K 2.767 2.767 2.765 2.768

A.7 Weights of Model

Components
All of the model components were weighed. The

eight* of major model components are listed in

Table AM. The weighu of the internal impact limiters

are listed in Table A15, and the weights of the canis

Im are listed in Table A16. Total assembled weight
*a* 2830 lb The inner vessel assembly weight was

9041b.

Table A 14. Weights of Major Model

Components

Component Weight (lb)

I'pper overpack 205

Lower overpack 205

Cask body (w/o lid) 1437

Cask lid 79.9

Inner vessel body (w /o lid) 475

Inner vessel lid 41.6
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Table A15.

Limiters

Weights of Internal Impact

Weight (lb)

Location Upper Lower

a 8.3 0.85

b 8.3 0.85

c 8.35 0.85

d 8.35 0.85

e 8.35 0.85

f 8.40 0.90

g 8.40 0.85

Table A 16. Weights of Canisters

Location Weight (lb)

a

b

c

d

e

f

g

46.15

46.40

45.65

45.75

46.50

46.15

46.40
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APPENDIX B1

Accelerometer and Strain Gage Data for the 30-ft

Bottom End Drop Test Filtered at 1 000 Hz

Figures

Bl-I Acceleration vs Time for Gage AZl for 30 ft Bottom End Drop Test 158

Bl-2 Acceleration v- Time for Gage AX2 for 30-ft Bottom Knd Drop Test 158

Bl-3 Acceleration vs Time for Gage AY3 for 30-ft Bottom End Drop Test 159

Bl 4 Acceleration vs Time f<r Gage AZ4 for 30 ft Bottom End Drop Test 159

Bl-5 Acceleration vs Time for Gage AX5 for 30-ft Bottom Knd Drop Test 160

Bl 6 Acceleration vs Time for Gage AY6 for 30-ft Bottom End Drop Test 160

Bl 7 Acceleration vs Time for Gage AZ7 for 30-ft Bottom End Drop Test 161

BI-* Acceleration vs Time for Gage AXh for 30 ft Bottom End Drop Test 161

Bl-9 Microgram vs Time for Gage SRI Y for 30 ft Bottom End Drop Test 162

Bl-10 Micrmtrain vs Time for Gage SRl-YZ for to ft Bottom End Drop Test 162

Bill Microstrain vs Time for Gage SR1-Z for 30-ft Bottom End Drop Test 163

Bl-12 Microstrain vs Time for Gage SR2- Y for 30-ft Bottom Knd Drop Test 163

Bl 13 Microstrain vs Time for Gage SR2-YZ for 30-ft Bottom End Drop Test 164

Bl-14 Microstrain vs Time for Gage SR2-Z for 30-ft Bottom Knd Drop Test 164

Bl IS Microstrain vs Time for Gage SR3 Y for 30-ft Bottom End Drop Test 165

Bi 16 Microstrain vs Time for Gage SR3-YZ for 30-ft Bottom End Drop Test 165

Bl-17 Micr. strain vs Time for Gage SR3-Z for 30-ft Bottom End Drop Test 166

Bl 18 Microstrain vs Time for Gage SR4-Y for 30-ft Bottom End Drop Test 166

Bl 19 Microstrain vs Time for Gage SR4-YZ for 30-ft Bottom End Drop Test 167

Bl 20 M . rnstrain vs Time for Gage SR4-Z for 30-ft Bottom End Drop Test 167

Bl-21 Ms. retrain vs Time for Gage SR5-Y for 30-ft Bottom End Drop Test 168

Bl-22 Microstrain vs Time for Gage SR5-YZ for 30-ft Bottom End Drop Test 168

Bl 23 Microgram vs Time for Gage SR5-Z for 30-ft Bottom End Drop Test 169
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162



Figure 81-1 1. Microatrain v Time for Gage SRl-Z for 30 ft Bottom End Drop Teat (filtered at 1000 Hz)
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Figure 81-12. M.cr.tr..n v. Time f..r Gage SR2-Y for 30 fl Bottom End Drop Te.t (filtered at 1000 Hz)
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Figure B1-13. Microstrain vs Time for Gage SR2-YZ for 30-ft Bottom End Drop Test (filtered at 1000 Hz)

xj -100.00

33.00 ub.oo us. oo
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Figure B1-18. Microstrain vs Time for Gage SR4-Y for 30-ft Bottom End Drop Test (filtered at 1000 Hz)
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Figure 81-20. Microstrain vs Time for Gage SR4 Z for 30-ft Bottom End Drop Test (filtered at 1000 Hi)

167



BO.OO

SO.OO

-90.00 -

i. oo o'. oo s'. oo ib . oo TVToo" 20 . 00 2b. 00 sb . 00 ab . oo 1*0 . 00 us . 00

TIME IN MS
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APPENDIX B2

Fast Fourier Transforms of Raw Accelerometer Data

for the 30-ft Bottom End Drop Test

Figures

B; I Fast Founer Transform of Raw Data From Gage AZl for 30-ft Bottom End Drop TeM <> Mi kHz 172

BM Fast Fourier Transform of Raw Data From Can* AZl for 30 ft Bottom End Drop Test: 0-10 kHz 172

BJ-3 Fart Fourier Transform of Raw Data From C.a*e AX2 for 30 ft Bottom End Drop Test 0-50 kHz 173

B2-4 Fast Founer Transform of Raw Data From Gage AX2 Inr 30-ft Bottom End Drop Test: 0-10 kHz 173

B3-5 Fast Fourier Tran>torm of Raw Data From Gage AY f for 30-ft Bottom End Drop Test: 0-50 kHz 174

K-* Fart Founer Transform of Raw Dsta From Gage AY3 for 30-ft Bottom Knd Drop Test: 0-10 kHz 17^

B2-7 Fst Fourier Transform .if Raw Data From Gage AZ4 for 30 ft Bottom End Drop Test: 0-50 kHz 175

ftM Fart Founer Transform of Raw Data From Gage AZ4 for m n Bottom End Drop lest 0-10 kHz 175
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B2-10 Fart Fourier Transform of R* DaU From Gage AX.', for 30-ft Bottom Knd Drop lest 0-10 kHz 176

BJ 11 Fst Fourier Tranr..rm of Raw Data From Gage AYfi for 30-ft Bottom Knd Drop Te*t 0-50 kHz 177

K 12 Fast FcKiner Transform of Raw Data From Gage AY6 for 30-ft Bottom Knd Drop Te*t: 0-10 kHz 177

K 13 Fast Fourier Transform of Raw DaU From (.age A/7 for 30-ft Bottom End Drop Test: 0-50 kHz 17*

B2-14 Kti Fourier Tranaform of Raw DaU From (.age AZ7 for 30-ft Bottom Knd Drop Test: 0-10 kHz 17k

B2-15 Fast Fourier Transform vf Raw DaU From Gage AX* tor 30-ft Bottom Knd Drop Te*t 0-50 kHz 179

Bi 16 Fart Fourier Transform of Raw DaU From Gage AXh tor 30 ft Bottom End Drop Test: 0-10 kHz 179
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Figure B2-2. Fast Fourier Transform of Raw Data From Gage AZl for 30-ft Bottom End Drop Test: 0-10 kHz
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Figure B2-6. Fast Fourier Transform of Raw Data From Gage AY3 for 30-ft Bottom End Drop Test: 0-10 kHz

174



Figure 82-7. Paat Fourier Transform of Raw DaU From Gage AZ4 tor 30-ft Bottom End Drop Test: 0-50 kHz
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Figure B2-9. Fast Fourier Transform of Raw Data From Gage AX5 for 30-ft Bottom End Drop Test: 0-50 kHz

Figure B2-10. Fast Fourier Transform of Raw Data From Gage AX5 for 30-ft Bottom End Drop Test: 0-10 kHz
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APPENDIX C1

Accelerometer and Strain Gage Data for the 30-ft

Oblique Drop Test Filtered at 1000 Hz

Figures
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Cl-2 Acceleration vs Time for Gage AX2 for 30-ft Oblique Drop Teat 182

Cl-3 Acceleration vs Time for Gage AY3 for 30-ft Oblique Drop Test 1MH

Cl-4 Acceleration vs Time for Gage AZ4 for 30-ft Oblique Drop Test 183

Cl-5 Acceleration vs Time for Gage AX.S for 30-ft Oblique Drop Test 184

Cl-6 Acceleration vs Time for Gage AY6 for 30-ft Oblique Drop Test 184

Cl-7 Acceleration vs Time for Gage AZ7 for 30-ft Oblique Drop Test 185

Cl-* Acceleration vs Time for Gage AX8 for 30-ft Oblique Drop Teat 185

Cl-9 Mur.~tr.im vs Time for Gage SRl-Y for 30-ft Oblique Drop Teat 186

Cl 10 Microstrain vs Time for Gage SRl-YZ for 3d- ft Oblique Drop Test 186

Cl-11 Microstrain vs Time for Gage SR1-Z for 30-ft Oblique Drop Teat ]S7

Cl-12 Microstrain vs Time tor Gage SR2-Y for 30-ft Oblique Drop Test 1H7
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Cl 17 Microstrain vs Time for Gage SR3-Z for 30-ft Oblique Drop Test 190

Cl 18 Mi. r -train vs Time for Gage SR4-Y for 30-ft Oblique Drop Test 190

Cl-19 Microstrain vs Time for Gage SR4-YZ for 30-ft Oblique Drop Teat 191

Cl-20 Microstrain vs Time for Gage SR4-Z for 30-ft Oblique Drop Test 191

Cl-21 Microstrain vs Time for Gage SK'.-Y for 30-ft Oblique Drop Test 192

Cl-22 Micr-atrain vs Time for Gage SR5-YZ for 30-ft Oblique Drop Test 192

Cl 23 Mi. r-tr.m vs Time for Gage SR5-Z for 30-ft Oblique Drop Test 193

Ci 24 Acceleration vs Time for Gage AZl for 30-ft Oblique Drop Test, Including Primary

and Secondary Impacts 1!,:!
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Figure C1-1. Acceleration vs Time for Gage AZl for 30-ft Oblique Drop Test (filtered at 1000 Hz)
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Figure C1-2. Acceleration vs Time for Gage AX2 for 30-ft Oblique Drop Test (filtered at 1000 Hz)
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Figure C1-3. Acceleration vs Time for Gage AY:t for 30-ft Oblique Drop Teat (filtered at 1000 Hz)
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Figure C1-4. Acceleration vs Time for Gage AZ4 fr 30 ft Oblique Drop Test (filtered at 1000 Hz)
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Figure C1-5. Acceleration vs Time for Gage AX5 for 30-ft Oblique Drop Test (filtered at 1000 Hz)
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Figure C1-6. Acceleration vs Time for Gage AY6 for 30-ft Oblique Drop Test (filtered at 1000 Hz)
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Figure C1-#). Acceleration vs Time for Gage AX* for > ft Oblique Drop Test ( filtered at 1000 Hz)
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Figure C1-9. Microstrain vs Time for Gage SRl-Y for 30-ft Oblique Drop Test (filtered at 1000 Hz)
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Figure C1-10. Microstrain vs Time for Gage SRl-YZ for 30-ft Oblique Drop Test (filtered at 1000 Hz)
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Figure C1-11. Microstrain vs Time for Gage SRl-Z for 30-ft Oblique Drop Test (filtered at 1000 Hz)
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Figure C 1-1 2 Microstrain v* Time for Cage SK2 Y for 30 ft Oblique Drop Test (filtered at 1000 Hzl
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Figure C1-13. Microstrain vs Time for Gage SR2-YZ for 30-ft Oblique Drop Test (filtered at 1000 Hz)
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Figure C1-14. Microstrain vs Time for Gage SR2-Z for 30-ft Oblique Drop Test (filtered at 1000 Hz)
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Figure CMS. Mi, r.-tr .,.n vs Tune for Gage SH:t Y for in ft Oblique Drop Test (filtered at 1000 Hz)
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Figure CM0. M.rr<train vs Time for Gage SR3 YZ for .10 ft Oblique Drop T.-t (filtered nt lixxi Hz)
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Figure C1-17. Microstrain vs Time for Gage SR3-Z for 30-ft Oblique Drop Test (filtered at 1000 Hz)
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Figure C1-18. Microstrain vs Time for Gage SR4-Y for 30-ft Oblique Drop Test (filtered at 1000 Hz)
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Figure C1-21. Microstrain vs Time for Gage SR5-Y for 30-ft Oblique Drop Test (filtered at 1000 Hz)
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Figure C1-22. Microstrain vs Time for Gage SR5-YZ for 30-ft Oblique Drop Test (filtered at 1000 Hz)
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Figure C1-23. Microstrain vs Time for Gage SKA Z for 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

Figures

CM Fast Fourier Tranaform of Raw Data From Gage AZl for 30-ft Oblique Drop Test: 0-50 kHz 1%

CM Fast Fourier Transform of Raw Data From Gage AZl for 30-ft Oblique Drop Test: 0-10 kHz 196

C2-3 Fast Fourier Tranaform of Raw DaU From Gage AX2 f.r 30-ft Oblique Drop Test: 0-50 kHz 197

C?4 Fast Fourier Transform of Raw Data From Gage AX2 for 30-ft Oblique Drop Test: 0-10 kHz 197

C2-S Faat Fourier Transform of Raw Data From Gage AY3 for 30-ft Oblique Drop Test: 0-50 kHz 198

C2-6 Fast Founer Transform of Raw Data From Gage AY3 for 30-ft Oblique Drop Test: 0-10 kHz 198

C2-7 Faat Fourier Tranaform of Raw Data From Gage AZ4 lor 30-ft Oblique Drop Test 0-50 kHz 199

Ct-8 Fast Fourier Transform of Raw Data From Gage AZ4 fi.r 30-ft Oblique Drop Test: 0-10 kHz 199

C2-9 Fast Founer Transform of Raw Data From Gage AX5 for 30-ft Oblique Drop Test: 0-50 kHz 200

02 10 Fast Fourier Transform of Raw Data From (.age AX*, for 30-ft Oblique Drop Test: 0-10 kHz 200

CM1 Fast Fourier Transform of Raw Data From (.age AY6 for 30-ft Oblique Drop Test 0-50 kHz 201

CM? Fast Fourier Transform of Raw Data From Gage AY6 for 30-ft Oblique Drop Test: 0-10 kHz 201

CMS Fast Fourier Transform of Raw Data From Gage AZ7 for <o ft Oblique Drop Test: 0-50 kHz 202

f-U Fast Fourier Transform of Raw DaU From Gage AZ7 for 30-ft Oblique Drop Test: 0-10 kHz 202

C2-15 Fast Fourier Transform of Raw DaU From Gage AX8 for 30-ft Oblique Drop Test: 0-50 kHz 203

CMS Fast Fourier Transform of Raw Data From Gage AX8 for 30-ft Oblique Drop Test: 0-10 kHz 203
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Figure C2-1. Fast Fourier Transform of Raw Data From Gage AZl for 30-ft Oblique Drop Test: 0-50 kHz
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Figure C2-2. Fast Fourier Transform of Raw Data From Gage AZl for 30-ft Oblique Drop Test: 0-10 kHz
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Figure C2-5. Fast Fourier Transform of Raw Data From Gage AY3 for 30-ft Oblique Drop Test: 0-50 kHz
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Figure C2-6. Fast Fourier Transform of Raw Data From Gage AY3 for 30-ft Oblique Drop Test: 0-10 kHz
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Figure C3-7. Fast Fourier Transform of Raw DaU From Gage AZ4 for 30-ft Oblique Drop Test: 0-50 kHz
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Figure C2-1S. Fast Founer Transform of Raw DaU From Gage AXm for ho ft Oblique Drop Test: 0-50 kHz
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Figure D1-1. Acceleration vs Time for Gage AZl for 30-ft Side Drop Test (filtered
at 1000 Hz)
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Figure D1-2. Acceleration vs Time for Gage AX2 for 30-ft Side Drop Test (filtered at 1000 Hz)
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Figure 01-11. Acceleration vs Time for Gage AXll for 30 ft Side Drop Test (filtered at 1000 Hz)
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Figure 01-12. Microstrain vs Time for Gage SRl-Y for Mi ft Side Drop Test (filtered at I Odd Hz)
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Figure D1-13. Microstrain vs Time for Gage SRl-YZ for 30-ft Side Drop Test (filtered at 1000 Hz)
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Figure D1-14. Microstrain vs Time for Gage SRl-Z for 30-ft Side Drop Test (filtered at 1000 Hz)
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Figure 01-15. Microstrain vs Time for Gage SR2-Y for 30 ft Side Drop Test (filtered at 1000 Hz)
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Figure 01- 16. Microstrain vs Time for Gage SR2-YZ for 30-ft Side Drop Test (filtered at 1000 Hz)
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Data for the 30-ft Side Drop Test

Figures

DM Fast Fourier Transform of Raw Data From Gage AZl for 30-ft Side Drop Test: 0-50 kHz 220

D2 2 Fa>! Fourier Transform of Raw Data From Gage AZl for 30-ft Side Drop Test: 0-10 kHz 220

D2 -3 Fast Fourier Tranaform of Raw Data From Gage AX2 for 30-ft Side Drop Test: 0-50 kHz 221

K 4 Fast Fourier Transform of Raw Data From Gage AX2 for 30-ft Side Drop Test: 0-10 kHz 221

D2 --? Fast Fourier Transform of Raw DaU From Gage AY3 for 30-ft Side Drop Test 0-50 kHz 222

K^ Fast Fourier Transform of Raw DaU From (.age AY3 for 30-ft Side Drop Teat: 0-10 kHz 222

D2-7 Fast Fourier Transform of Raw DaU From Gage AZ4 for 30-ft Side Drop Test: 0-50 kHz 223

D * Fast Fourier Transform of Raw DaU From Gage AZ4 for 30-ft Side Drop Test: 0-10 kHz 223

W-9 Fast Fourier Transform of Raw DaU From Gage AX5 for 30-ft Side Drop Test: 0-50 kHz 224

DM0 Fast Fourier Transform of Raw DaU From Gage AX5 for 30-ft Side Drop Test: 0-10 kHz 224

DM1 Fast Fourier Transform of Raw DaU From Gage AY6 for 30-ft Side Drop Test 0-50 kHz 225

D. 12 Fast Fourier Transform of Raw DaU From Gage AY6 for 30-ft Side Drop Test: 0-10 kHz 225

DM3 Fast Fourier Transform of Raw DaU From Gage AZ7 for 30-ft Side Drop Test: 0 50 kHz 226

DM4 Fast Fourier Transform of Raw DaU From Gage AZ7 for 30-ft Side Drop Test: 0-10 kHz 226

DM5 Fan Fourier Transform of Raw DaU From Gage AX8 for 30-ft Side Drop Test: 0-50 kHz 227

DM6 Fast Fourier Transform of Raw DaU From Gage AX8 for 30-ft Side Drop Test: 0-10 kHz 227

DMT Fast Fourier Transform of Raw DaU From Gage AX9 for 30-ft Side Drop Test: 0-50 kHz 228

DM8 Fast Fourier Transform of Raw DaU From Gage AX9 for 30-ft Side Drop Test: 0-10 kHz 228

DM* PaM Fourier Transform of Raw DaU From Gage AXlO for 30-ft Side Drop Test: 0-50 kHz 229

D2-20 Fast Fourier Transform of Raw Data From Gage AXlO for 30-ft Side Drop Test: 0-10 kHz 229

D2 21 Past Fourier Transform of Raw DaU From Gage AXll for 30-ft Side Drop Test: 0-50 kHz 230

D2-22 Fast Fourier Transform of Raw DaU From Gage AXll for 30-ft Side Drop Test: 0-10 kHz 230



D.UO

0.33

O.SO

0.23

1 3b. oo ibo. oo . iso. oo zbo.oo zso.oo sbo.oo sso.oo ubo.oo uso.oo soo.oo

FREOUENCT (HZ) "lO*

Figure D2-1. Fast Fourier Transform of Raw Data From Gage AZl for 30-ft Side Drop Test: 0-50 kHz

0.3O

0.23

0.13

sb. oo ub. oo sb. oo

FHEQUENCT (HZJ

Figure D2-2. Fast Fourier Transform of Raw Data From Gage AZl for 30-ft Side Drop Test: 0-10 kHz

220



.so

o

Ftgere 02-3. Fast Fourier Transform of Raw DaU From Gage AX 2 for 30-ft Side Drop Test: 0-60 kHz

5 -

s.
"

so

a.eo

-oo

rstouiNcr imii

"

-io*

i 02-4. Part Pourier Transform of Raw DaU From Gage AX J for 30-ft Side Drop Test: 0 10 kHz



0.13

H o.ia

0. 10

O.OO

0.02

sb . oo ibo. oo 1^0.00 2bo.oo 250.00 sbo.oo 350.00 ubo.oo uso.oo sbo.oo

FHEQUENCT (HZ1 -lO*

Figure D2-5. Fast Fourier Transform of Raw Data From Gage AY3 for 30-ft Side Drop Test: 0-50 kHz

_ .
o. 10

:c 0.00

sb . 00 80T00 7b . 00 eb. 00 9b. 00 Too. 00

FREOUENCT IHZ! -10'

Figure D2-6. Fast Fourier Transform of Raw Data From Gage AY3 for 30-ft Side Drop Test: 0-10 kHz

222



.* . ...

.IS

D2-7. Fast Fourier Transform of Raw DaU From Gage AZ4 for 30-ft Side Drop Test: 0-50 kHz

b. oo sb. oo b. oo ob . oo ab . oo

FeiCOuENCT imII -lO*

7b oo ab.oo iVToo

02-6. Past Fourier Transform of Raw DaU From Gage AZ4 for 30-ft Side Drop Test: 0-10 kHz

223



a 1.20

l.OO

o.uo

^A.i^^'^^4^/>**^*~^^
O.OO SO.OO 1ibo.oo . ibo.oo 2bo.oo zso. oo sbo. oo sso. oo ubo.oo uso. oo sbo.oo

FHEQUENCT (HZ) m 1 O*
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Accelerometer and Strain Gage Data for the 40-in.
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Figure E1-18. Microstrain vs Time for Gage SR3-Y for 40-in. Side Puncture Test (filtered at 1000 Hz)
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Figure E1-21. Microstrain vs Time for Gage SR4-Y for 40-in. Side Puncture Test (filtered at 1000 Hz)
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Figure E1-22. Microstrain vs Time for Gage SR4-YZ for 40-in. Side Puncture Test (filtered at 1000 Hz)
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APPENDIX E2

Fast Fourier Transforms of Raw Accelerometer Data

for the 40-in. Side Puncture Test

Rgttros

& 1 Fast Fourier Transform of Raw Data From Gage AZl for lo m. Side Puncture Test: 0-50 kHz 246

KM P.** Founer Transform of Raw DaU Krom Gage AZl for in in. Side Puncture Test 0-10 kHz 246

E2-3 Faat Fourier Tranaform of Raw DaU From Gage AX2 for 40 in Side Puncture Test: 0-60 kHz 247

BS-4 Faat Fourier Transform of Raw DaU From Gage AX2 for 40-in. Side Puncture Test; 0-10 kHz 247

E.'j Fast Founer Tr.trv.form of Raw DaU From Gage AY3 for 40 m Side Puncture Twit: 0-50 kHz 248
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B2-10 Fart Fourier Transform of Raw DaU Krom Gage AX', for 40-in Side Puncture Text: 0-10 kHz 250

E2 11 Fast Founer Transform of Raw DaU From Gage AY6 for 40-in. Side Puncture Test: 0-50 kHz 251

B3-IJ Fast Fourier Transform of Raw DaU From Gage AY* for 40-in. Side Puncture Test: 0-10 kHz 251

E2-I3 Fast Fourier TranWorm of Raw DaU From Gage AZ7 for 40 in Sid. Puncture Test 0-50 kHz 252

E2-I4 Part Founer Transform of Raw DaU From Gage AZ7 for 40-in. Side Puncture Test: 0-10 kHz 252

EMS Fast Founer Transform of Raw DaU From Gage AX8 for 40-in Side Puncture Test 0-50 kHz 253

EMS Paat Founer Transform of Raw Data Krom Gage AX8 for 40 in Side Puncture Test: 0-10 kHz 253

KMT Fast Fourier Transform of Raw DaU From Gage AX9 for 40-in. Side Puncture Test: 0-50 kHz 254

EMS Fast Founer Transform of Raw DaU Krom Gage AX9 for 40-in Side Puncture Test: 0-10 kHz 254

EM9 Past Founer Transform of Raw DaU From Gage AXlO for 40 in. Side Puncture Test. 0-50 kHz 255

E2- Ft Fourier Transform of Raw DaU From Gage AXlO for 40-in. Side Puncture Test: 0-10 kHz 255

E2-51 Fast Founer Tram.f-.rm of Raw DaU Krom Gage AXll for 40-in. Side Puncture Test 0-50 kHz 256

E5-22 Past Fourier Transform of Raw DaU From Gage AXl 1 for 40 in. Side Puncture Test: 0-10 kHz 256
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Figure E2-1. Fast Fourier Transform of Raw Data From Gage AZl for 40-in. Side Puncture Test: 0-50 kHz
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Figure E2-2. Fast Fourier Transform of Raw Data From Gage AZl for 40-in. Side Puncture Test: 0-10 kHz
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Figure E2-5. Fast Fourier Transform of Raw Data From Gage AY3 for 40-in. Side Puncture Test: 0-50 kHz
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Figure E2-6. Fast Fourier Transform of Raw Data From Gage AY3 for 40-in. Side Puncture Test: 0-10 kHz
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Figure E2-9. Fast Fourier Transform of Raw Data From Gage AX5 for 40-in. Side Puncture Test: 0-50 kHz
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Figure E2-10. Fast Fourier Transform of Raw Data From Gage AX5 for 40-in. Side Puncture Test: 0-10 kHz
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Figure E2-17. Fast Fourier Transform of Raw Data From Gage AX9 for 40-in. Side Puncture Test: 0-50 kHz
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Figure E2-18. Fast Fourier Transform of Raw Data From Gage AX9 for 40-in. Side Puncture Test: 0-10 kHz
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Figure E2-21. Fast Fourier Transform of Raw Data From Gage AXll for 40-in. Side Puncture Test: 0-50 kHz
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APPENDIX F1

Accelerometer and Strain Gage Data for the 40-in.
Closure End Puncture Test Filtered at 1000 Hz

Figures

Pl-1 Acceleration vs Time for Gage AZl for 40-in. Closure End Puncture Test 258

Fl-2 Acceleration vs Time I -r Gage AX2 for 40 in. Closure Knd Puncture Test 258

Fl-3 Acceleration vs Time for Gage AY3 for 40-in. Closure Knd Puncture Test 259

Fl 4 Acceleration vs Time for Gage AZ4 for 40 in. Closure End Puncture Test 259

Pl-5 Acceleration vs Time for Gage AX5 for to in. Closure Knd Puncture Test 260

Fl-6 Acceleration vs Time for Gage AY6 for 40-in. Closure End Puncture Test 260

Fl -T Acceleration vs Time for Gage AZ7 for 40-in. Closure End Puncture Test 261

Fl * Acceleration v* Time for Gage AXH for 40-in. Closure End Puncture Test 261

Pl-9 Ai deration vs Time for Gage AX^< for 40-in. Closure Knd Puncture Test 262

Fl-10 Acceleration v* Time for Gage AXlO for to m Closure End Puncture Test 262

Pl-11 Acceleration vs Time for Gage AXl 1 for 40 in Closure End Puncture Test 263

Pi -12 Microstrain vs Time for Gage SRl-Y for 40-in. Closure End Puncture Test 263

Fl-13 Micr. .strain vs Time for Gage SRl-YZ for 40-in Closure End Puncture Test 264

Fl-14 Microstrain vs Time for Gage SRl-Z for 40-in. Closure End Puncture Test 264

Fl-15 Microstrain vs Time for Gage SR2- Y for 40-in. Closure Knd Puncture Test 265

Pl-16 Mkrmtrain v Time for Gage SR2-YZ for 40-in. Closure End Puncture Test 265

Fl-17 Mi. retrain vs Time for Gage SR2-Z for o-in. Closure End Puncture Test 266

Fl-18 Microstrain vs Time for Gage SR3-Y for 40-in. Closure End Puncture Test 266

Fl-19 Mkrrostrain vs Time for Gage SRTYZ for 40-in. Closure End Puncture Test 267

Fl-20 Microstrain vs Time for Gage SR:-Z for 4(>in. Closure End Puncture Test 267

Fl-21 Microstrain vs Time for Gage SR4 Y for 40-in. Closure Knd Puncture Test 268

Fl 22 Microstrain vs Time for Gage SR4-YZ for 40-in. Closure End Puncture Test 268

Pl-23 Microstrain v* Time for Gage SR4-Z for 40-in Closure Knd Puncture Test 269

Pl-24 M.cr~tr,im vs Time for Gage SIC Y for 40-in Closure Knd Puncture Test 269

Fl-25 Microstrain vs Time for Gage SR5-YZ for 40 in Closure Knd Puncture Test 270

Fl 28 Microstrain v Time for Gage SR5-Z for 40-in. Closure End Puncture Test 270

rl 27 F.r, vs Time for Gage Fl on I'uncture Bar for Join. Closure End Puncture Test (raw data) 271

Fl-28 Force v Time for Gage F-2 on Puncture Bar for 40 in. Closure End Puncture Test (raw data) 271
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Figure F1-1. Acceleration vs Time for Gage AZl for 40-in. Closure End Puncture Test (filtered at 1000 Hz)
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Figure F1-2. Acceleration vs Time for Gage AX2 for 40-in. Closure End Puncture Test (filtered at 1000 Hz)
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Figure F 1-3. Acceleration vs Time for Gage AY3 for 40-in. Closure End Puncture Test (filtered at 1000 Hz)
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Figure F 1-4. Acceleration v. Time for Gage AZ4 for 40-in Closure Knd Puncture Test (filtered at 1000 Hx)
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Figure F1-5. Acceleration vs Time for Gage AX5 for 40-in. Closure End Puncture Test (filtered at 1000 Hz)
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Figure F1-6. Acceleration vs Time for Gage AY6 for 40-in. Closure End Puncture Test (filtered at 1000 Hz)
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Figure F 1-7. Acceleration vs Time for Gage AZ7 for 40-in. Closure End Puncture Test (filtered at 1000 Hz)
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Figure F 1-9. Acceleration vs Time for Gage A\H for 40-in. Closure End I'uru iur<- Test (filtered at 1000 Hz)
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Figure F 1-9. Acceleration vs Time for Gage AX9 for 40-in. Closure End Puncture Test (filtered at 1000 Hz)
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Figure F1-10. Acceleration vs Time for Gage AXlO for 40-in. Closure End Puncture Test (filtered at 1000
Hz)
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Figure Fl-1 1. Acceleration vs Time for Gage AXl I for 40-in. Closure Knd Puncture Test (filtered at 1000
Hi)
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Figura F 1-12 Microstrain vs Time for Gage SKI Y for 40-in. Closure Knd Pumture Tent (filtered at 1000
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Figure F1-13. Microstrain vs Time for Gage SRl-YZ for 40-in. Closure End Puncture Test (filtered at 1000
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Figure F1-14. Microstrain vs Time for Gage SRl-Z for 40-in. Closure End Puncture Test (filtered at 1000
Hz)
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Figure F1-17. Microstrain vs Time for Gage SR2-Z for 40-in. Closure End Puncture Test (filtered at 1000
Hz)
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Figure F1-18. Microstrain vs Time for Gage SR3-Y for 40-in. Closure End Puncture Test (filtered at 1000
Hz)
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Figure F1-21. Microstrain vs Time for Gage SR4-Y for 40-in. Closure End Puncture Test (filtered at 1000
Hz)
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Figure F1-22. Microstrain vs Time for Gage SR4-YZ for 40-in. Closure End Puncture Test (filtered atHz) 1000
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Figure F 1-23. Microstrain vs Time for Gage SR4-Z for 40-in. Closure End Puncture Test (filtered at 1000

Hz)
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Figure F 1-24 Microstrain vs
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Figure F1-25. Microstrain vs Time for Gage SR5-YZ for 40-in. Closure End Puncture Test (filtered at 1000
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Figure F1-26. Microstrain vs Time for Gage SR5-Z for 40-in. Closure End Puncture Test (filtered at 1000
Hz)
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Figure F 1-27. Porce vs Time U r Gage V 1 on Puncture Bar for 40-in. Closure End Puncture Test (raw data)
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Figure F 1-28. Force v. Time f..r Gage F-2 on Puncture
Bar for 40-in. Closure End Puncture

Test (raw data)
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APPENDIX F2

Fast Fourier Transforms of Raw Accelerometer Data

for the 40-in. Closure End Puncture Test

Figures

Pl-l Past Fourier Transform of Raw DaU From Gage AZl for 40-in Closure End Puncture Test 0-50 kHz 274

Pf-2 Fast Fourier Transform of Raw DaU From Gage AZl for 40-in. Closure End Puncture Test: 0-10 kHz 274

FS-3 Fast Founer Transform of Raw DaU From Gage AX 2 for 40-in. Closure End Puncture Test 0-50 kHz 275

P> 4 Fast Fourier Transform of Raw DaU From Gage AX2 for to in Closure End Puncture Test: 0-10 kHz 275

Pi-5 Faat Fourier 1 > .risform of Raw Data From Gage AY1 for 40-in. Closure End Puncture Test: 0-50 kHz 276

F2-* Fast Fourier Transform .-i Raw DaU From Gage AY : for 40-in. Closure Knd Puncture Test: 0-10 kHz 276

P2-7 Fast Fourier Transform of Raw DaU From Gage AZ4 f..r 40 in Closure End Puncture Test: 0-50 kHz 277

F2-* Fast Fourier Tranaform of Raw Data From Gage AZ4 for 40-in. Closure Knd Puncture Test: 0-10 kHz 277

P2 9 Fast Fourier Transform of Raw DaU From Gage AX5 for 40 in Closure End Puncture Test 0-50 kHz 278

F2-10 Fast Founer Tramform of Raw DaU From Gage AX-. f\.r 4o , Closure End Puncture Test. 0-10 kHz 278

P2-I1 Fast Fourier Transform f Raw DaU From Gage AY6 f.r 40-in. Closure End Puncture Test: 0-50 kHz 279

P2 t2 Fast Fourier Transform of Raw DaU From Gage AY6 for 40 m Closure End Puncture Test: 0-10 kHz 279

PM3 Fast Fourier Transform of Raw DaU From Gage AZ7 for 40 in. Closure End Puncture Test: 0 50 kHz 280

F2-I4 Fast Fourier Transform of Raw Data From Gage AZ7 for 40-in. Closure End Puncture Test: 0-10 kHz 280

F2 15 Faat Fourier Transform of Raw DaU From Gage AX8 for 40-in. Closure End Puncture Test 0-50 kHz 2H1

P2-I6 Fast Founer Transform of Raw DaU From Gage AX8 for 40-in. Closure End Puncture Test: 0-10 kHz 281

P2-17 Fast Fourier Transform of Raw DaU From Gage AX9 for 40-in. Closure End Puncture Test: 0-50 kHz 282

P2 18 Fast Fourier Transform of Raw DaU From Gage AX9 for 40-in. Closure End Puncture Test 0-10 kHz 282

P2 19 Fast Fourier Transform of Raw DaU From Gage AXlO for 40 in. Closure End Puncture Test: 0-50 kHz 283

P2 20 Fast Fourier Transform of Raw DaU From Gage AXlO for to in. Closure End Puncture Test: 0-10 kHz 283

P2-21 Fast Fourier Transform of Raw DaU From Gage AXl 1 for 40-in. Closure End Puncture Test: 0-50 kHz 284

P2-22 Faat Fourier Transform of Raw DaU From Gage AXl 1 for 40-in. Closure End Puncture Test: 0-10 kHz 284
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Figure F2-1. Fast Fourier Transform of Raw Data From Gage AZl for 40-in. Closure End Puncture Test: 0-50
kHz
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Figure F2-2. Fast Fourier Transform of Raw Data From Gage AZl for 40-in. Closure End Puncture Test: 0-10 kHz
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Figure F2-3. Fast Fourier Tranaform of Raw DaU From Gage AX2 for 40-in Closure End Puncture Test: 0-50 kHz
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Figure F2*. Fast Fourier Tmnaform of Raw DaU From Gage AX2 for 40-in. Cloaure End Puncture Test: 0- 10 kHz
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Figure F2-5. Fast Fourier Transform of Raw Data From Gage AY3 for 40-in. Closure End Puncture Test: 0-50 kHz
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Figure F2-6. Fast Fourier Transform of Raw Data From Gage AY3 for 40-in. Closure End Puncture Test: 0-10 kHz
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Figure F2-7. Fast Fourier Transform of Raw DaU From Gage AZ4 for 40 in. Closure End Puncture Test 0-50 kHz
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Figure F2-6. Fart Fourier Trantform of Raw D-u From Gage AZ4 for 40-in. Closure End Puncture Test: 0-10 kHz
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Figure F2-9. Fast Fourier Transform of Raw Data From Gage AX5 for 40-in. Closure End Puncture Test: 0-50 kHz
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Figure F2-10. Fast Fourier Transform of Raw Data From Gage AX5 for 40-in. Closure End Puncture Test: 0-10 kHz
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Figure F2-1 1. Fast Fourier Transform of Raw DaU From Gage AY6 for 40-in. Closure End Puncture Test: 0-50 kHz
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Figure F2-12. Fast K.-uner Transform
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of Raw DaU From Gage AYR for 40-in. Closure End Puncture Test: 0 10 kHz
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Figure F2-13. Fast Fourier Transform of Raw Data From Gage AZ7 for 40-in. Closure End Puncture Test: 0-50 kHz
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Figure F2-14. Fast Fourier Transform of Raw Data From Gage AZ7 for 40-in. Closure End Puncture Test: 0-10 kHz
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Figure F2-1S. Fast Fourier Transform of Raw Data From Gage AX8 for 40-in. Closure End Puncture Test: 0-50 kHz
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FHure F2-16. Fit Fourier Tranaform of Raw DaU From Gage AXH for 40-in. Closure End Puncture Tent: 0-10 kHz
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Figure F2-17. Fast Fourier Transform of Raw Data From Gage AX9 for 40-in. Closure End Puncture Test: 0-50 kHz
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Figure F2-18. Fast Fourier Transform of Raw Data From Gage AX9 for 40-in. Closure End Puncture Test: 0-10 kHz
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Figure F2-tg. Fast Fourier Transform of Raw DaU From Gage AXlO for 40-in. Closure End Puncture Test: 0-50 kHz
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Figure F2-20. Past Fourier Transform of Raw DaU From Gage AXlO for 40-in. Closure End Puncture Test 0 10 kHz
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Figure F2-21. Fast Fourier Transform of Raw Data From Gage AXll for 40-in. Closure End Puncture Test: 0-50 kHz
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Figure F2-22. Fast Fourier Transform of Raw Data From Gage AXll for 40-in. Closure End Puncture Test: 0-10 kHz
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