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FOREWORD

This report, produced under the aegis of the USAEC Division of
Reactor Development and Technology, is intended to contain all the in-
formation a cask designer needs to ensure that his cask meets the perfor-
mance specifications required by the appropriate Federal regulations of
the Department of Transportation and the Atomic Energy Commission (see
Chapter 1). Therefore, both cask designers and reviewers should find

much of this information useful in their respective jobs,

While it is not possible to provide an absolute level of safety in
all aspects of cask design, the authors did strive for consistency and
for adherence to both the requirements and intent of the Federal regula-
tions. In compiling the information, the authors not only made extensive
use of the available literature on the subject but also had under their
direction a research and development program that was established to pro-
vide additional technical information. Among the areas investigated in
this program, both at ORNL and elsewhere, were shielding, materials of
construction, fabrication, criticality, and heat transfer under both

normal and accident conditions.

Some of the data presented here have been taken from experimental
programs that are not yet completed; in these cases, the information is
identified as preliminary. However, because future revisions of this
document are uncertain, it was felt best to provide the reader with a
knowledge of the existence of the programs, as well as a preliminary indi-

cation of thelr results.

A draft of this volume, ORNL-TM-2410, "Irradiated Fuel Shipping Cask
Design Guide," was issued in January 1969 and sent to more than 500 peo-
ple involved in various aspects of packaging and transportation of radio-
active material. Comments and suggestions, solicited from the readers,
formed the basis for many of the changes that have been incorporated in

this volume.

Wm. B. Cottrell, Director
Nuclear Safety Information Center
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PREFACE

The Nuclear Safety Information Center was established in March 1963

at the 0ak Ridge National Laboratory under the sponsorship of the U.S.
Atomic Energy Commission to serve as a focal point for the collection,
storage, evaluation, and dissemination of nuclear safety information. A
system of keywords is used to index the information cataloged by the
Center. The title, author, installation, abstract, and keywords for each
document, reviewed is recorded on magnetic tape at the central computer
facility in Oak Ridge. The references are cataloged according to the

following categories:

General Safety Criteria

Siting of Nuclear Facilities

Transportation and Handling of Radicactive Materials

Aerospace Safety

Accident Analysis

Reactor Transients, Kinetics, and Stability

Fission Product Release, Transport, and Removal

Sources of Energy Release Under Accident Conditions

Nuclear Instrumentation, Control, and Safety Systems

10. Electrical Power Systems

11. Containment of Nuclear Facilities

12, Plant Safety Features

13. Radiochemical Plant Safety

1. Radionuclide Release and Movement in the Environment

15. Environmental Surveys, Monitoring and Radiation Exposure
of Man

16. Meteorological Considerations

17. Operational Safety and Experience

18. Safety Analysis and Design Reports

19, Bibliographies

. e

N o~ O LW Y =

Computer programs have been developed which enable NSIC to (1) pro-
duce a quarterly indexed bibliography of its accessions (issued with ORNL-
NSIC report numbers), (2) operate a routine program of Selective Dissemi-
nation of Information (SDI) to individuals according to their particular
profile of interest, and (3) make retrospective searches of the references

on the tapes.

Other services of the Center include principally (1) preparation of
state-of-the-art reports (issued with ORNL-NSIC report numbers), (2) prepa-

ration of the quarterly technical progress review, Nuclear Safety,




(3) answering technical inguiries as time is available, and (L) counsel

and guidance on nuclear safety problems.

Services of the NSIC are available without charge to government
agencies, research and educational institutions, and the nuclear industry.
Under no circumstances do these services include furnishing copies of any
documents (except NSIC reports), although all documents may be examined
at the Center by qualified personnel. Inquiries concerning the capa-

bilities and operation of the Center may be addressed to

J. R. Buchanan, Assistant Director
(Phone 615-,483-8611, BExt. 3-7253)

Nuclear Safety Information Center

Qak Ridge National ILaboratory

Post Office Box Y

Dak Ridge, Tennessee 37830
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ABSTRACT

The design of irradiated fuel shipping casks 1s governed
by regulations (AEC Manual, Chapter 0529, 10CFR71 and L9CFRIT71-
178) that impose structural performance standards on the cask
by a series of postulated accidents. This Guide is intended to
provide cask design procedures and criteria, developed from
extensive analysis and testing programs, that enable the de-
signer to correlate the cask design with the performance of the
cask as reliably as if the cask were subjected to a physical

demonstration.

The Guide covers design areas of cask structural integrity,
heat transfer, criticality, shielding materials of construction,
and fabrication techniques. This information is discussed within
the framework of the AEC regulations, along with the rationale

and the testing program that supported its development.

It has been possible to provide design information in the
important areas referred to in the current regulations. How-
ever, the regulations are constantly undergoing modification and
often reinterpretation. Test programs and actual operating ex-
perience will continue to be useful in refining presently avail-

able data and modifying analyses discussed in this Guide.






CASK DESIGNERS GUIDE

L, B. Shappert
1. INTRODUCTION

The domestic transportation of spent fuel elements from power reac-
tors is governed by regulations from the Department of Transportation
(DOT) and the U.S. Atomic Energy Commission. The Hazardous Materials
Regulations Board of the DOT has recently revised these regulations,
making them more general and eliminating much of the detail.® The pri-
mary aim of the regulations is, of course, to protect the public by
rigorously restricting the amount of radiation and contamination to

which people are exposed.

The regulations referred to throughout this Guide are primarily
those of the USAEC® (referred to as AECM 0529 which are almost identical
to those published as CFR Title 10 part 71), but occasionally the DOT

regulations are mentioned; all are similar and, in general, compatible.

The regulations are written in terms of performance specification
requirements. A cask designer is free to exercise his own judgment as
to, first, how to meet these requirements and, second, how to prove that
he has done so. Difficulties can arise because various cask designers
place their own (possibly incorrect) interpretation on the regulations
and may develop new methods of structural assessment. In the past, no
document has been available which has attempted to correlate tests with
an analytical treatment or provide analysis methods that have withstood
the test of time. |

In 1966 the Division of Reactor Development and Technology (RDT)
requested of the Oak Ridge National Laboratory that they develop a Guide
good engineering standards of practice in the design, fabrication, test-
ing, inspection, and maintenance of irradiated fuel shipping casks. It
was decided that, initially, the .information in the Guide should apply
to lead-shielded spent fuel casks having steel inner and outer shells

since this type of cask is most widely used in the United States today;



then, subsequently, it was to be expanded to include other appropriate
shielding materials. The Guide was to be of such quality that proof of
adherence to it would constitute prima facie evidence of satisfying the
performance standards of the Federal regulations. In addition, the

1

Guide was to provide detailed engineering data to support its provisions,
with justifications, derivations, and judgments, if necessary, to clarify
the degree of safety and degree of conservatism intended by the Guide.
This would create a framework against which alternative approaches, tech-
niques, or materials could be judged to ensure that the degree of conser-
vatism is consistent and to provide a means for encouraging improvement
in the art and its incorporation into practice. This Guide constitutes

the Laboratory's effort in fulfilling that commitment.

A preliminary draft of this report® was widely disseminated; readers
were asked to review it and to submit their comments, suggestions, and
recommendations for changes to ORNL. These comments formed the basis for

many of the changes that appear in this document.

The format of grouping design subjects of a specific nature under
topical headings was chosen although it has the disadvantage that the
topics do not follow the order in which they appear in the regulations;
however, it 1s strongly suggested that requests for cask approvals that
are submitted to the AEC and the DOT follow the appropriate format and

order of the regulations to avoid confusion.

Methods of analysis suggested in the Guide are intended to provide
reasonably accurate information about cask design. Where the accuracy
of the analysis is not known, a factor of safety is assigned to account
for these uncertainties. Departures from these analysis methods are
acceptable, provided the method used can be justified on the basis of

equivalent or improved safety in the resulting cask.

The Guide contains eight chapters. Chapter 1 consists of introduc-
tory remarks. Chapter 2 is concerned with the structural design of ship-
ping casks. Discussions of the materials of construction and the methods
of fabrication, which are intimately associated with design, follow in
Chaps. 3 and L, respectively. Chapter 5 deals with heat transfer. Chap-

ter 6 describes the kinds of evidence that should be considered acceptable



for proving that a system conforms to the criticality requirements of
existing Federal regulations. Information on shielding is presented in
Chap. 7, and Chap. 8 provides information on uranium as a structural

and shielding material.

Farly versions of the regulations indicated that, for calculational
purposes, the impact resulting from the 30-ft free fall could be consid-
ered equivalent to applying a 60 g decelerating force to the cask for
0.016 sec. Although this specification was removed in later versions of
the regulations, it is occasionally used to indicate compliance to the
30-ft-drop reguirement. Our investigations indicate that the application
of such a force will not produce damage similar to that produced by a
30-ft drop. Damage may be better assessed by analytical methods based

on the conservation of energy principle, as outlined in Chap. 2.

At the present time there is insufficient data available to predict
with confidence the best weld joint design for a lead-shielded cask. Some
limited information, based on observations of static and dynamic tests
and personal contacts with first-hand observers of cask impacts, leads
ORNL to believe that some joint designs will withstand the 30-ft free
fall more effectively than others. Thus, the joint designs recommended
in Chap. 2 are based on what is considered to be good engineering prac~

tice, using the information available.

Although loss of shielding is discussed in Chap. 2, the primary haz-
ard resulting from the 30-ft free fall is a breach of the cask contain-
ment; for this reason it is necessary to protect closures (including
valves, pressure relief lines, etc.) from impact. Energy absorbers that

may be useful for this purpose are discussed in Sect. 2.8.

One of the major requirements of the cask analysis is to show that
the integrity of the cask seal can survive the impact. This seal is
generally maintained by a force on the 1lid closure, which is secured by
bolts or studs; and, for the most part, the problem involves the energy
absorption capacity of these bolts or studs. While sufficient data are

not available to permit rigorous computation of the capacity of a given



stud or bolt the equations given in Sect. 2.l will provide conservative

bolt pattern designs for closures.

Since the primary aims of cask design are to shield and to contain

a source of radioactive material, the materials of construction (dis-
cussed in Chap. 3) must be capable of performing satisfactorily when

they are exposed to a wide range of environmental conditions as specified
in the regulations. From the standpoint of use as a fabrication material,
a steel should have adequate strength, ductility, and toughness at ambi-
ent temperatures. We have assumed that materials that require a minimum
of 15 f4-1b of energy to break a Charpy keyhole specimen at a temperature
of -L0°F will function satisfactorily under normal operating conditions,
as described in the regulations; such as toughness should be sufficient to

prevent brittle fracture from occurring at low temperatures.

In contrast to the high degree of reliance placed on steel shells
of casks, the requirements for steel used for supports, lifting, tie-
down, and similar noncontainment structures can often be relaxed, The
consequence of a failure in these components is minimal since one mate-
rial failure, by itself, generally would not be sufficient to cause loss

of cask contents or shielding.

The designer is free to specify materials other than those recom-
mended; however, the factors described in Chap. 3 must be accounted for
in the cask design. To aid the designer, a list of materials that are
acceptable for radiation shielding and criticality control in shipping

casks is also provided in this chapter.

The fabrication and inspection requirements for shipping casks are
not specifically covered by existing codes and standards., Chapter )
indicates minimum quality assurance requirements similar to those recom-
mended by the AEC and outlined in their RDT standard F2-2. To ensure
that the requirements are adhered to, an inspector, as a representative
of the cask purchaser, would audit the manufacturer's procurement, fabri-
cation, inspection, and testing records to determine compliance with the
procurement specifications. OSuch a system will be worth the expense in-

curred, because of the positive assurances of safebty and quality of the



final product it will afford to both the cask purchaser and the U.S.

Atomic Energy Commigsion.

Both solar and decay heat sources are considered in calculating the
maximum temperature of the spent fuel and cask expected under normal ship-
ping conditions in Chap. 5. Although both of these loads vary as a func-
tion of time, the cask is generally designed for a specified heat load
that accounts for these two sources. Since the solar heat load affects
the surface temperature of large, massive casks more than their internal
cavity temperatures, surface temperature limits (generally 180°F per DOT
and IAFA) must be closely examined. Often internal temperatures can be

calculated using an average solar heat load. (see example in Sect. 5.3.1).

The response of a cask to the hypothetical fire stipulated in the
regulations is difficult to evaluate accurately. For example, few fire
tests of casks have been instrumented properly to permit theoretical and
experimental comparisons to be made. Data that have been accumulated
thus far indicate that testing should be carried out on a prototype cask
rather than a scale model in order to obtain useful results. More re-
cently, it appears that the furnace testing of a cask at 1475°F may not
be equivalent to the fire test postulated in the regulations because of
the inability to control the emissivity of the source to the stated value
of 0.9. 1In addition, in an actual test there is inevitably a convection
as well as a radiation coupling between the cask and heat source that is
not alluded to in the regulations. Such a situation makes the correla-

tion of theory and experiment difficult.

Federal regulations require every shipment of fissile material to
remain subcritical at all times during normal transport, including load-
ing and unloading, and under hypothetical accident conditions leading to
the most reactive credible configuration. Chapter 6 in the Guide is con-
cerned with the proof of adherence to the requirement of subcriticality
rather than with the method of maintaining subcriticality. In the inter-
est of economy and practicality, a shipper should be allowed to exercise
any practical controls he desires in rendering a system subcritical; how-
ever, he must present proof that these controls are adequate. The types

of proof considered acceptable are discussed.



6

Proof of subcriticality can best be substantiated by arranging the
desired fuel in the most reactive credible configuration with respect to
the shipping cask design. Thus it would be desirabtle Lo have the concep-
tual cask design available at the same time that reactor critical ex-
periments on the fuel are being performed, since only a few additional
experiments would be needed to predict the degree of subcriticality that
would be attained during shipment. When this is not possible, the proof
of subcriticality must depend upon calculational methods. The accuracy
of such methods may be verified by analyzing selected critical experiments
in which a similar fuel has been used. The Guide provides an annotated

listing of a wide variety of experiments that may be used for this purpose.

Chapter 7 presents information, in the form of a nomograph, that will
provide cask reviewers a quick and reasonably accurate method for deter-
mining whether the thickness of the lead shielding in a given cask is

adequate for a particular purpose.

Since regulations specify dose rates 3 ft from the cask surface as
well as surface dose rates, a nomograph is given that relates surface dose
rate to a dose rate of 10 mr/hr at 2 location 3 f4 from the surface as a

function of cask dimensions.

1.1 Scope

The Guide deals extensively with casks having steel shells and lead
shielding since casks of this type are most commonly used. However, the

structural and shielding properties of uranium are discussed in Chap. 8,

1.2 Cask Nomenclature

Figure 1.1 is a cutaway diagram of a spent fuel shipping cask showing
the principal components. These components are referrsd to throughout

this Guide.

1.3 Quality Assurance

A manufacturer needs a quality program which will ensure that the

finished cask will properly reflect the cask owners requirements. The



requirements discussed in this Guide are considered the mininum to pro-
vide assurance of quality control for most shipping casks. The designer
must exercise good judgment and adopt stricter measures where greater

performance requirements are warranted.

The cask manufacturer should provide his own ingpection and test
personnel and facilities to maintain control of the quality of materials,
components, and fabrication throughout the cask construction.

ORNL DWG. 68-12260
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Fig. 1.1. Cutaway Diagram of a Shipping Cask Showing Its
Principal Components,



The purchaser's inspector nmust verify that the manufacturing quality
control is maintained and that all parts and work processes are in accor-
dance with the approved drawings and specifications. The inspector must
nave the right to stop work on the cask at any time when he feels that

the assurance of quality is being jeopardized,

Material test reports, heat treatment charts, and other documents
serving as evidence to document the entire fabrication are required to
be maintained in a Fabrication Record (Sect. 1.10) by the manufacturer
and delivered with the cask to the purchaser. The owner, or his repre-
sentative, is required to be aware of, and to approve, all such documents
before they are placed in the record. This is to ensure the owner's com-
plete awareness of all phases of the construction. Such approval should
not be construed to relieve the cask manufacturer of his responsibility

to conform to the design as specified in the contract.

1.1 Reports

The designer will furnish a cask design report to the purchaser
which will list all design assumptions, cask limitations, and maintenance
requirements. In addition, he will submit a cask operations manual which

will indicate all known service limits.
1.5 Cask Approvals®

1.5.1 QGeneral

A shipper should first examine the regulations® to determine if there
are packages that have already been approved by the Department of Trans-
portation for use in transporting the material under consideration. Such

packages are referred to as "specification containers.”

If there are no specification containers that fit his need, the ship-
per must request special permission from the DOT and/or the AEC to ship
his material in an existing cask which has been approved; if none are

available, a new cask must be designed.
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If a new cask must be designed, the request for approval of the
regulating bodies should be as broad as possible with regard to both

present and possible future conditions of use.

Occasionally, after the package has been in use, the analysis is found
to have been conservative; therefore, if broader coverage, based on expe-

rience, is desirable, a modification to the original permit may be made.

In the event that the package is likely to be used for overseas ship-
ments, the requirements of the TAEA* should be considered and a request
from the competent authority (the U.S. Department of Transportation) for
approval to ship under international regulations should be sought at the

same time that domestic approval is being obtained.

1.5.2 Type of Packages

In accordance with the philosophy on which international shipping
regulations for radioactive material are based, the United States Depart-
ment of Transportation has divided radiocactive material into Groups I-VII
(see Table 1.1), depending on the radiotoxicity of the isotope concerned,
and has divided shipping packages into Types A and B. Smaller amounts
of more toxic material and larger amounts of less toxic material may be
shipped in the same type of package. Type A packages are limited to small
amounts of radioactive material, which, if released in the event that a
package is destroyed, would not have catastrophic conseguences. Type B
packages are for shipments of somewhat larger amounts of radiocactive mate-
rial and are designed to contain the radiocactive material under conditions
of hypothetical shipping accidents. Quantities of radioactive material
larger than those specified for Type B packages must be shipped in pack-
ages specially approved by the USAEC and the Department of Transportation.

Table 1.2 should be used to determine the group No. for radioactive

materials not listed in Table 1.1.



Tabie 1.1, Transport Grouping of Radionuclides

Specific Activity

Specific Activity

Specific Activity

Element.¢ Radionuciidesss Group (Curies/g) Flement# Radionuclides Group (Curies/g) Zlements Radionuclidesss Group {Curies/g}
Actinium (89) Ac 227 I 1.2 x 10 Chromium (2L) cr 51 byl 7.2 x 0% 126 7.8 x 10%
A : . J 6 . - 2y A 4
Ao 228 2.2k x 10 Cobalt (27) Co 56 fa ey 3.02 x 10° e 1o x 10
Americium (95)  Am 241 I 3.2 to 57 v 8.5 x10° 2 P23 x a0
An 243 T 1.85 x 1072 Go 58 m v 5.5 x 108 : .’33 ;Jg X e
o : 2 N 113 x 108
Antimony (51) Sp 122 v 3.90 x 105 g 2{“ R 3”3‘ x 183 T 13h 265 x 107
Sp izl 111 1,76 x 10 ’ : ' 1735 3.L8 x 10¢
Sy o5 111 143 x 108 Copper (29) Cu 64 w 3.83 x 10% rigimn (77) T 190 b0 x ot
Argon (18} 4 37 vI 1.01 x 108 Curium (96) Cm 242 1 3.32 x 103 Ir 192 9.1 x 109
AL 11 L.25 x 507 Cm 243 1 L.zt x 10 Ir 19k &5 x 10°
¥xd Ul (Uncompressed) v Cm 24 I 3.2 x 10 p fomn L a3
Arsenic (33) is 73 w 2.36 x 1w* tn 2Ls I 10l x 107 fron (26) o5 L2 x 10
s 7h b} 1.01 x 10® tm 216 1 3.6 x 0Tt 7 e
as 7 v 1.56 x 08 Dysprosium (66) Dy 154 1 1.57 x 508 Krypton (3¢) o gf. n, . §.xi0®
As 77 v 1,05 x 108 Dy 165 w 5.2 x 10° g; o m {uncompressed) 397 108
o LB S fx 10
Astatine (85) At 217 I 2.06 x 108 Dy 166 R &30 x 70 =K 55 (uncompressed)
R - - né ; R -
c 6 131 . 10t Erbium {68) Er 169 v D.Z/x ) Kr 87 2.77 x 1¢
Barium (56 g: ”3‘0 Yoy gz i 1g. Br 171 Iv 2.35 x 10°® wKr 87 (uncompressed)
Berkelium (97) Bk 209 ¢ 1.80 x 103 Buropium (£3) Eu 150 II1T 1.3% x 10? Lanthanium (57) La tho v 5.6 x
B i52 m v 2.2 x 10° Lead (52) b 203 w 2.97
Beryllium () Be 7 v 3.51 x 108 Eu 152 TIT 1.85 x 102 - o 210 I 5 *
Bismuta (63) Bi 206 w 9.9 % 16¢ Bu 15l I 1.5 x 107 ® 212 I 110 x
’ Bi 207 11 2.16 x 102 Bu 155 7 1.36 x 10° ) N -
8i 210 T 1.2k x 108 Fluorine (9) F 18 ™ 9.3 x 107 Lutettum (71) Lu 172 1L 456 x
si 217 11 1.7 x 107 Lu a7t w (09 x
dadolinium {6h4) G4 153 iy 3.62 x 103 \1 . (12) Wy 28 y -
Bromine (35) 8r 32 g 1,06 x 108 o6 159 v .10 x 10° Magnesiun g It 5.2 x
cadmiun (48) 3d 109 i1 2.55 x w08 Gallium (31) s 67 15t 6.0 x 10° Manganese (25) n 52 b bz x
ad 115 I 2.6l x 10 ca 72 e 3.09 x 108 ¥n 5k o 8.3 x
a 5 Mn 56 s 217 x
cd 15 w 5. x o N . 5
Germanium {32) Ge 71 7 1.61 x 10 . .
caleiun (20) S 45 o ©.91 x 108 Mercury (80) Hg 191 m hay 6.6 x 108
3 Gold (79) Au 193 II1 $.3 x 10° Hg 197 vt 2.0L5 x i0®
Californium (78) g; gég % 13(3)% o Au 194 TIT b0 x 108 Hg 203 i) 1.37 x 10*
31 x5 Au 195 I 2 % 10 . - )
cf 252 T 6.5 x 102 A\l; 19\2 ml 32(() : L] Mixed Fission Products  MFP IT Not defined
carson (4) ¢ w .59 Au 198 v g.bs x m: Molybdenium (L2) Mo 99 'l L.73 x 105
A 4 .05 H -
Cerium (58) ce 141 - 2.80 x 10% ) A 197 w 07 x 10 Heodymium (60) Nd 147 v §.0 x 10
Ce b3 w 5.6 x 105 Hafnium {72) af 185 v 1.62 x 10* ¥e L% v 1,68 x 107
Ce 4L Ii: 3.18 x 108 Hoimium (67) o 166 Jas 6.9 x 10° Neptunium {93) Np 237 I 6.9 x 10°*
- .- 1 -]
Cesium (55) Cs 131 It 1 x 108 Hydrogen {1) H 3 (see tritium) Np 237 1 2.33x 10
e ) 108 . ) .- o g
o éﬁ v 1bx ol Indium (19) m i3 v 1.60 x 107 Hiokel (20) " Eg L 38510,
oe 3¢ W 83 x 102 inkn I 2.29 x 10* o o Lge % 10
Cs 136 haid 7'.\ x 10% In 318 m w 6.1 x 108 }} ‘3% I b.22 x 11)7
cs 137 v 90k % 10 In 115 o e v o
: - R - 5 Niobium {41) Hb 93 m w 1.05 x 10°
ine (1 111 2% x 1072 lodine (53) 132k 113 2.3L x 10° = 5
Chlorine (17) g} gg ié* 13 2% x ! Js T 125 It 170 x 100 Nb 95 vl 3.93 x m7
T .33 x 10 No 27 v 2.61 x 10

ol
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Table 1.2. Transport Group Classification Table

Physical Half-Life

Atomic 0 to 1000 1000 days Over 106
No. days to 10° years years
1-81 Group III Group II Group IIT
82 and above Group I Group I Group III

1.5.3 FExemptions from Specification Packaging, Marking, and labeling:

Exempt Quantity Packaging Requirements

1. Radioactive materials in quantities not exceeding those listed
in Table 1.3 are exempt from specification packaging, marking,

and labeling.

2. Packages must not leak under conditions normally incident to

transportation.
3. The containment vessel rust bear the marking "RADIOACTIVE.Y

li. The air waybill must be marked as "Exempted Radioactive Mate-
rial." Also; the words "No Label Required" must appear on the

shiipping papers.

5. The radiation dose rate at the surface of the package must not

exceed 0.5 mr/hr.

Empty Packaging

1. Empty packaging that has previously contained radioactive mate-
rial must be carefully cleaned internally, securely closed, and

be in good condition priocr to shipping.

2. The outside of the package must be marked with an PEMPTY" label
throughout the United States and an "Exempted Emply Packaging
Having Contained Radioactive Materials" label for foreign ship-

ments.
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3. All old labveling and marking must be masked.

li. Foreign shipments are entered on the air waybill as "Exempted

Empty Packaging Having Contained Radicactive Materials."

Table 1.3. Exempt Quantity Package Limits

Group I 0.01 me

Group 11 0.1 me

Group III 1 me

Group IV T me

Group V or VI 1 me

Group VII 25 curies

Special form 1 me

SH.0 25 curies at concentration

not > 0.5 me/ml

1.5.11 Isotope Package Limits

Packages containing amounts of materials that are between exempt
guantities and Type A packaging limits must meet Type A requirements;
above this limit, the package must meet Type B requirements as set forth
in refs. 1 and 3. Table 1.l gives the packaging limits as a function of

isotope group.

Material whose activity exceeds the Type B packaging limits is con-
sidered to be a large source. DPackages that contain large sources must

be submitted to the AEC and DOT for approval.
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Table 1.);. Isotope Package Limits
Groups and Special Maximum Net Quantity per Package
Form of Radioactive (in curies)
Materials Type A Packaging Type B Packaging
Group I 0.001 20
Group II 0.05 20
Group IIT 3 200
Group IV 20 200
Special form of Groups I to IV 20 5000
Group V 20 5000
Group VI 1000 50000
Group VII 1000 50000

1.5.5 TFissile Materials

1. Packages containing not more than 15 g of fissile material
are exempt from fissile shipping regulations. However, such
material must be packaged in the same manner as other radio-
nuclides = according to the number of curies present. Fifteen
grams of 25U is an exempt quantity of radioactive material.
The limits of all materials considered to be fissile by the

regulations are given in Table 1.5.

Table 1.5. Fissile Packaging Limits for Type A Packages

Activity Limit Weight Limit
Nuclide (Millicurie)
=33y 50 5.25 g
255y Exempt 15 g
238py, 1 58 ug
239py 1 16.3 mg

2%1py 1 9.5 ug




2. Fissile material exceeding 1 mc, but not more than 20 curies,
and up to 15 g must be welded into a capsule or placed in a
Spec 2R container.™ Such shipments must be covered by a

"special form" certificabe at the time of shipment.

A
-

Pigeile material whose activity exceeds 20 curies of activity,
or whose weight exceeds 15 g, requires a Spec 6M* or other DOT-

approved package.

1.6 References

Code of Federal Regulations, Title L9, Parts 171-178, Federal
Register 33 No. 194, Part II (Oct. L, 1968).
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2. Code of Federal Regulations, Title 10, Part 71.
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Series No. 6, 1967 ed., IAEA, Vienna, 1967,

R. D. Seagren, ORNL Isotopes Division Guide for the Packaging of
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T. C. George, Agent, Harzardous Materials Regulations of the Departmend

of Transportation including Specifications for Shipping Containers,
Tariff No. 23, p. 193, issued Aug. 3, 1969.




2. STRUCTURAL DESIGN

2.1 TInner Shell Thickness

The inner shell thickness of the cask, exclusive of closure devices,
should be designed as if it were an unfired pressure vessel and meeis,
as a minimum, the reguirements of Division T of Sect. VIIL of the ASME
Boiler and Pressure Vessel Code. This code relates size, material of
construction, and internal and external pressure to thickness. The inner

shell should not be less than 3/8 in. nominal thickness.

Since it is necessary to establish & shell thickness that will allow
the cavity to remain serviceable under all expected internal and external
loads, the expected service of the cask must be examined. Fxternal loads
will be imposed from the static head of lead during pouring, the shrink-
age of lead upon cooling, the expansion of lead resulting from a fire, or
the movement of lead as a result of impact. Internal loads accur as a
result of coolant pressure in the cavity or possibly from thermal expan-

sion of internal components such as a basket.

Because of the type of environment to which the inner shell is ex-
posed, the material should be capable of being decontaminated without
loss of serviceabhility. Acceptable materials of construction are dis-

cussed in Chap. 3.

If it is desirable to perform a more-detailed analysis than is
afforded by Sect. VIIL of the ASME Pressure Vessel Code, ORNL TM-1312,
Vol. 1, which deals with inner shells of both cylindrical and flat sided

casks, should be consulted.

2.2 Outer Shell Thickness

4 1j0-in. free fall of a lead-shielded cask onto a 6-in.-diam punch

may cause failure  of the cask in one of several ways. The most obvious

Failure is defined as the inability of the cask to meet the

regulations.
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is a rupture of the outer shell, which could result in an excessive loss
of lead if the cask were involved in a fire. Less obvious, but nonethe-
less important, are the possibilities of a gasket failure (if the impact
is in close proximity to the cask closure) or a substantial reduction in

shielding (if the indentation is particularly deep).

For hot-rolled carbon steel and stainless steel outer shells, the
minimum outer shell thickness required to withstand the punching action
of the piston is given by Eg. (2.1). (Note the limitations given in this

section concerning outer shell diameter and material ductility.)

t = (ys)0 7| | (2.1)
where
t = shell thickness, in.,
W = cask weight, 1lb, and
S = ultimate tensile strength of the outer shell, psi.

Figure 2.1 shows a photomicrograph of a section of a steel shell
that was damaged to the point of incipient puncture as a result of im-

pact on a punch. Note the partial fracture of the test specimen.

ORNL Photo 84426 B
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Fig. 2.1. Photomicrograph of Hot-Rolled Steel Plate Tested at Its
Incipient Puncture Energy.
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A convenient representation of Eq. (2.1) is given in Fig. 2.2. Equa-
tion (2.7) may be used for both flat-sided and cylindrical casks within
certain limits. Tests have indicated’ that for cylindrical casks with
diameters greater than about 30 in., Eq. (2.1) gives acceptable results;
for diameters less than 30 in., it may give nonconservative results.

Until more definitive tests can be performed, it is recommended that a
factor of 1.3 times the actual cask weight be used in Fq. (2.1) when it

is applied to casks having diameters less than 30 in.

When Eq. (2.1) is used, consideration should be given to the reduc-
tion in jacket flexibility that is caused by various structural features.
The energy reguired to puncture the jacket will be reduced from the valus
indicated by Fig. 2.2 by "stiffeners," such as fins, that are closer than
about 9 in. from the center of the impact arsa, Information to quantita-

tively evaluate the effect of local stiffeners is not presently available.
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Fig. 2.2. Graph to Estimate Minimum OQuter Shell Thickness for
Lead-Shielded Casks, Based on Eg. (2.1),.
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Lead-shielded casks based on a three-shell cask wall concept have
been designed and built. The design provides inner and outer shells,
plus a third shell that is positioned approximately 2 in. inside the
outer one; this arrangement provides for two separate chambers to contain
the lead shielding. Under accident conditions, breaching of the outer
shell and subsequent loss of the outer lead layer would not necessarily
cause the cask to fail the required tests since the loss of 2 in. of lead
shielding in a fire will limit the dose rate increase to approximately a
factor of 10. The loss of lead will create an air gap that will reduce
the effective heat input to the cask cavity. Results of impact tests
performed using the three-shelled wall concept® appear promising. Con-
siderably more energy is required to rupture the center shell of such a
cask than would be expected, based on Eq. (2.1); however, this equation

may be used to size the center shell without disproportionate conservatism.

A similar concépt in which puncture of the outer shell may be al-
lowed in an accident is described in a French report.® A layer of wet
plaster, with 26% free water, is poured between the lead shield and the
outer shell. If the cask is involved in a fire, the outer shell perfo-
rates by virtue of fusible plugs and the plaster dries, forming an insu-
lating layer around the lead shield. Results of tests indicate that the

layer offers adequate protection from impact followed by a fire.

Resistance to puncture may not be the only basis on which to set the
outer steel shell thickness. Recently, calculations and tests conducted
both here and abroad®*?>%** ipdicate that, as the outer steel shell thick-
ness 1s increased, the amount of lead melted decreases assuming the same
thermal enviromment. The minimum outer shell thickness, which will pro-
vide good fire protection (i.e., very little lead will melt), is approxi-
mately 2-1/2 in. This protection results at least partially from the
fact that the heat capacity of mild steel is approximately four times
that of lead.

2.2.1 Basis for Equation (2.1)

An experimental program was initiated to investigate the conditions

that would lead to the puncture of steel-~jacketed, lead-shielded casks



20

4

dropped from a height of L0 in.%» The results are summariged in Fig. 2.3.

The three data points, which are the results of the 86,200-1b prototype
model test, are correlated effectively by the equation
1.
E/S = 39t s (2.2)
where
E is the energy (LO W, in in.-1b) and the other terms are given

above.

ORNL Dwg 67-10563 A
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Fig. 2.3. Puncture Test Data for Lead-Racked Plates.
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Equation (2.2) was developed from a geometrical scale-up of data obtained
using 1:12 size model test data; that is, test specimens weighed from 35

to 75 1b, and the punch was 0.5 in. in diameter.®»*

Materials that were jacketed with lead and had a broad range of prop-
erties were tested in the flat-surface-model phase of the program.l It
was found that significantly less energy was reguired te punch through
materials having an ultimate elongation of less than 0% in a 1-in. gage
length than those whose elongation was greater than LO%. Above this elon-
gation level, the ultimate tensile strength of the shell material was the
significant property of the material and, therefore, was used to correlate
the data. At impact energiles near puncture energy, significant deforma-
tions of the jacket were evident over an area whose diameter was about

three times that of the punch diameter.

Cylindrical models from about L to 7 in. in diameter, with a jacket
thickness of 0.075 in., were tested with punches with diameters of 0.,
0.5, and 0.6 in. In the range of parameters tested, the shells of the
cylindrical model were more difficult to puncture than those of flat sur-
faced (cubical) models of similar weight and shell thickness. However,
some of the data reported® for impacts of prototype cylindrical casks on
6-in.~diam punches suggest that, for casks with diameters less than 30 in.,
with a punch diameter of 6 in., a cylindrical cask shell will puncture
more readily than a cubical cask shell of the same weight, thickness, and
material. All tests were made with the line of action of the punch being
directed through the center of gravity. This is the basis for recommend-
ing that when using Eq. (2.1) for casks with diameters of less than 30 in.,
the weight should be increased by a factor of 1.3.

2.3 Weld Design

Welds are often particularly vulnerable to serious damage as a result
of free-fall accidents and subsequent thermal’exposure. This is true due
to a variety of factors. Many are located in areas where they are subject
to gross deformations. They normally do not possess the ductility of the
base metal, and they are almost always stressed to a significant degree

as a result of the welding processes. Also many welds contain flaws that
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reduce their ability to deform without rupture. The very nature of weld-

ing results in stress concentrations whose removal may not be practical.

Perhaps the most vulnerable welds are corner welds or the welds join-
ing the shell to the top and bottom heads. In the free-fall impact, when
the line of actlon passes through or near the center of gravity, these
welds are required to bend or rotate through an angle of 90°. This places
the root of the weld in tension and may result in a gross crack unless
the corner is adequately designed. Other structural welds are required
to deform a lesser, but significant, amount. Generally, such deformation
takes the form of bending of the weld and base metal over a significant
length; hence the weld is not placed in jeopardy to the same degree as the

corner weld.

It seems logical to assume that any weld design which will bend to an
angle of 90° in a simulated dynamic incident without rupture would be ade-
quate for a corner weld. Criteria for the adequacy of other cask struc-
tural weld joints are not so easily established. Test data are almost
nonexistent, and ORNL is not aware of the failure of a complete penetra-
tion weld in a noncorner position as a result of an impact. It is, there-
fore, felt that a complete penetration weld is adequate for all welds away

from the corner.

A test program is currently under way at Oak Ridge National Iaboratory
to establish which cormer joint designs satisfy the requirement of non-
rupture in an impact. The designs shown in Fig. 2.4, backed with lead,
were struck by a weight that was dropped from a height of 30 ft. The im-
pact caused the specimens to bend 90°. Two materials, ASTM-A-516 steel
and 30lL stainless steel, in 3/8-in. thicknesses, were tested. Designs 1,
5, and 6 were found to be adequate for both materials, while design 2 was
adequate for the 304L stainless steel only. The remaining designs are not
adequate because of gross failures. TFigure 2.5 shows the results of some

of the tests.

It appears that there are two approaches to maintain the integrity of

welded joints. One approach is to design a weld joint having a resistance
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Fig. 2.4. Corner Weld Joint Test Designs.
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Fig. 2.5. Weld Joint Designs Tested Under a 300-1b Weight Dropped
30 ft.
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to deformation significantly in excess of that possessed by the base metal,
that is, one in which all or nearly all of the deformation takes place in
the base metal and not the filler metal. Designs 1 and 5 are in this cate-
gory. The second approach is to remove the weld joint from the vulnerable
area, as in design 6. This may be done by using a formed or dished head
in lieu of a flat plate for the ends of the cask. It was also established
that grinding improved the ability of welds to undergo plastic deformation

without rupture.

It is recognized that these tests were performed on 3/8-in. material,
and thérefore the results are valid only for this thickness and for high-
quality welding. However, it is felt that the results (notably for de-
signs 1, 5, and 6) illustrate that a corner weld needs to be (a) much
stronger than the joined base metal, or (b) removed from the vulnerable
area. Design 2 1s not recommended for any material and thickness other
than 30LL stainless steel 3/8 in. thick due to its failure’in A-516 steel.

The designs in Table 2.1 are recommended for structural butt welds.
Although other welds may be acceptable, they should be examined on the
basis of ease of fabrication and ability to develop full joint strength.
It is permissible to use backup rings or consumable inserts for any of

these welds. Welding practices required by Chap. L should be adhered to.

If a weld design from Table 2.1 is used in conjunction with the in-
spections required in Chap. L, the cask designer may use a joint effi-
ciency of 85% in the design of the inner shell under the recommendations
of Sect. 2.1. The joint efficiency can be increased to 100%, provided
the designer feels justified on the basis of thorough inspection proce-

dures.

211 welds should be made by the processes described in Sect. 4.3.1
and should be of the quality specified by Sects. 4.3.2 and L.8.5. Weld-
ing requirements shown on engineering drawings should conform to AWS A2.0

welding symbols.

The design of a welded Joint that is not a part of the cask proper
will be left to the discretion of the designer and should be based on good
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Table 2.1. Recommended Weld Joint Configurations.

Joint Joint T Weld Joint Joint T Welid
Appegrance ° ype Symbo!l |Appearance oint Type Symbol
—— ———— e
Double-Vee Groove Joint,Welded TTH T 72 Single ~Bevel Groove Jgint, _%
.’ ’, Both Sides,Complete Joint >< Complete Joint Penetration,
Penetration. Preferred Joint For Bead Back Weld.
Longitudina! Welds On Outer Double -Beve! Groove Joint
Shell. 74775 Welded Both Sides,Complete —K
Single-Vee Groove Joint. Joint Penetration.
Complete Joint Penetrotion, 5%
Bead Back Weld. L7LAAIE Single —J Grgove Joint, '
Sinale-Ves G o Complete Joint Peneitration,
_ mngle~vee broove Joint. Beod Back Weld.,
Z5ZZ2 | Weided One Side, With Back- 7
ing, Complete Joint Penetration. 77 Double-J Groove Joint , Welded
";zf Both Sides, Complete Joint
o7z | Single-Vee Groove Joint. 4 Penetration , Bead Back Weld.
Weided One Side, With Burn ’Q Single- U Groove Joint, Com~
s - -, 7
Thrpugh,Complete Joint Pene [ZA X7 piete Joint Penetration, Bead —%
tration. .
Back Weld.
a. Gas Tungsten Arc Process
Preferred For Root Pass. r? ,y/ Double~U Groove Joint, Welded
b. Details Of Joint Developed HY LA | Both Sides, Comple Joint
By Procedure Qualification Penetration.
Are To Be Used In Production.

9¢
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engineering practice. Consideration should be given to the effects of
angular, lateral, and end restraints on the weldment when butt welds are
made (as described in Sect. ;.3.5), particularly with respect to material
and weld metal having an ultimate strength of 80,000 psi or higher and
heavy sections of both low- and high-tensile-strength material. The addi-
tion of restraints during welding may result in cracks that might not

occur otherwise.

2.l; Cask Closure, Gasketing, and Bolting Design

The primary functions of a cask closure are: (2) to provide access
to the cavity within the cask, and (2) to confine the radicactive mate-
rial within the cask during normal conditions of transport. Under acci-

dent conditions, some leakage of radiocactivity is allowed (see Table 5.1).

While it is realistic that some leakage may occur it would be diffi-~
cult to estimate the amount of radicactive material that will escape if
the cask seal is breached following an accident, unless encapsulated mate-
rial is being transported. As more knowledge is gained about the damage
to the contents and the mechanism of the escape of radicactive materials

under accident conditions, these difficulties may be resolved.

The closure design must provide for the load-carrying capacity of
the gaskets, retaining studs or bolts, flanges, etc. to resist both nor-
mal and accident conditions since exposure to the hypothetical 30-ft drop,
followed by the 0.5-hr fire, creates the most difficult closure problems
the designer must face, If an analysis indicates that quantities larger
than those permitted to escape could exist in the cavity in a mobile form
after an accident, assurance of containment may have to be based on some
item other than the gasket unless it has been shown that the seal will

not leak.

2.5.17 Selection and Design of the Gasket

Large forces and resulting distortions that could separate the 1lid
from the body of the cask or crush the gasket may occur as a result of

the 30-ft impact. Under such conditions, the integrity of the seal
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generally depends upon the design of the flanges and retaining bolts or
studs; that is, if the 1lid and cask flanges are stiff (or if there is no
relative movement between the 1id and the cask due to impact) and if the
gasket 1s located near the retaining studs, the seal would probably remain
intact. These conditions can often be met by providing sacrificial parts,
such as fins, to lessen the shock of impact and to distribute the impact
load over a relatively wide area. Such protection is discussed in

Sect, 2.8,

Gaskets that are most applicable to use as closure seals fall into

several basic groups, as follows:
(1) elastomer gaskets,
(2) flat asbestos gaskets,
(3) Jjacketed gaskets (e.g., steel over asbestos),
(L) corrugated metal gaskets with or without soft filler,
(5) spiral-wound gaskets,
(6) plain or machined flat metal gaskets,
(7) O-ring-type metallic gaskets, and
(8) solid metal gaskets with a round or a special cross section.

The general characteristics of each of these basic groups are discussed
in the following paragraphs; design information pertaining to some of the

more common types of gaskets is given in Tables 2.2a, 2.2b, and 2.3.

When designed to fit in a properly designed groove, an O-ring type
gasket provides an excellent seal since it cannot be crushed in an impact
or damaged by excessive bolt loadings. Elastomer gaskets are frequently
used to advantage, but consideration must be given to the maximum tempera-
ture reached by the gasket if the cask becomes involved in the 0.5-hr fire,
Metallic O-rings can be used for this service but are more expensive and
require the maintenance of a better sealing surface; however, they have
the advantage of performing satisfactorily at higher operating tempera-

tures.
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Table 2.2a. Design Data for Different Types of Gaskets™

N
m, Minimum Design
Gasket Seating Stress
Type Material Factor (psi)
Rubber (homogeneous)
Below 75 Shore durometer 0.50 0
Avove 75 Shore durometer 1,00 200
Asbestos
1/8 in. thick 2.00 1600
Flat 1/16 in, thick 2.75 3700
1/32 in, thick 3,50 6500
) Carbon steel 2.50 2900
b : Stainless or Monel 3.00 1500
Spiral Wound Metoi
Asbestos Filled
oIS K
c ved Jackeled Soft aluminum 2.50 2900
orrugated Jackets 5> 9 00
Asbestos Filied Soft copper or brass & 31
Iron or soft steel 3.00 h;OO
Monel 3.25 5500
Corrugated Metal, Asbestos Stsinless steels 3.50 6500
Cord Cemented in Corrugo~
tions
Soft aluminum 2.75 3700
J/N\/p\/f\J/‘} Soft copper or brass 3.00 L500
Iron or soft steel 3.25 5500
Corrugoted Monel 3.50 6500
Stainless steels 3.75 7600
— i Soft aluminum 3.25 5500
X
P — Soft copper or brass 3.50 6500
o N i Iron or soft steel 3.75 7600
Monel 3.50 8000
Metal Jacketed, Stainless steels 3.75 2000

Asbestos Filied
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m,

Y
Minimum Design

Gasket Seating Stress

Type Material Factor (psi)

Soft aluminum 3.25 5500

Copper 3.50 6500

Iron or soft steel 3,75 7600

Monel 3.75 2000

Fiat Matal, Serroted Stainless steels .25 10,700
or Grooved

Lead 2.00 1400

Soft aluminum .00 8800

Soft copper or brass L.75 13,000

Tron or soft steel 5.50 18,000

Monel 6.00 21,800

Flat Metol Stainless steels 6.50 26,000

Iron or soft steel 5.50 18,000

---------- Monel 6.00 21,800

Stainless steels 6.50 26,000

Ring Joint

®Data taken from the "ASME Boiler and Pressure Vessel Code
Section VIII, Unfired Pressure Vessels"; from Machine Design,
Seals Reference Issue, 36(1L), 95 (June 11, 196l); and from
M. F. Spotts, p. 452 in Design of Machine Elements, 3d ed.,

Prentice Hall, 1961,




Table 2.2b. Design Data for Different Types of Gaskets™

vt
Minimum
Seating Stress
Material (1b/in. of gasket)
Aluminum 1300
] $ Soft steel (iron) 1500
Round Cross Section Stainless steel £000
Aluminum jacket - aluminum cores 1500
Aluminum jacket - stainless steel
®
cores 1500
¢ )] . . .
Stainless steel jacket - stainless
Wrapped Wire Core steel cores 6000
1-16-in.-0D tube x 0.014-in.-
thick wall
Aluminum 350
Mild steel 850
Inconel 1100
k Stainless steel 1300
1/8-in.-0D tube x 0.012-in.-
Meta! O-Ri
ere ne thick wall
Aluminum 100
Inconel 300
Stainless steel 320
1/l~in.-0D tube x 0.012-in.~
thick wall :
Stainless; steel 90

®Data taken from the "ASME Boiler and Pressure Vessel Code
Section VIII, Unfired Pressure Vessels'"; from Machine Design,
Seals Reference Issue, 36(14),95 (June 11, 196)); and from
M., F. Spotts, p. L52 in Design of Machine Elements, 3d ed.,
Prentice Hall, 1961.
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Table 2.3. Sustained Temperature Limits of Gasket Materials®

Maximum
Temperature

Material (°F)
Lead 212
Silicone rubber 1,00
Common brasses 500
Asbestos 500
Copper 600
Aluminum 800
Stainless steel type 304 1000
Stainless steel type 316 1000
Soft iron, low-carbon steel 1000
Stainless steel type 502 1150
Stainless steel type 110 1200
Silver 1200
Nickelb 1400
Monelb 1500
Stainless steel type 309b 1600
Stainless steel type 321b 1600
Stainless steel bype 3h7b 1600
Ceramic fiberb 1600
Inconelb 2000

#Data taken from Machine Design, Seals Reference Issue, 36(6),19
(June 196l).

bConsult gasket manufacturer for high-temperature use.
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To maintain a fluid-tight joint, it is necessary that the parts be
tightly bolted together. The initial bolt loading must be great enough
to cause local yielding of the gasket when it contacts the metal flange
surfaces. The minimum contact pressure necessary to secure a tight joint
is called the "yield" value, y or y', of the gasket; values of y and y!

are given in Tables 2.2a and 2.2b.

Any internal fluid pressure above atmospheric in the cask cavity
reduces the gasket contact pressure. Ixperience has shown that the ratio
between the contact pressure and the fluid pressure, which is called the
gasket factor (m), should not be less than a certain value if the joint

is to remain tight (see Tables 2.2a and 2.2b).

Design equations using the data from Tables 2.2a and 2.2b are given
in Sect. 2.4.2. TFor design data on special gaskets the manufacturer
should be consulted.

Special gasket cross sections shown in Table 2.2b require a fine
surface finish in cdntact with the gasket and close tolerance control,
along with careful assembly. Such a finish is not always easy to main~
tain, even during normal operation of the cask; thus the sealing sur-
faces that depend on a fine finish should be inspected often. The
maximum temperature limits that are recommended for solid metal gaskets

in continuous service are given in Table 2.3.

Hollow O-Ring Type Metallic Gaskets. — Under operating conditions,

hollow metallic O~ring gaskets possess certain characteristics that are
not found in elastomer O-rings. These metallic O-rings have a natural
resiliency somewhat similar to that of elastomer types, but without their
temperature limitations, and can be used in both fully confined and semi-~
confined gasket joints. OSuch O-rings are dependent upon large compres-
sive forces in the flange faces to create a seal (0O-rings require approxi-
mately 20 to 30% compression across the small diameter to develop a seal.)
The seal is created in a manner similar to that experienced by an ordi-

nary flat gasket.

Stainless steel O-rings are common; 321 stainless steel is the most
widely used. However, O-rings fabricated from other metals, such as alu-

minum and copper, are also available.
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When designed for low-temperature operation, flanges, bolts, and O-
rings should be made of the same material. Consideration of the maximum
operating temperature in an accident determines the basic O-ring mate-

rial as follows:
(1) -LO to L50°F - stainless steel,
(2) L50 to 800°F - Inconel,
(3) 800 to 1300°F - Inconel X,
(L) above 1300°F ~ consult O-ring manufacturer.

Metallic O-rings are often used with a coating of silver or other
material to increase sealing effectiveness in seats which have a poor
finish, and to reduce the probability of seizing or galling when the rings
are used in screwed closures. For vacuums and low pressures, an unpres-
surized hollow stainless steel ring with a silver coating is used. At
pressures up to 100 psi, an unpressurized ring with medium wall thickness
is used; at pressures above 100 psi, a pressurized ring with a heavy wall
is used. Coatings are necessary for rings that seal gases or volatile

liquids.

Gaskets used for gases, vacuums, and low-viscosgity liquids such as water
require a coating or plating, depending upon the maximum design tempera-

ture:
(1) =430 to 1300°F - silver plating,
(2) above 1300°F - consult O-ring manufacturer,

(3) in the event that silver is not compatible with fluid - consult

O-ring manufacturer.

The thickness of the wall of the tubing used to form these O-rings
provides the necessary resistance to the compression that creates the
initial seal; the required thickness depends a great deal upon the nature
of the material to be confined., Highly viscous liquids are the easiest
to seal and can be confined with thin-walled rings. Gases require a
coated heavy-wall ring. The heavy-walled rings can support heavier flange

loads, consequently they provide tighter seals.
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Care should be exercised during assembly to ensure that the finished

surfaces and the O-ring are not marred or scratched.

2.14.2 Design for Bolts or Studs to Retain Cask Lid

Closures should withstand expected decelerating forces resulting
from an impact without producing stresses (in the closure fastenings)
that exceed the yield strength or 50% of the ultimate strength. Where
this recommendation cannot be met, then the bolts or studs should be de-
signed to absorb all the kinetic energy of the cask closure and contents
at the impact velocity (generally assumed to be 30 mph resulting from the
30-ft drop). Estimates of the energy absorption capabilities of bolts

may be found in ref. 3.

The expected forces experienced by casks protected by crash frames
are often amenable to calculation; in other cases, the deformation and
displacements observed in model testing should provide a basis for esti-

mating deceleration forces.

In the development of a design for bolting the cask 1lid, four forces
mist be considered. They are: (1) the force due to internal pressure,
Fp, (2) the force due to the deceleration of the 1lid and the contents of
the cask under impact conditions, Fw’ (3) the force required to seat the
gasket, Fsg, and (li) the force on the gasket required to maintain a tight

Joint under service conditions, Foc

The force on a cylindrical cask 1id due to the internal pressure in
the cask is
np(d)”
Foo= =1 (2.3)

where

p = the differential pressure existing across the gasket, psi,

&x

d_ = the mean diameter of the gasket, in.

o

If a cask is end~loaded and shipped horizontally, the cleosure for the
1lid may be subjected to a force caused by the impact of the cask contents

against the lid when the transporting vehicle comes to a sudden stop.
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The force due to the deceleration of the cask 1id plus the contents of

the cask can be calculated from

Fw = 2Ng(wg + Wc), (2.4)
where
W, = the weight of the cask 1id, 1b,
WC = the weight of the contents of the cask, lb,
Ng = the mean number of g's to which the 1id and contents of the

cask are subjected upon impact. A method for accurately
obtaining this number is not available at present, but g
loadings experimentally measured at points on several cask
models are discussed in Sect., 2.8; estimates of Ng may be
made by employing a conservation of energy approach sug-
gested in this and Sect. 2.7. The factor 2 is an attempt

to account for the dynamic loading.

For a cylindrical 1lid, the force required to make the gasket material

flow into the irregularities of the flange faces and seat is given by

Fsg = bndgy, = ndg.Y' s (2.5)

where

b = the effective gasket seating width, in. (This value may be
obtained from MASME RBoiller and Pressure Vessel Code Section

VIII - Unfired Pressure Vessels'),
y = the minimum design seating stress, 1b/in.® (see Table 2.2a),
y’ = the minimum design specific load, 1lb/in. (see Table 2.2b).
For cylindrical cask lids, the force required on a flat gasket to

maintain a tight joint under service conditions is given by

F . = nbdgmp, (2.6)

where

m = the gasket factor (see Table 2.22).
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Note that FOC may not be sufficient to maintain a tight joint under acci-
dent conditions in a liguid-filled cask since the dynamic pressure of the

liquid under those conditions may be much greater than the static pressure.

Proper design requires that Foc be equal to, or greater than, Fsg;
however, care must be exercised to avoid overloading the gasket, particu-
larly in designing large-diameter flanges or even relatively small ones
for high-pressure service. Overloading can result in crushing of the
gasket or yielding of the flange, or both. To avoid this,:Foc should not

exceed 2 F_ .
5g

After the gasket has been selected, the minimum bolt area, Am, is
caleulated from Eq. (2.7): '

(F_ + Fw + FOC)
A = b , , (2.7)
a

where
5, the bolt yield stress at operating temperatures, psi.

After Am has been chosen, the actual bolting pattern may be estab-

lished. One simple procedure for cylindrical 1lids is as follows:

1. Allow one bolt for each inch of diameter of the lid flange.
If the resulting number is not already a multiple of four,

use the next larger number that is a multiple of four.

(2]

Divide the minimum bolt area, Am? by the number of bolts
determined in step 1; this gives the required area per bolt

based on the root diameter of the bolt.

3. BSelect the bolt size. Because of the danger of overstressing
small bolts, a 1/2-in.-diam bolt is considered the minimum
gize to be used. The shank diameter should be no greater than
the root diameter of the thread. Impact strength should be

congidered in selecting the material of construction.
E

L,. Apply Eg. (2.8) to determine whether the resulting bolt spacing
is close enough to maintain adequate unit pressure on the gasket
between the bolt holes.®
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Maximum bolt spacing = [6t/(m + 0.5)] + 2a , (2.8)
where

a = the major diameter of the bolts, in.,

t = the thickness of the 1id flange, in.,

m = the gasket factor.

5. 1In an analysis of deformation and fracture of steel bolts,
French engineers considered both plastic deformation and
brittle fracture.® Since, under high strain rates, the
outside of bolts undergo considerable plastic deformation
while the center fractures, they concluded that it is
better to employ a large number of small bolts, rather
than a small number of large bolts, Lo maximize their
total energy absorption capabilities. However, the total
bolt area should not be less than determined in step 2

above.

Other bolting arrangements can be easily designed; however, they should
be based on practical considerations such as those suggested in step 5,
subject only to the requirements for the minimum total bolt area and

maximum spacing.

A torque wrench should be used in bolting the cask 1id. An approxi-
mate relationship between the torque applied to the bolt or nut and the

force induced in the bolt or stud for unlubricated conditions is given
by Eq. (2.9):7
T = 0.2aF, (2.9)
where
T = torque, in.-1b,
a = the major diameter of the bolt, in.,
F = the induced force, 1b.

The torque required to seal the gasket when all loadings are con-
sidered is caleculated by Eq. (2.10):
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0.2a (F _+F +F)
B oc W P

T = s (2.10)

Np

where

NB = the number of bolts required.

2.4.3 Cask Closure Design

A schematic drawing of a shipping cask, which is typical of those
designed for transporting radioactive materials, is shown in Fig. 1.1.
Such designs have been impact tested®:® in the closure region; results
indicate that movement of the cask closure relative to the body occurs

frequently, destroying the seal (see Fig. 2.6).

ORNL DWG 68-1057I
GASKET
END CLOSURE

=

CLOSURE
BOLTS

WELD CRACK

VOID

DUTER SHELL

LEAD

Free Fall. (Courtesy of the University of Tennessee)

Fig. 2.6. Deformation of a Model Cask as the Result of a 30-ft
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A practical solution to the relative movement problem for this
design, as well as for other designs, is to buffer the vulnerable
impact areas with energy-absorbing parts and to limit movement by the
control of annular clearance between the 1id and the cask. However,
adequate clearance must be provided for ease of operation. For example,

a closure, protected by the energy-absorbing fins is shown in Fig. 2.7.

ORNL. DWG 68-10549-B

SCREW TYPE BALL VALVE

SAFETY HEAD - PUNCTURE RESISTING PLATE

CASK LID

ENERGY ABSORBING
FINS

7 '\\ — CIRCUMFERENTIAL
0 ENERGY ABSORBING

LID RETAINING
- ?. BARS AND SPACERS

NUTS
PRESSURE RELIEF LINE

STUDS a2

W

o

VITON "0" RING SEAL

4

=

METAL "0" RING SEAL - A L o
CASK BODY Al & (r! 1 DLIFTING LUG
OUTER SHELL — ‘ \/
{ I e
INNER  SHELL '
SHIELDING HEAT TRANSFER FINS

Fig. 2.7. Model Shipping Cask Protected by Energy Absorbing Fins.
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A cask with protective fins'® similar to those shown in Fig. 2.7
and weighing 372 1lb was drop tested on its closure end from a height of
30 ft. The impact damage to the model was restricted to the fins and
to one broken bolt in the 1id (see Fig. 2.8). Removal of the 1lid and
subsequent inspection revealed that less than 0.5 ml of water-soluble
0il had leaked across the gasket seal, apparently at the moment of
impact since the cavity was still capable of maintaining pressure after
impact. Details of the drop and the protection offered by the energy-

absorbing fins are discussed in Sect. 2.8.

ORNL PHOTO No. 93140A

Fig. 2.8. Cask with Protective Fins After the 30-ft Closure End
Drop Test. Lid has been removed. (Courtesy of Union Carbide Corp.,
Paducah Plant)
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Figure 2.9 shows a closure design that is less vulnerable when ex-

posed to impact than a design with plug and bolts.

ORNL DWG. 68-10547RI
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Fig. 2.9. Double Plug Closure for Cask.

This design is characteriged by the separation of the shielding and seal-
ing functions into two similar plug-type closures. It is expected that
this design will survive an impact, provided that the shield plug does

not directly contact (and therefore affect) the seal plug in an impact.

A closure design developed by the National Lead Corporation is unique
in that the closure bolts are loaded in compression rather than tension
(see Fig. 2.10), Of all the closure designs tested, it is felt that this
one has the highest probability of retaining the shielding plug in posi-
tion after an impact; however, the problem of maintaining a leakproof seal
is complicated by the fact that the bolts are loaded in compression, shear,

and bending. In addition, removing the plug afiter the accident may prove
difficult.®
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2.5 Lifting Devices

Closure Design Developed by National Lead Corporation.

For purposes of this Guide, l1ifting devices are defined as items

that are attached permanently to a shipping cask and serve to transmit

the entire load to lifting equipment such as a crane. These devices are

generally designed with the convenience and simplicity that would be

required for remote handling (e.g., when a cask is handled underwater or

in a shielded cell). Occasionally, lifting devices are used for tying

down the cask.

given below.

1.

N

If the system of lifting devices 1s a structural part of
the package, the system shall be capable of supporting

three times the weight of the loaded package without gen-
erating stress in any material of the packaging in excess

of its yield strength.

If the system of lifting devices is a structural part of
the 1lid only, the system shall be capable of supporting
three times the weight of the 1lid and any attachments
without generating stress in any material of the 1lid in

excess of its yield strength.

If there is a structural part of the package that counld
be employed to 1ift the package but does not comply with

The performance standards required by AEC Manual 0529 are
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1., above, this part shall be securely covered or locked

during transport to prevent its use for that purpose.

L. If a lifting device is a structural part of the package,
it shall be designed in such a manner that failure of
the device under excessive load will not impair the con-

tainment or shielding properties of the package.

These requirements have been interpreted to mean that the lifting
device may not suffer any significant permanent deformation when sub-
jected to a force equal to three times the weight of the cask. However,
this does not eliminate devices that may be subjected to local yielding
over & smzll area, which may be caused by contact of the lifting device
with lifting hooks, etc.

Many types of lifting devices may be designed to meet the regula-
tions by relying on the '"strength of materials" approach to engineering
analysis. Providing a factor of safety greater than a factor of 3 (see
above) to allow for the approximate nature of this method results in a
reasonable balance between engineering effort and conservative design.

Therefore, this is the definition of safety factor, as used in the Guide.

This approach may not be justified if the lifting device design is
complex. In such cases the designer may rely on a more rigorous method
based on elastic behavior. Discussions of such methods may be found in

most of the basic "strength of materials" textbooks.

The following paragraphs present a brief description of four general
lifting device designs. The detajled analyses of these configurations

can be found in ref. 11.

Perhaps the most common design for a lifting device is a pair of
short cantilever beams commonly called trunnions (see Fig. 2.11). This
design has the advantage of simplicity of fabrication and, to some extent,

® Trunnions should be mounted in massive steel

simplicity of analysis,4
blocks, as suggested in Fig. 2.11; the base of each trunnion should be

inserted in its socket to a depth of at least one trunnion diameter.



The weld between trunnion and flange should be designed for minimum con-

centration of stressés and should be sufficient to withstand the full-

load capability of the trunnion.
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Fig. 2.11,

Typical Cask Trunnions.

Trunnions welded onto the outer steel shell, as opposed to the mas-

sive block shown in Fig. 2.11, may be vulnerable to the punching action

in a 30-ft impact.

While penetration of the outer shell may not violate

regulations, per se; a fire following such an impact might result in the

leakage of lead and excessive radiation levels.

Occasionally, a strap that is attached to both the shell and the free

end of the trunnion is used to minimize any flexing in the trunnion-to-

flange-joint weld area.

The length of the exposed trumnion should be no

more than three trunnion diameters and should be designed only after con-

sideration of the effects of both shear and bending stresses.

For lifting

systems of this type, a reasonable safety factor is L.

A second type of common lifting device consists of "ears" with holes

through which hooks may be placed for lifting.

The ears are often placed

vertically so that the weld is loaded entirely in shear (see Fig. 2.12).

Although this device has been used advantageously on lightweight casks, it

is not recommended for models weighing more than 10,000 lb,
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Fig. 2.12. Typical Cask Lifting Ears.

Iifting ears feature simplicity of fabrication and analysis and a minimum
risk of puncture of the shell in the hypothetical accident. However, if
the ears are particularly stiff, impact on the closure end could result

in high-tensile loadings of the closure bolts.

For the design shown in Fig. 2.12, the thickness of the ear should
be equal to, or greater than, the thickness of the outer shell. The di-
ameter of the hole in the ear should be no more than one-half the width
of the ear, and the amount of material above the hole should be equiva-

lent to at least the diameter of the hole.

The length of the porticn of the ear that is welded to the cask
shell should be at least equal to the portion (containing the hole) that
is not welded to the cask shell. The load-carrying capacity of the weld
between the shell and the ear should be at least three times the loaded
cask weight; and care must be taken not to overstress the metal surround-

ing the hole under load conditions. A reasonable factor of safety is 3.

A design that incorporates many of the features of the previous two
designs is the mechanical inversion of the trunnion, which is called a
lifting socket (see Fig. 2.13). A matching sling must be designed for
lifting the cask,.
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CASK FLANGE
LIFTING SOCKET

Fig. 2.13. Typical Cask Lifting Socket.

The socket-and-sling lifting device minimizes the potential effects
of a 30-ft impact with respect to the puncture problem. Although its
lifting capabilities are somewhat difficult to analyze and an elaborate
sling is required, the advantage of minimizing impact effects makes the
design desirable. Experience with this design indicates that the mating
and complete engagement of socket and sling by remote means may be diffi-

cult to achieve. If engagement is not achieved, the socket may be damaged.

Welds are the key to a proper socket design. The socket is usually
a massive machined piece whose thickness is about one diameter of the pin
used in the sling. As a result, it is usually stronger than the welds.
Although the socket may be located beneath a flange (as shown in Fig. 2.13),
the socket welds should be capable of‘carrying the design load. Analysis
is somewhat complicated since an eccentric loading caused by the lifting
sling produces torsion in the weld pattern. A safety factor of 3 is rea-

sonable for this design.
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The fourth design is a lifting device that may be thought of as a
continuous ring made up of 1lifting ears welded around the top of the cask
(see Fig. 2.14). Although this design is somewhat similar to that of
single lifting ears, the analysis is more detailed.'! Therefore, a

safety factor of 2 is considered sufficient.

ORNL DWG. 67-12874

Fig. 2.1,. Cask Using Continuous-Ring Lifting Device.
2.6 Tie-Downs

2.6.1 General Considerations

The tie-down is 2 device defined in the regulations as that portion
of the system which is rigidly attached to the cask. The tie-down systemn,
including the tie-down device, 1s used to maintain a controlled geometric
relationship between a cask and the transporting vehicle. Such systems
are usually designed to facilitate rapid loading and unloading of cargo.

This Guide considers the analysis of the complete tie-down system.
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The performance requirements for tie-down devices are as follows:

1. WIf there is a system of tie-down devices which is a struc-
tural part of the cask, it shall be capable of withstanding,
without generating stress in any material of the cask in
excess of its yield strength, a static force applied at the
center of gravity of the package having a vertical component
of two times the weight of the cask, with its contents, a
horizontal‘component along the direction in which the vehi-
cle travels of ten times the weight of the cask with its
contents, and a horizontal component in the transverse direc-

tion of five times the Weight of the cask with its contents.

2. "Also if there is a structural part of the cask which could
be employed to tie the package down and which does not com-
ply with the above paragraph, that part shall be securely
covered or locked during transport in such a manner as to

prevent its use for that purpose.

3. "Each tie-down device which is a structural part of the
package shall be so designed that failure of the device
under excessive load would not impair the ability of the

device to meet other requirements of the regulations."

Since the prevention of localized yielding in small areas due to contact
stresses is virtually impossible under normal usage, these requirements
are interpreted to mean that the tie-down must be able to withstand the
prescribed loading without suffering any significant permanent deforma-

tion.

The designer often has control over the entire tie-down system until
the system is ready to be attached to the vehicle. At this point, he
must rely upon other persommel to perform the attachment operation prop-
erly. This necessity of depending on others can cause significant prob-
lems since it is important to maintain control of the cask-vehicle system
and thus avoid possible loss of cargo or vehilcle instability. Accordingly,
the designer should make every effort to eliminate field judgment by per-

sonnel securing the cask onto the transport vehicle.
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The Savannah River Plant, in considering the design and analysis of
that portion of the tie-down system which is not rigidly attached to the
casks, currently uses 2 g tie-down strength in all 3 directions for truck
transport and 2 g transversely, 2 g vertically, and 10 g longitudinally
for rail transport.®*® This design philosophy is recommended as being rea-

sonable for the commercial transport systems that are presently available.

The most commonly used tie-down is the one in which the cask is
rigidly fastened to the vehicle during normal operating conditions and
is expected to remain with the vehicle under accident conditions. 1In

general, such tie-downs have proved adequate for shipments in the past.

If a cask is surrounded by a shock-absorbing buffer, the tie-downs
may be designed as a weak link. This philosophy was employed in the
design of the HAPO 1B cask series., Since the buffer that 1s attached to
this cask is designed to reduce the deceleration to which the cask will
be subject, the tie-downs are designed to break with a severe shock (at
about 12 5), allowing both the cask and the buffer to roll free; this is
intended to reduce the chance of the cask being crushed by the colliding
railcars. The buffered cask with its tie-down is shown in Fig. 2.15; the

cask itself is discussed in Sect. 2.8.

In general, casks that have been designed for shipment on a special
vehicle can have their tie-down systems designed to provide the necessary
strength and energy absorption capability. This is more difficult to
provide in the case of smaller casks that are transported by a variety of

common carriers.

The American National Standards Imstitute (ANSI) subcommittee
N 14-2 expects to publish, in the near future, a compendium of tie-down
methods that are in use today. In addition, the Oak Ridge National Labo-
ratory is considering various methods for the analysis of common tie-down

designs under the prescribed static loading.

A computer program to perform analyses of tie-down under static load-
ing conditions has been developed by the Sandia Corporation and is dis-
cussed in ref, 12. This program considers the sliding mode of displace-

ment only.
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Franklin Institute has developed a method of tie-down analysis that
is based on idealized dynamic conditions. Their method is primarily

useful for comparing materials used in tie-down systems.'®
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2.6.2 Tie-Down Methods

Spent fuel carriers weighing less than 10,000 1lb may be readily
transported by truck or rail. If the cask weighs greater than 500 1b,
some means must be provided to limit the floor loading to less than 500
1b/ft®. A skid or load spreader under the cask will serve this purpose.
Acceptable tie-downs for casks in this categofy‘are shown in Figs. 2.16
and 2.17. The bottoms of these casks are often held in place by wooden
chocks that are nailed to the floor of the vehicle. Routine inspection
should ensure that these chocks are adequate and provide reascnable sup-
port during transit. Members of the tie-dowm system are usually cables
or chains; however, in certain cases, solid steel struts have been used

to obtain a fully rigid system (see Fig. 2.18). Cables are preferred
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over chains because of their elastic behavior beyond "yield point" load-
ing (a desirable characteristic not available in chains). Recommended
cables consist of 5/8-in. (minimm) plow steel wire rope fastened to

itself with at least three Crosby clamps at either end (see Fig. 2.17).
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Fig. 2.16. Two Typical Tie-Down Systems.

Shipment by rail or barge appears to be the best method for trans-
porting casks that weigh more than 50,000 1b; however, rail transport is
mich more prevalent. Tie-downs for such heavy casks are often designed

for the specific cask and vehicle. A saddle, with steel holddown straps
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attached by means of bolts (see Fig. 2.19), may surmount the skid. The
number of bolts required to withstand the 2, 5, and 10 g tie-down load-

ings may be calculated, based on a static loading, as discussed in
Sect. 24653

ORNL PHOTO No. 52994 A
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Fig. 2.17. A Four-Way Tie-Down on a 7-Ton Cask.
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Fig. 2.18.

Tie-Down of a 15-Ton Cask and Skid to Trailer.
(Courtesy of Aberdeen Proving Grounds)
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2.6.3 Methods of Analysis

Tie-down systems may be analyzed by using approximate methods of
engineering analysis. These methods will not yield exact results as
compared with strain gage measurements; nevertheless, tie-down systems
designed by using these methods have proved to be adequate. A recent

publication of design equations with derivations may be found in ref. 38.

Dynamic loadings, such as might occur in an accildent, are not easy
to analyze. The behavior of a system of elastic/plasiic elements under
dynamic loading condition has been under study for a number of years by
various workers. Recent work is based on dividing the structure into a
number of finite elements and then using the proper descriptive differen-
tial equations, converted to finite difference equations, t¢ carry oub a
solution using numerical integration. A discussion of this technique may
4

be found elsewhere.l
ref. 15.

A direct application of this method is found in

2.7 Effects of a 30-ft Impact on Lead Shielding

Lead shielding can be lost in an impact in two ways: (1) An outer
surface of the cask can be flattened, thereby causing the lead to shift
to other areas; thus less shielding would remain in the area of the impact.
(2) If an end impact occurs, lead movement may occur at the opposite end
of the cask, creating a void space. This section presents‘analytical pro-
cedures and test results that will allow the cask designer to estimate the

extent of the loss of shielding which occurs in either of these two ways.

In analyzing the behavior of cask systems under impact conditions,
two relationships will be helpful in estimatihg deformations and g load-
ings. The first 1s that for a constant impact force, which impli;s a
constant deceleration rate; in this instance, the g loading can be calcu-
lated by dividing the drop height by the stopping distance. When the
force is a linear function of the displacement, or stopping distance, the
g loading is twice the drop height divided by the stopping distance. These
methods will give minimum estimates of g loading and are, therefore, not
congervative. They do, however, provide reasonable estimates used in

predicting damage,
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2.7.1 Material Properties Under Impact Conditions

The kinetic energy of a cask during an impact must be dissipated
either in the cask or its environment. Since regulations stipulate that
the impact surface must be unylelding, essentially all the energy must
be absorbed by elastic and inelastic deformation of material that may or
may not be a part of the cask. The properties of the materizl under dy-
namic conditions wmust, therefore, be known in order to evaluate the

effect of impact on the cask.

For steel, tests indicate that at strain rates expected in a 30-ft
impact the dymamic yield point is only slightly greater than the static
yield point.*® It is, therefore, recommended that the static yield point
stress be used to determine inelastic deformations in steel components

of the cask.

The behavior of lead under impact conditions has been studied by a
number of workers: however, since the dynamic properties of lead are af-
fected by strain rate, impurities in the lead, and other variables, re-
sults do not often agree. The mechanical properties determined under

static conditions are given in Table 2.4.17

Table 2.lL. Mechanical Properties of Cast Lead

Modulus of elasticity 2 x 10°
Poisson's ratioc 0.40 to 0.45
Tensile strength 2300-2800 psi
% ultimate elongation Approx. 33%
Brinell hardness No. L.0-6.0

Strain rate affects the relationship between stress and strain. In
principle, once the relationship betwsen these properties is known, the

damage suffered in any given impact may be predicted by using methods of
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continuum mechanics. In practice, closed-form solutions to the impact
problem are few; and results, using realistic physical models and mea-

sured dynamic properties, have been less than Satisfactory.

Accepting the limitations of less rigorous methods, dynamic behavior
can be related to a pseudo material property called the "dynamic flow
pressure.¥ This pressure is defined as the energy that is necessary to
displace a unit volume of material; dimensions are in.-lb/in.% or psi.
The dynamic flow pressure relates the absorbed energy directly to the
final displacement without resorting to laborious numerical methods.
Results of the few problems analyzed using the dynamic flow pressure con-
cept have been acceptable when applied to composite structures and excel-
lent when applied to homogeneous bodies. Two examples of this form of
analysis as applied to composite structures are discussed in Sects. 2.7.2
and 2.7.3. ‘

The dynamic flow pressure of common plumber's lead, as measured by
J. H. Vincent,® was found to be between 3700 and 18,850 psi; the magni-
tude of this range was attributed to variations in the crystal size or
orientation, and possibly to material impurities. J. P. Andrews®,=°
found that, in testing lead spheres, the relationship between impact en-
ergy and displaced volume of the‘sphere was a straight line in the range
of velocitbies investigated. In a study of impact of spheres on rigid
plates, Clarke® presents a nondimensional strain factor as a function of
impact velocity; this factor may be readily converted to a dynamic flow
pressure of 8500 psi by using his definition of average radial strain.
However, assuming a Brinell hardness No. of 4.0, the dynamic flow pres-

sure (based on very low strain rates) has been calculated to be 5900 psi.

These data indicate that lead tends to resist deformation under dy-
namic conditions more than under’equivalent static conditions and that
the energy required to displace 1 in.® of lead is about two to three
times the static compressive yield strength, as stated in ref. 22. This
conclusion is in agreement with information presented in refs. 8 and 23,
where penetration tests using cylindrical punches are reported; results

indicate a value of 10,300 psi for the dynamic flow pressure.
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From the above data it is clear that the dypamic flow pressure of
lead depends upon test specimen configuration, strain rate, and method
of correlation. However, for engineering purposes, a value of 5000 psi
appears to be both reascnable and conservative with regard to estimating
shield deformation; therefore, 1t is recommended for calculational pur-
poses unless the designers can justify a higher value. A value of 10,000
psi appears to be reasonable for the purpose of estimating maximum de-

celeration loading.

2.7.2 Analysis of a Horizontal-Axis Impact of a Cylindrical Cask
Without Iins

When cylindrical casks with flat end plates and no external energy
absorbers are dropped in such a manner that their longitudinal axes are
horizontal, they will absorb energy upon impact mainly in three ways:
(1) by deformation of the end plates, (2) movement of lead, and (3)
deformation of the cylindrical outer shell. A relatively small amcunt
of energy is absorbed in bending the steel shell at the point of impact

and is, therefore, neglected in this analysis.

Assuming the cask to be a long cylinder without an internal cavity,
the energy absorbed in the defermation of the steel ends and of the lead

may be calculated from Egs. [2.11(a)] and [2.11(b)], respectively.

B, = Rgteds(e - % sin 20) (2.112)
E, = Rlo, (8 - % sin 20) (2.11b)
Pb Pb 2 ’
where
E = energy absorbed in the lead or steel ends, in.-1b,

R = the outer radius, in.,

I = the cylinder length, in.,

te = thickness of the steel end plate, in.,
o, = the dynamic flow stress in steel, lb/in.®
Opy = the dynamic flow stress in lead, 1b/in.*®

6 = the angle defined in Fig. 2.20, deg., or radians.
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Fig. 2.20. End View of the Deformation in a Steel-Encased Solid
Lead Cylinder.

Agsuming uniform strain, the energy absorbed by the deformation of
the outer shell of the cask (due to movement of lead), Eos5 may be

estimated from

EOS = Rt Log [sin 6(2 ~ cos 9) - 8], (2.12)
where
R = the outer shell radius, in.,
tS = the outer shell thickness, in.,
= the length of the shell, in.,
og = the dynamic flow stress of the shell, psi.

Combining and rearranging Egs. [2.11(a)], [2.11(b)], and (2.12) leads to
Eq. (2.13):

2|

t.RLo

1R ' o
T 7 0] T (o) * 2(R/1) (6, /) | + Fp0),  (2.13)
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where
W = cask weight, 1b,
H = drop height, in.,
F,(8) =9 - 1 gsin 26
1 2 g
Fz(e) = sin 6(2 - cos @) - 9.

Equation (2.13) is based on the assumptions that the yield point
stress of the steel end piece 1s the same as that of the shell and that

the end pieces are of equal thickness.

In order to use Egs. [2.11(a)], [2.11(b)], and (2.12), the angle @
and the cask geometry must be known. The angle 6 may be determined from
Fig. 2.27, which is based on Eq. (2.13). The maximum loss of shielding
represented by the outer shell flattening, d, may be calculated by d =
R(1 - cos 9).

Example. — A 1.3-ton cask, shown schematically in Fig. 2.22, was
dropped 15 and 29 ft in a horizontal attitude. Results of the deforma-
tion produced after the first drop only are reported in ref. 5. Using
Eq. (2.13), the expected deformation is predicted and compared with the

actual results,

The geometry and properties of the materials of the cask are given

below:
W = 2600 1b,
H = 180 in.,
tS = 0.31 in.,
= 9.0 in.,

L = 36.0 in.,

og = 50,000 psi,
b, = 0.5 in.,
o, = 5000 psi.
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Computing the parameters given in Eq. (2.13),

Ro 2Rt
—F2 . = 3.0, and 'E“giH‘” - 0.09319.
s’s S s™%

is predicted to be 18°, and the maximum reduc-
in.) [1 - cos(18°)] = 0.405 in.

From Fig. 2.21, the angle 0

tion in shielding, d, is (9
The test data in ref., 5 indicate that the average width of the de~

veloped flat is 3.53 in., for which the average half angle is 11°19',

The maximum width was determined to be 5.25 in., for which the half angle

is 16°57' (i.e., very near the predicted angle of 18°),

The approximate distribution of absorbed energies for this drop,
based on Egs. [2.11(a)], [2.11(b)], (2.12), and (2.13), is:

Cask Part
Lead
Shell

End plates

Energy Absorbed (%)

76
13

11

These values are in good agreement with those of the detailed analysis

based on britile coating and strain gage measurements presented in ref. 5,
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2.7.3 Analysis of an End Impact of a Cylindrical Cask Having
Nonbuffered Ends

An end drop of a cask in which the lead is not bonded to the steel
shell will cause thé lead to settle, thus creating a void in the end
opposite the point of impact. An analysis of such an impact, based on
the energy absorbed by the lead (as a result of its deformation) and by
the outer steel shell (as a result of its circumferential strain from

internal lead pressure) has been made.®®

The change in the lead volume in an impact may be estimated from
Eq. (2.1)):
N p— .- S (2.14)

‘bSD'S + RCTPb

For negligible changes in the outer radius of lead, R, and the inner

radius of lead, r, the change in the height of the lead column, AH, is

AV '
BH = s (2.15)

Combining Eqs. (2.14) and (2.15) yields

RWH

= Y -
(R r?)(bgog + RUPb)

AH (2.16)
As noted before, Eq. (2.16) is based on an unbonded lead condition
since neither the support provided by the steel shells nor the possibility

of collapse of the inner shell by buckling is taken into account.

Example. — A model shipping cask (Fig. 2.23) was designed and built
to investigate the movement of lead in an end impact. Care was taken 1o
prevent the lead from becoming bonded to the steel shells. The cask was
dropped 30 ft onto its bottom end. Pertinent data of the cask are as
follows: k

W = 163 1b,

H = 30 £t or 360 in.,
R =2.248 in.,

r = 1.3125 in.,
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t = 0.20 in.,

- ;5,000 psi

q
|

= 5000 psi.

G
1
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Fig. 2.23. ORNL-Constructed 1:7.5 Model of Hallam Six-Element
Shipping Cask (HNPF).

The change in the height of the lead column inside the weldment can
be estimated from Eq. (2.16) as follows:

- (2.25)(163)(360)
n[(2.25)2 - (1.31)2] [(0.20)(L5,000) + (2.25)(5000)]

0.62 in.

AH

il

Experimental data indicated that the height of lead actually changed

0.7 in., which is in reasonable agreement with the height predicted above.

2.8 Shock Absorbing Structures

Often it is desirable to protect a cask from direct impact by sur-
rounding it with a shock-absorbing structure. In an accident the struc-
ture will deform and absorb energy that might otherwise cause damage in
the cask itself or to the contained spent fuel. It is particularly impor-

tant to protect cask closures from deformation (see Sect. 2.5.3).
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2.8.1 Fins

Several types of protective structures have been designed and built.
Probably the simplest and least expensive of these are fins that are
welded directly onto the cask. Fins are often necessary for heat removal,

but their usefulness as shock absbrbers should not be overlooked.

Analytical techniques for predicting the amount of energy that can
be absorbed during the deformation of fins of various configurations have
not been fully developed; however, if the fins are pre-bent in such a
manner that their movement in an accident can be predicted with confi-
dence, the energy‘that they absorb can be estimated by treating each fin
as a plastic hinge. The energy'absorbed by a pre-bent fin will be less
than that absorbed by a straight fin. Accordingly, for a steel- or
uranium-shielded cask it may not be desirable to use pre-bent fins. How-
ever, in the case of lead-shielded casks, the more rigid straight fins

could result in damage to the shielding.

As a part of a larger study program, a model uranium~shielded cask
weighing 372 1b was built with 1/L-in.-thick fins extending approximately
1 in. above the closure. This cask was dropped 30 ft onto an sdge.'®

The protection afforded by fins is illustrated in Fig. 2.2l.

Two accelerometers were placed — one on the top and one on the bottom
of the cavity ~ at an angle normal to the impact surface. Both registered
a force of approximately 1100 g's; the peak lasted for approximately 0.001

secC.

The closure (see Fig. 2.8) was apparently well protected since no
dimensional changes to the lid and its mating parts were observed after

the impact.

The full-size demonstration fuel element shipping cask, designed
with protective fins, was also dfop tested from 30 ft onto a top edge.®*
It was equipped with both elastomer and stainless steel gaskets. The
cavity was pressurized to approximately 165 psi before the drop; no evi-

dence of leakage after the drop was noted.
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® ORNL_PHOTO No. 93139 A

Fig. 2.2l;. Model Uranium-Shielded Cask After 30-Ft Drop.
(Courtesy of Union Carbide Corp., Paducah Plant)

2.8.2 Toroidal Shell-Type Energy Absorbers

The amount of energy that can be absorbed by fins is dependent on
the orientation of fins relative to the direction of cask impact. Shell
structures, such as the segmented toroidal ring shown in Fig. 2.25, can
be designed to circumvent this problem. This ring is designed not only
to protect the cask closure in an end drop but will also operate properly

regardless of the angle at which the cask impacts on a horizontal surface.

Protective devices of this design are being tested at the University
of Tennessee. Results have shown that such rings can supply the energy
absorption capabilities necessary to maintain seal integrity and permit
closure after a 30-ft impact for cask weights of interest.®®:®°® This

work is being pursued further in an attempt to accumulate engineering
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data that will permit the design of a toroidal ring of predictable energy
absorption capacity as would be required in a specific use. Preliminary
data indicate that, for straight circular cylinders of mild steel, the
energy absorption characteristics in a crushing impact are correlated by

Eq. (2.17).

p (2.17)

2
E = Sy; - [a + O -?;]
where
E is the energy absorbed in in.-lb,
S ‘is the wniaxial yield strength of the steel in psi,
t is the cylinder thickness in in.,
L is the cylinder length in .in.,

R is the mean radius of the cylinder, in.,

A is the deformation shown in Fig. 2.26 in in.
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Fig. 2.25. Toroidal-Ring Energy Absorber.
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Fig. 2.26, Definitions of Terms Used in Eq. (2.17).

2.8.3 Protective Buffers

An example of a crash frame, designed to protect a cask which, per
se, would not meet specifications with regard to the 30-ft-drop is shown
in Fig. 2.27. This crash frame was analyzed by means of a plastic hinge

technique .=

The validity of the analysis was confirmed by the results from sev-
eral model test drops; these results indicated that the force loading
to the cask and contents can be estimated with a reasonable degree of

accuracy.=”

The British have tested a wood and steel crash frame design used to
protect heavy lead-~shielded isotope casks.®® The hardwood thermal shield,
satisfactorily tested in a 0.5-hr petroleum fire, was designed with enough
mechanical strength to maintain its fire protection for casks weighing up
to 10 tons even if the cask and shield were subJect to the 30-ft regula-

tory drop before being exposed to the fire.

A vehicle-cask system can be designed in such a manner that a con-
siderable amount of the impact energy is absorbed in the deformation of
material located external to the cask. Such a system was designed by

the Westinghouse Electric Corporation to protect their 75-ton Yankee
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spent fuel shipping cask (see Fig. 2.28). Their analysis of this shock
absorbing structure, based on an early version of the regulations, is

given in ref. 28.

ORNL  Dwg 68-11229

CRASH FRAME

Fig. 2.27. Crash Frame Designed for an Existing Cask.

Another, more elaborate, prbtective buffer, which can be considered
simply as an extension of the cask, was designed to protect several dif-
ferent size isotope shipping casks, the heaviest of which weighs LO,000
10.7® The protective structure (see Fig. 2.29), weighs 35,000 1b and is
made of concentric steel shells that surround the lead-shielded cask and
are held in place by rubber shock absorbers. This buffer is designed to
reduce the impact force on the surface of the cask to 50 g when the cask-

buffer combination is dropped in any orientation on a solid surface from
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a height of 30 ft. Since most of the kinetic energy of the system is
dissipated by the shock-absorbing device, the uniform surface loading

on the cask can be specified and controlled.

ORNL PHOTO 933I9SA

! LE 4
Cosk Lifting Yoke 75 Ton Yankee Spent Fuel i
Shipping Cask :

Fig. 2.28. External Crash Frame Mounted on a Railroad Car.
(Courtesy of Westinghouse Electric Corporation)

In order to test the adequacy of the design and to make a complete
analysis of the buffering system, an impact testing program of model
buffered casks was undertaken at the University of Texas.®® A 0.25-

scale model of the HAPO cask-buffer combination was built.

An analysis of the scaling laws indicates that the deceleration
received by the cask inside the buffer should be inversely proportional
to the scale factor. Since the HAPO system was designed to reduce the
deceleration of the cask to 50 g on impact from a 30-ft fall, a decel-
eration of 200 g was expected for the 0.25-scale models when they were
dropped from the same height. Two types of material were used in the
buffer to absorb the impact energy: rubber, and a specially designed

aluminum honeycomb material. The aluminum honeycomb was evaluated
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because its properties are less susceptible to temperature changes and
because this material can be used to design smaller buffers with the

same energy-absorbing capabilities as those using rubber shock absorbers.

Fig. 2.29. HAPO 1B Cask and Buffer Shield.

An acceleration, velocity, and displacement record of the rubber
buffer model is shown in Fig. 2.30. The maximum deceleration of the
cask received in this drop was 22l g; however, the "smooth peak" value
was about 200 g, which is in excellent agreement with the predicted

value.

A similar record for an aluminum honeycomb buffer model is shown in
Fig. 2.31. The cask received a peak deceleration of 300 g; the "smooth

peak'" value was considerably less than 200 g. This is certainly within
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acceptable limits and, if required, the honeycomb could be redesigned in
such a manner that the "averaged" impact results will agree more closely

with the specifications.
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Fig. 2.30. Acceleration, Velocity, and Displacement Record for
30-ft End Drop of a Rubber Buffer Model.

2.8.l, Characteristics of Aluminum Honeycomb

Fnergy absorption characteristics of aluminum honeycomb were studied

31,32 Thigs material has cross-laminated cor-

at the University of Texas.
rugations and is made in various foil thicknesses, corrugation heights,
and lamination patterns. Stress-strain curves for a specific honeycomb
under static loading and impact velocities of 50 and 100 fps are shown in
Figs. 2.32, 2.33, and 2.3);. When the honeycomb is compressed to about

20% of its initial thickness (see Fig. 2.31), it becomes almost solid;
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therefore, further compression is attainable only at high loadings. The
energy absorption capability of such & system is essentially irreversible.
The characteristics of the honeycomb under static and impact conditions
are sumarized in Table 2.5. Note that the honeycomb is slightly stronger
under static loading than under impact loading. The maximum amount of
energy that this particular material can absorb under an impact load is

about 550 in.-1b/in.%
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Fig. 2.31. Acceleration, Velocity, and Displacement Record for
30~ft End Drop of an Aluminum Honeycomb Buffer Model.
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Table 2.5. Energy Dissipation and Average Stress of Aluminum
Honeycomb

TImpact Velocity  Average Stress  Energy Dissipated  Strain

Material (fps) (psi) (in.~1b/in.?%) (%)
PR-4-0 0 (static) 798 600 75
PR~A~0 50 713 535 75

2.8.5 The Army-AEC Vehicle Impact Studies

Three vehicle impact tests, sponsored by the USAEC and the Depart-
ment of the Army, have been carried out in order to determine the effects
of an accident on the total transport system.®®:%*° The objective of this
study was "to provide a realistic understanding of the dynamics of trans-

portation accidents . . . . . ," particularly with regard to vehicle,
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cargo, and tie~downs. A massive barrier with a front surface of armor
plate was used as the "immovable object" into which the vehicles were
driven at velocities varying from i to l;1 mph., High-speed photography

revealed that the barrier did not move during any of the tests.

One of the most significant results of the study was the proof that
the fifth wheel is a weak link in a tractor-trailer system; however, if
this wheel is reinforced, large fractions of the total energy of the
transport system (up to 100%) may be dissipated in the vehicle without
seriously involving the cask or tie-downs. For example, Du Pont's 15-ton
IMF cask was rigidly tied down to a flatbed trailer (see Fig. 2.18); the
fifth wheel was reinforced, and the tractor-trailer was driven, by remote
means, into the barrier at 28.5 mph. Results showed that, even though
the cab was completely demolished and the trailer frame was bent, the
cask remained upright and undamaged on the trailer. Although methods of
calculating force inputs to a cask in an accident remain somewhat crude,
these tests leave little doubt as to the energy absorption capabilities
of the vehicle in a front-end impact. Until methods for making reasonable
predictions of the energy absorption capabilities of complex structures
become available, such tests will have to be considered as the best method
for determining the amount of impact protection that is afforded to the

cask by a vehicle.

2.9 Testing Requirements

Because of the uncertainties and inherent approximations in engineer-
ing designs, compliance with regulations must sometimes be demonstrated
by subjecting the cask to a series of tests rather than relying entirely
on analytical treatment. A decision to test will be affected primarily
by the purpose of the cask and the designer's knowledge of the applica-
bility of amalytical treatments to his particuwlar design. A compilation
of cask test results is in preparation by the ANSI N1L-7 Subcommittee;

this compilation can assist designers in deciding if testing is desirable.

Cask tests would appear to constitute complete proof of a design;
but, in fact they do not. Only a limited number of tests are made, gen-

erally under conditions that the designer feels are most damaging. This



77

fact, however, in no way lessens the importance of cask testing. Tests
can often be valuable to more than one designer; and, as additional de-~
finitive tests are made, analytical techniques can be improved until

test results can be predicted with a known degree of accuracy.

2.9.1 Hypothetical Accident Conditions

Designers usually consider subjecting a cask (prototype or scale
model) to tests that involve an impact or a fire. The hypothetical acci-

dent conditions given in AECM 0529 Annex 2 are noted below:

1. Free Drop — "A free drop through a distance of 30 ft onto a
flat, essentially unyielding, horizontal surface, striking
the surface in a position for which maximum damage is ex-
pected." TFor actual tests, the mass of the target should be

at least ten times the mass of the cask.

2. Puncture — "A free drop through a distance of L0 in. strik-
ing in a position maximum damage is expected, the top end
of a vertical cylindrical mild steel bar mounted on an essen-
tially unyielding horizontal surface. The bar shall be 6 in.
in diameter, with the top horizontal and its edge rounded to
a radius of not more than 1/l in., and of such a length as
to cause maximum damage to the package, but not less than

8 in. long.

The long axis of the bar shall be normal to the package

surface.

3. Thermal — "Exposure to a thermal test in which the heat in-
put to the package is not less than that which would result
from exposure of the whole package to a radiation environ-
ment of 1475°F for 30 min with an emissivity coefficient of
0.9, assuming the surfaces of the package have an absorption
coefficient of 0.8. The package shall not be cooled artifi-
cially until 3 hr after the test period unless it can be shown
that the temperature on the inside of the package has begun
to fall in less than 3 hr.
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. Water Immersion (packages containing fissile material only) —

"immersion in water to the extent that all portions of the
package to be tested are under at least 3 ft of water for

a period of not less than 8 hr."

These conditions are to be applied to a cask, either by calculat-
ional methods or by test, in the sequence listed. As a result, the re-
duction in shielding should not be sufficient to increase the external
radiation dose rate to more than 1000 mr/hr (or equivalent) at 1 m from
the external surface of the cask. The cask will not release any radio-
active material except gases or contaminated coolant (see Table 5.1), and

the material in the cask will remain subcritical.

Both prototype and scale model casks have been used in testing pro-
grams. However, the fire test should be performed on a prototype cask
because the response of the full-scale cask would be difficult to predict,

based on test results of a model.

One cask that has recently been subjected to a rather complete test-
ing program was built by Union Carbide Corporation, Paducah Plant, using
Jaminated uranium for shielding. Tests were made to study the structural
capabilities of a uranium-shielded cask. A detailed description of these
tests, their objectives, and the resulting data and conclusions, reported

in ref. 2), is recommended as a guide to testing procedures.

The question of instrumentation of the test specimens frequently
arises. To date, strain gages, accelerometers, and brittle lacquer
have been used on casks subjected to impact, while thermocouples, heat-
sensitive paint or thermo sticks are most frequently used in connection
with fire testing. Although the impact data are interesting, frequently
no satisfactory method is available to translate such information into
expected cask damage. The most useful accelerometer readings have been
obtained from buffered cask tests in which the cask itself (i.e., the
shielding and cavity) decelerates uniformly; such data are discussed in
Sects. 2.8.1 and 2.8.3.
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2.9.2 Normal Operating Conditions

Normal operating conditions, presented in Annex 1 of AECM 0529, are
given below. BEach of the conditions is to be applied separately to deter-

mine its effect on the cask.

1. Heat — Direct sunlight at an ambient temperature of 130°F in

still air.
2. Cold — An ambient temperature of -LO°F in still air and shade.

3, Pressure — Atmospheric pressure of 0.5 times standard atmo-

spheric pressure.
)i. Vibration — Vibration normally incident to transport.

5. Water Spray — A water spray sufficilently heavy to keep the
entire exposed surface of the package except the bottom

continuously wet during a period of 30 minutes.

6. Free Drop — Between 1-1/2 and 2-1/2 hours after the conclusion
of the water spray test, a free drop through the distance speci-
fied below onto a flat essentially unyielding horizontal surface,

striking the surface in a position for which maximum damage is

expected.
Free Fall Distance
Package Weight (pounds) Distance (feet)
Less than 10,000 I
10,000 to 20,000 3
20,000 to 30,000 2
More than 30,000 1

7. Corner Drop — A free drop onto each corner of the package in
succession or in the case of a cylindrical package, cnto each
quarter of each rim, from a height of 1 foot onto a flat essen-
tially unyielding horizontal surface. This test applies only
to packages which are constructed primarily of wood cr fiber-
board, and do not exceed 110 pounds gross weight, and to all

Fissile Class II packagings.
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8. Penetration — Impact of the hemispherical end of a vertical
steel cylinder 1-2/l; inches in diameter and weighing 13 pounds,
dropped from a height of lj0 inches onto the exposed surface of

the package which is expected to be most vulnerable to puncture.

9. Compression — For packages not exceeding 10,000 pounds in weight,
a compressive load equal to either 5 times the weight of the
package or 2 pounds per square inch multiplied by the maximum
horizontal cross section of the package, whichever is greater.
The load shall be applied during a period of 2l hours, uniformly
against the top and bottom of the package in the position in

which the package would normally be transported.

It is not always necessary to subject a spent fuel shipping cask
to these normal conditions of transport in order to determine whether
the cask is adequate; calculational methods often suffice. There are,
however, exceptions. For example, the effect of vibration on the cask
contents may be impossible to calculate analytically; this may also be
true of the penetration requirement (No. 8), particularly if the pene-
trator strikes an exposed valve. Tests could be used to resolve the

problem.

In addition, Paragraph ITII.C.2. of AECM 0529 requires the cask,
before its initial shipment, to be tested at 50% higher than the normal
operating pressure (if the latter exceeds 5 psig). The test should be
carried oubt with the cask at the maximum normal operating temperature;
if this is not possible, the test may be made at a lower temperature but
at a higher pressure (see ASME Code Sect. VIII, Paragraph UG 99b; Stan-
dard Hydrostatic Test).

It is also wise to demonstrate the capability of the cask to dissi-
pate the amount of heat generated by the fuel to an ambient temperature
of 130°F in direct sunlight. A test of this type is discussed in Sect.
L9,

0ften, spent fuel shipping casks are loaded and unloaded under water.

If the normal operating cask temperatures are high, the cask may he
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subjected to a thermal shock during this type of unloading procedure.
This condition may be avoided by a cask designed to permit the cavity to
be flushed with low-pressure steam, hot water, and finally cold water,
before lowering into the loading basin. This reduces the thermal shock
to the cask and contents. Although not required by the regulations, the
consequences of such a thermal shock should be evaluated either by test-
ing or some other method. It is possible that welds could crack under
this treatment; visual inspection of such vulnerable areas should be

made if the test is performed.

Although a radiation attenuation test is not required by the regu-
lations, it is recommended, Dose rate measurements made when the source
is first loaded into the cask will suffice; however, it is frequently
desirable to check the effectiveness of the shielding during fabrication.

Tests of this nature are discussed in Sect. l1.9.5.

2.10 Comments on Cask Shielding Material

Its low cost, high density, and ability to be easily fabricated,
even in odd shapes, make lead the most common material of construction
used in the United States for a gamma shield. However, disadvantages of
using lead as the primary shielding material are severalfold. For exam-
ple, lead must usually be encased in steel for fabrication, protection,
and handling purposes. Also, since lead contracts appreciably upon solidi-
fication from the molten state (more than 3% by volume) care must be taken
during the pouring of large steel-encased shields to prevent the introduc-~
tion of unwanted voids. 1In addition, the unsatisfactory wetting or bond-
ing of lead to stainless steel can also contribute to the formation of

unwanted voids.

Fire presents a hazard to lead-filled casks. The coefficient of
thermal expansion for lead is higher than that of steel, which is nor-
mally used to encase the lead (Fig. 2.35).1'7»%% High pressures, which
may develop in the cask during exposure to a fire, could result in broken

welds and subseguent loss of shielding.
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The British have performed some heat tests on small lead-filled,
steel-shelled casks®® and found that the use of controlled voids in the
cask shield to provide thermal expansion space for the lead was not
entirely satisfactory. Melting of the lead would not always take place
around the void area; thus these areas did not prevent pressure buildup
and the loss of lead in other areas. In addition, the position of the
void after cooling (even when no lead was lost) was not predictable and
could result in areas of inadequate shielding. However, other tests®*
have indicated that a thick steel outer shell provides a considerable
amount of fire protection for the lead shielding. The steel require-

ments are briefly discussed at the end of Sect. 2.2.

Other shielding materials that may be used to advantage include

uranium and steel. Uranium is structurally about as strong as steel;
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both shielding materials can resist the consequences of an accidental
fire better than lead. Neither material is easily deformed and conse-
gquently will impart a higher shock loading to the cask contents when
involved in a 30-ft impact unless buffering is supplied. Details of

uranium shielding are discussed in Chap. 8.

The British have made a number of large casks from cast iron or
steel containing no lead or other high-density material. This elimi-
nates the problem of differential thermal expansion found in the lead
cask with steel shells. The shielding does not melt when involved in a
normal petroleum fire, and the extent of shielding deformation due to

impact is reduced. 1In addition, fabrication costs are generally lower.

The main disadvantage of steel casks is that, for an identical cav-
ity size, a steel cask is larger and weighs considerably more than a
lead-shielded cask. This, in tuin, means that transportation charges

for the cask will normally be higher.

For a comparison of mechanical properties of typical shield mate-

rials, see Table 2.6.

2.10,17 Heat Transfer Under Normal Conditions

When lead-shielded casks are to be used for transporting fuel that
generates a large amount of heat, the thermal resistance between the lead
and steel shells should be as low as possible; air gaps between the lead
and the steel shells of the cask could cause excessive temperatures in
the cask cavity. To reduce the normal operating temperature of the cask
cavity and contents, many cask designers desire a metallurgical bond be-
tween the ouber shell and the lead shield.

It is possible to design the cask in such a way that a good bond
between the lead and the outer shell is not required for efficient heat
removal. Figure 2.36 shows schematically a sectioned cask in which the
fins are welded or brazed to the inside of the outer shell.®’ These fins
are designed to move as the lead expands and contracts under varying heat
loads while still maintaining mechanical contact with the lead; they are
intended to provide a good path for heat to be conducted from the lesad
to the outer steel shell.



Table 2.6. Physical and Chemical Properties of Some Shielding Materials
_ Mild Steel Stainless
Uranium® LeadP and Iron Steeir®
Density, g/cc 18.9 11.34 7.87 7.9
1b/in.° 0.683 0.410 0.28L 0.29
Melting point, °C 1133 326 1537 1400-145L
°F 2070 618 2798 2550-2650
Boiling point, °C 3900 1525 3000 -
°F 7052 2777 5430 -
Ultimate tensile strength, psi 60,000-100,00094  2300-3000  95,000-130,000¢ 80,000
Yield strength, psi 25,000-45 ,0008 1180-1380  60,000-125,6009 30,000
Modulus of elasticity, psi x 10° 2,4 2 28.5 28
Poisson's ratio 0.21 0.45 0,29 C.30
Hardness, Brinell No. 185-3854 1.3 1491704 150
Thermal expansion, {in./in.-°C) x 107% 6.8 o 15¢ 29 11.7 10.4
Specific heat, cal/g-°C 0.028 0.031 0.71 0.12
Thermal conductivity (at 100°C), )
cal/cm-sec-"°C 0.58 0.082 0.1 0.039
Btu/hr-ft-°R 14.0 19.9 26.5 9.5

aUnalloyed depleted uranium.

Pohemical lead ASTM B29-55.,

®Type 30LL, annealed.

dVaries with treatment and alloy.

8



85

ORMNL-DWG 63~4338R2

INNER
A SHELL
R IOIRS
SRR IRIILEI
/,;0;0‘20‘0:0, RS
LSRRI BN N
LRSI 5ES GAP
Al NSy
i@o’", VKKK
ALY %
s S
léghkngx» OUTER
1&@&5’ X SHELL

PR LSS
AR g
N
‘2’?‘%"% 2005
SR
L

Fig. 2.36. Cask Containing Internal Heat Transfer Fins.

2.10,2 Heat Transfer Under Accident Conditions

Although the probability of . a cask being involved in a fire may be
low, an examination of the consequences is far from academic since the
potential monebtary loss is significant. As its temperature increases,
lead expands at a faster rate than steels that normally contain it. Con-
sequently, molten lead could rupture the steel shell and flow out. Cavi-
ty pressure would increase, particularly if a liquid coolant were present,
which could cause the containment to be wviolated with the attendant loss

of coolant; fission products could thus be dispersed.

The current regulations require that a cask be able to withstand the
environment of a 0.5-hr fire at 1475°F without exceeding the prescribed
loss of contents or dose limits discussed in Sect. 7.2. Because of the
small amount of test data presently available, as well as the impracti-
cality of testing many casks, the task of designing in terms of the con-
sequences of the 0.5-hr fire is primarily a matter of good engineering

judgment .

Normally, the cask is designed to provide a path for heat to flow

from the source to the cask surface. This, however, alsc results in a



86

path for heat to be transferred from the surface of the cask to the
cavity. Since, in a fire, much of the energy is transferred by radiation,
it is desirable to build a cask that would reject heat by convection and
not accept thermal energy by radiation. The HAPO cask is designed to do
this by providing several concentric steel shells surrounding the cask to
act as buffers (see Fig. 2.29). Under normal conditions air cools the
cask by flowing around the cask, then past the cask, and finally out the
top of the buffer. 1In a fire, the hot gases are not expected to pass the
few entrance barriers, and the radiant energy of the flame will be inter-

cepted by the outer surface of the buffer.

Since the addition of a fire shield would add to the total cost and
since proper operation of the fire shield following the 30-ft drop is

difficul® to guarantee, this technique has seen limited use.

A second method of protection is to design the shield in two portions:
an inner shield to contain lead and an outer shield to contain lead or

wet plaster.®

In a fire, material in the outer compartment is sacrificed
either by melting and running out holes designed in the outer shell (in
the case of lead) or by driving water vapor out pressure relief valves

(in the case of wet plaster). The void thus created would provide a ther-

mal buffer against continuing radiant energy emanating from the fire.

Casks of both types have been built, but testing has been limited,
A schematic of the three-shelled cask containing lead in the outer compart-

ment is shown in Fig. 2.1,

Calculations made for a large lead-shielded cask indicate that, in
the 30-min 1475°C fire, an unrestrained (no circumferential fins) outer
shell of a cask will deform by plastic strain.®® Such strains can be shown
to be low in magnitude (below the ultimate elongation at the elevated tem-
peratures), thus indicating that lead will not be lost. It does not now,
however, account for problems such as local hot spots or restraints caused
by, for example, fins or a cask cradle, or for failures or weaknesses in-
duced as a result of the cask impact. 1In practice, cylindrical casks are
more likely to rupture than stretch,*’ although cubicle-shaped casks have

gone through considerable deformation before rupturing.*?
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2.11 Fuel Magazine Design

The function of the spent fuel shipping cask magazines (or baskets)

is to:

1. Protect and contain the fuel assemblies during transportation

and handling.
2. Assist in the dissipation of decay heat.
3. Gontrol criticality.

Since the decay heat dissipation problem is one of the chief factors
in limiting cask capacity under normal conditions, the selection of ther-

mally efficient materials can be an important economic factor.

2.11.1 Protection and Containment of Fuel During Transportation and

The magazine serves to segregate each fuel assembly, and to keep

the assemblies from abrading each other while in transit.

Fuel assemblies from test reactors are normally shipped in a verti-
cal orientation, which is identical to their orientation during operation.
With this in mind, the magazines designed for these assemblies are usu-
ally readily removable from the casks. They serve also to safely move

the fuel in both the loading or unloading pool.

Because of their length, power reactor fuel assemblies are normally
shipped in a horizontal orientation. These assemblies are designed to
operate in the vertical position, however, and excessive strain may be
applied to the fuel pins if insufficient support is provided for the
assemblies in the horizontal position. The fuel magazines must be de-
signed to provide this support as uniformly as possible over the entire
fuel assembly length. During an impact accident, the magazines are de-
signed to limit the movement of each assembly and to prevent load appli-

cation to an assembly other than that due to its own weight.

The designer must consider the following items in the selection of

materials of construction of the cask magazine:
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1. Compatibility of fuel, coolant, and cask cavity materials.
This compatibility includes possible corrosion tendencies
under cask operating conditions and thermal expansion prop-

erties during the operation and life of the equipment.

2. The most efficient use of cask cavity space while meeting
the requirements of criticality, thermal conduction, pro-
tection of fuel elements, radiation shield capability, and

structural integrity.

3. The opbtimum selection of fabrication techniques and con-

struction costs.
li. The possibility of usage for a wide class of fuel elements.

5. The requirements for handling of the magazine and of indi-

vidual elements.

2.11.2 Dissipation of Heatl

Fuel magazines provide a significant path for the transfer of decay
heat to the cask wall. In the normal operating condition, the magazine
fuel assembly should be designed to provide efficient flow channels for
circulating coolant. In the loss-of-liquid-coolant condition, the maga-
zine structure provides heat conduction paths from the hot fuel elements
to the shielding. When fixed (welded in place) baskets are used, the
heat paths will extend directly from the fuel assemblies to the shielding,

making a very efficient heat removal system.

2.17.3 Control of Criticality

One of the best methods for controlling criticality is to alloy neu-
tron absorbing material with the structural members of the magazine. For
heat dissipating purposes, the magazine structural members often range
from 0.25 in. to 0.75 in. in thickness; such thicknesses permit the use
of small alloy percentages of materials with high thermal neutron cross-

sections for effective control of criticality.
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Fuel magazines consisting of cavities lined with boral (35% B,C + Al)
are used in shipping aluminum-clad testing reactor fuel assemblies (see
Fig. 2.37). Fire test and loss-of-coolant conditions, as defined in the
regulations may restrict the usefulness of boral as a structural material.
Such weakness may be overcome by cladding the boral with stainless steel;
tests performed at Battelle Memorial Institute indicate that this clad

material functions with adequate structural integrity above 1LOO°F.

PHOTO 68802

SBORAL SPACERS

Fig. 2.37. BMI-1 Shipping Cask with One Fuel Basket Removed.
(Courtesy of Battelle Memorial Institute)
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Borated stainless steel has been employed as a poison by some de-
signers. Although it is an effective poison, borated stainless steel has
the disadvantages of high initial cost, difficulity of procurement, rela-
tively low thermal conductivity, and a history of embrittlement after

welding.

Copper, alloyed with either cadmium or boron, is also a very effec-
tive neutron absorbing material and, in addition, is a very good thermal
conductor. Such alloys are difficult to fabricate, however, and add con-
siderably to the magazine cost; they may also require cladding to (1) pro-
tect the coolant water from copper particle contamination, and (2) permit

magazine and cask decontamination by acid solutions.

Geometric or spatial control of criticality can be achieved with
proper magagzine designs. However, this method of control may lead to in-
efficient use of cask space as compared with the use of neutron absorbing

materials.

Table 2.7 is a list of pertinent data describing typical materials

used in the construction of magazines for spent fuel assembly shipment.



Table 2.7,

Properties of High-Crecss-Section Magazine

Alloys

5. Macroscopic
o,

Thermal Neutron

Minor Alloy Thermal Cross Sechion
Constituent Conductivity B Density Methods of
Name (%) {Btu ft/hr-ft-°F) (em=) {1b/cu in.) Construction
Boral 35 B.C 25 (2C0°F) 15,62 {1/8 in. thick) .09 Bolt, rivet weld
19 (500°F) 11.8 {1/L in. thick) clad with SS
Borated SS 0 -1 12 3.4 G.28 Weld, bolt, clad
with 300 geries
SS
Boron-copper 0 -2 140 (est.) 8.1 ¢,318 Cast, roll,
machine, weld
Cadmium-copper 0 -3 2% = 150 (est.)b 1.8 C.319 Cast, roll,

machine, weld

aExperimentally determined.

bThermal conductivity tests made from various alloys are reported to range from 1,0-180 Btu ft/nr-

ftR2-°F,
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2.12 Simple Beam Requirement

When regarded as a simple beam supported at its ends along any
major axis, the cask must be capable of withstanding a static load, nor-
mal to and uniformly distributed along its length, equal to five times
the fully loaded cask weight without generating stresses in any material
of the cask in excess of the yield strength of that material. This por-
tion of the regulations is usually interpreted as being applied to the
outer shell alone. The strength of the lead shielding and the local

stresses that would occur around the support points are neglected,

tresses in the outer shell resulting from the uniform load can be

determined analytically using the following equation:

5=, (2.18)
where
S = the stress, 1b/in.%,
M = the bending moment, in./lb,
C = one-half the height of the cask in the direction of
bending, in.,
T = the cross-section moment of inertia, (in.)?*.

The bending moment is given Dby:
M = = (2.19)

wnere

S5W = five times the total cask weight, as required in the regula-

tions, and L is the length between supports.

The cross-section moment of inertia, I, for a cylindrical cask (see

Fig. 2.38a) is calculated from:

T =ﬁ (rp% - ry%) , (2.20)



the outside radius of the outer shell, in.,

]
o)
It

=
il

the inside radius of the outer shell, in.
The cross-section moment of inertia for a flat surfaced cask [see Fig.
2.38(b)] is:

1
I =as (bedp® - 0:4,°) . (2.21)
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Fig. 2.38. Cross Section of the Outer Shell of a Lead-Shielded (a)
Cylindrical and (b) Flat-Surfaced Cask.

The strength provided by the lead shielding prevents local buckling
of the outer shell; this helps to ensure the validity of the assumptions
which lead to the use of Egq. (2.18),

Casks that meet the uniformly loaded beam strength requirement are
considered to have adequate rigidity; however, they do not necessarily
have sufficient puncture resistance unless the shell thicknesses were

calculated in accordance with Sect. 2.1.
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3. MATERIALS

The primary objectives of cask design are to shield and to contain
a source of radiocactive material. The properties of the materials of
construction must be such that these objectives can be carried out under

a number of environmental conditions as specified in the regulations.

This chapter provides guidelines for selecting materials of construc-
tion. Materials that have the desirable properties recommended below are

given in tabular form, along with their ASTM material specifications.

To be acceptable, a material of construction should have adequate
strength, ductility, and toughness at subzero (-LO°F), ambient, and ele-
vated temperatures. In addition, factors such as cost, availability,
egase of fabrication, and ability to resist corrosion by decontamination
solutions (which can be acids such as HNO,), galvanic corrosion between
adjacent materials, and stress corrosion must be considered. The stipu-
lation that materials of construction have adequate toughness at -LO°F
is probably the most restrictive requirement; it is the one that removes
many otherwise acceptable materials from the tables given below. Using
ASTM as a basis, materials that require a minimum of 15 ft-1b (average)
of energy to break a Charpy keyhole specimen at temperatures of -1,0°F
are considered adequate to meet the regulations. Such toughness should
be sufficient to prevent brittle fracture from occurring at low tempera-
tures. It is recognized that Charpy values do not enter into design cal-
culations. The above wording applies to the material used in the cask
proper and not the metals used inside the inner cavity for spacing or

criticality considerations.

The designer may specify materials other than those recommended in
this chapter, provided he considers the factors described above and the

design analysis reflects these considerations.

A listing of special materials used in shipping casks for radiation

shielding and criticality control is also provided to assist the designer.
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3.1 Plate

Recommended carbon, low alloy, and stainless steel plate specifica-
tions are listed in Table 3.7. These materials have good strength and
ductility and are adequate for service at -LO°F. The ASTM A300 steels
are given mandatory impact tests and are specially manufactured for low-
temperature service by control of composition, melting practice, and heat
treatment; these materials are difficult to procure in small quantities
with reasonable delivery schedules. However, the ASTM A516 grades 55
and 60, not manufactured to A200 requirements, have proved to be suffi-
ciently tough at low temperatures that individual impact tests of differ-
ent heats are not required; this material is available in small quantities.
A533, a nuclear reactor grade steel, is also considered to be an acceptable

material.

Several grades of austenitic stainless steel plate conforming to ASTM
Specification A2L0O are listed. Stainless steel, although more expensive,
has inherent characteristics that are often ideally suited for certain por-
tions of a shipping cask. This material has good strength, ductility, and
toughness over the range of subzero to elevated temperatures; it also has
excellent corrosion resistance, particularly to chemicals used in decon-
tamination, and good forming and welding properties. The particular grades
recommended were selected to provide a balance of all the factors involved.
ASTM A2),0 type 30L is suggested unless the application requires the added
corrosion resistance for decontamination in the heat-affected weld zone
that is provided by 30LL, 3271, and 347.

Stainless steel clad-plate is listed for the situation in which the
designer desires to take advantage of both carbon and stainless steel in

his cask design.

3.2 Pipes and Tubes .

Suggested carbon and stainless steel pipe and tube specifications
are shown in Table 3.2. These steels have adequate resistance to brittle
fracture at -4O°F and, like the plate materials, they are weldable grades

of moderately strong, ductile materials.
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Table 3.1. Recommended Plate Materials

Type of Material ASTM Specification and Grade
Carbon and low alloy steel A300, A516 all grades
A203 A and B
A516,a grades 55 and 60
Low alloy steel A533, grades A, B, and C
Stainless steel 2200,  types 304, 30LL, 321, and 347
Stainless clad-steel A26); with A300 or AS16 base metal and

A2);0 cladding

*Manganese content shall be 0.85 to 1.20%. All plate shall be
normalized by the mill and marked accordingly.

Table 3.2. Recommended Pipe and Tube Materials

Type of Material ASTM Specification and Grade
Carbon steel pipe A333, grades 1 and 6
Stainless steel pipe A312,  ‘types 304, 30LL, 321, and 347
Carbon steel tube A33);, ©grades 1 and 6
Stainless steel tube 4213,  types 30L, 30LL, 321, and 347

3.3 Forgings, Fittings, and Bolting

Forging, weld fitting, and bolting materials having mechanical and
chemical properties comparable to or better than, those listed for plate
are given in Table 3.3. The low alloy steels selected are specifically
produced for subzero temperature applications. The listed stainless steels
have good strength at both -LO°F and at elevated temperatures. Whenever
possible, the low alloy steel bolting should be used rather than stainless

steel to minimize galling of threads during remote assembly operations.
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Table 3.3. BSuggested Material Specifications
for Forgings, Fittings, and Bolting

Type of Material ASTM Specification and Grade
Low alloy steel forgings A350, grades IF1 and LF2
AS08, classes U, LA, 5, and SA
Stainless steel forgings A182,  types 30k, 30LL, 321, and 3L7
AL73,  types 30L, 30LL, 321, and 347
Iow alloy steel fittings All20,  grade WPL1
Stainless steel fittings AlL03,  grades WP30L, 30LL, 321, and 3L7
Low alloy steel bolting 4320, grade L7, L10, and 1LL3
Stainless steel bolting A193,  types BB, BSC, and BOT

3.4 Welding Electrodes, Rods, and Wire

The following filler metal specifications are applicable to shipping
cask fabrication: ASTM A316, A371, B295, and B30L. The filler metal used
in a particular weld will depend upon the base metal or metals being joined

together,

3.5 Special Materials

Lead that is used for shielding i1s normally specified as ASTM B29,
pig lead, chemical grade. A L% antimony--lead alloy has been used on occa-
sion; however, this material is riot recommended because of its lower melt-

ing point and the tendency to form cracks, spongy areas, and voids.

Uranium metal is also used as a shielding material for special

applications. This material is discussed in Chap. 8.

Materials that are commonly used for criticality control are as

follows:

pure cadmium metal purchased to ASTM BLLO specifications,
stainless steel containing small quantities of natural boron or

boron enriched in °B,
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boral plate, a uniform dispersion of boron carbide crystals in
aluminum, with a cladding of commercially pure aluminum such
as that produced by Brooks and Perkins, Inc., of Detroit,
Michigan,

aluminum-cadmium, copper-cadmium, and copper-boron carbide alloys.
3.6 Identification Marking and Purchase Order
Requirements

Information regarding identification marking and purchase order

requirements of materials are given in Sect. li.1 of this guide.
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i, FABRICATION

This chapter sets forth a general philosophy as well as specific
recommendations regarding the fabrication, testing, and acceptance of
shipping containers‘for transporting radiocactive materials. The nature
of the materials being transported makes it imperative, with regard to
the safety and welfare of the public, that the manufacture and the in-
spection of the containers be in strict accordance with the design draw-
ings and construction specifications. Further, a quality control program
must be carried out by the fabricator, and an audit inspection system
maintained by the purchaser, to provide confidence that the finished con-

tainer meets the contract requirements.

The predetermination of all fabrication and testing requirements for
the many sizes, types, capacities, and intended uses of shipping casks
is not possible. Rather, thils chapter consists of recommendations for
the designer and purchaser to include in the specifications. The designer
mist carefully and conservatively evaluate, and select appropriate sections
of this chapter, or he must develop more restrictive reguirements to ensure
that the completed shipping container will have all of the characteristics

upon which the designer based his safety analysis.

Consideration was given to recommending that the fabrication and test-
ing comply with the requirements of widely used codes such as Sect. III or
Sect. VIIT of the ASME Boiler and Pressure Vessel Code. However, this ap-
proach was judged inadequate because it does not ensure compliance with
Federal regulations‘for shipping containers; also, it is possible that
codes developed for other equipment would not be applied and interpreted
properly for shipping casks. It is recognized that some agencies or com-
panies may require an ASME Code Stamp; however, this does not relieve the
designer from the responsibility of establishing specifications and quality
control requiremente for the specific circumstances involved in the con-
struction and inspection of shipping containers. For example, manufactur-

ing operations such as lead pouring, inspections for shielding integrity
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and acceptance tests {such as heat transfer) are not included in exist-

ing codes for vessels and tanks.

Accordingly, this Chapter sets forth proposed minimum quality assur-
ance requirements for inclusion in procurement specifications. Some of

the tests are optional depending upon design considerations.

The designer 1s expected to prepare engineering drawings and speci-
fications that are appropriate for the particular reguirements of the
shipping container. The purchaser shall bear the primary responsibility
for ensuring that the shipping cask is designed and fabricated in accord-
ance with the regulations. The purchaser shall constitute the approval
authority of all documents submitted by the fabricator through the in-
spector described herein. The inspector shall answer %ho; and be a repre-
sentative of, the purchaser. The purchaser, through his inspector, is
responsible for auditing the manufacturer's procurement, fabrication, and
quality control program. The inspector is expected to visit or be in
residency at the fabricator's plant or any subcontractor's plant as may

be required in order to discharge his responsibilities.

Conformance to the requirements of the contract is the responsibility
of the manufacturer or fabricator. As part of this responsibility, he
shall establish and conduct a quality assurance program for all procure-
ment, fabrication, and testing operations. The program shall bhe patterned
after the latest revision of RDT F2-2 and Appendix IX of Sect. III of
the ASME Boiler and Pressure Vessel Code. A detailed quality control
manual shall be submitted to the purchaser for his review and approval
prior to the start of procurement of materials. The fabricator shall
notify and receive approval of the purchaser for any change in the QA

Program prior to introducing the change or deviation.

The quality of all products produced under the contract, whether manu-
factured within the manufacturer's plant or obtained from an outside sup-
plier, shall be controlled at all points necessary to assure conformance

with the drawings and specifications.

Throughout the contract, the manufacturer shall provide competent

quality control personnel who will perform the prescribed inspections and
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tests. In addition, he shall maintain a Fabrication Record that includes,
but is not limited to, such information as mill test reports, in-plant
procedures and standards, heat-treatment charts, records of welding pro-
cedure qualification, welding procedures and operator qualification tests,
all approved deviations, test and inspection results, "as built" drawings
and details of all subcontracts correlated in such a manner that the pur-
chaser can be assured of conformance. This record shall be delivered to

the purchaser at the completion of the contract.

L.1 Materials

Only materials of construction which conform to the drawings and

specifications shall be used in fabrication.

.11 Mill Test Reports and Marking

Purchase orders for materials except ASTM ALO3 and AL20 shall in-
clude the requirement that a certified mill test report be furnished.
The mill test report shall include the ASTM specification No., the manu-~
facturer's name, the heat No., and the results of all chemical analysis
and mechanical properties test results. Orders for ALO3 welding fittings
shall state that the manufacturer shall furnish a certification of con-
formance. Orders for AL20 welding fittings shall state that the manufac-
turer will provide test pieces, the results of the chemical analysis and

the impact tests, and the heat treatment applied to the material.

The purchase order should also state that all material shall be

marked in accordance with the applicable ASTM specification.

L.1.2 Cutting Material

When oxyacetylene or an arc process is used for cutting material,
all slag and previously mplten material shall be removed by mechanical

means prior to further fabrication or use.

Edges that will be exposed in the finished cask shall be rounded
(grinding is permitted) to a radius of at least 1/8 in. or chamfered at
L5° to at least 5/32 in. flat. Stainless steel is to be cut only by



106

machining, abrasive cutting, or arc cutting with inert-gas-shielding
tungsten-are, plasma arc, or flux injection methods. The use of iron
powder as a flux for arc cubting is prohibited. In instances in which
cut edges are to be welded, the disturbed material shall be removed by
machining or grinding to eliminate all irregularities and to provide a
clean, bright, smooth surface on the cut edge. When flux-injection cut-
ting is used, the cut surface shall be machined or ground back at least
1/32 in. to rempve all contamination. Grinding or machining of stainless
steel shall not be done with tools that have been used on carbon steel.
Tools and grinding wheels shall be freshly sharpened and dressad. Wire
brushing of stainless steel shall be done only with stainless steel
brushes that have not previously been used on materials other than stain-
less steel. Clamps, wedges, clips, etc., welded to (or mechanically fas-

tened in contact with) stainless steel shall be made of that material only.

,.1.3 Repair of Defects in Materials

Minor defscts in material as defined by the appropriate ASTM speci-
fication may be repaired, provided that the owner approves the method
and the extent of repairs. Defective material that cannot be satisfacto-

rily repaired shall be rejected.

L.1.; Forming Materials

Materials may be formed to the required shape by any process that
will not degrade the physical properties of the material below that re-

quired by the application.

.2 Identification and Control of Materials

The marking on each piece of material shall be retained until fabri-
cation 1s complete. If the material is cut into two or more parts, or if
the marked surface 1s to be removed, the marks shall be carefully trans-

ferred prior to cutting.

Unless it can be positively identified, any piece of material whose

marking is lost or removed must be classified as "not fully identified®
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material and subjected to the tests of Sect. 1.8.2 before it is re-marked

and used in fabrication.

The manufacturer shall maintain a detailed record that lists the de-
scription and marking of each piece of material used in the fabrication,
and shall correlate this information with material test reports. This

record shall be incorporated into the Fabrication Record (see Sect. 1.70.).

1.3 Welding

Production welding shall not be undertaken until both the welding
procedure and the welders or welding operators have been qualified. All
such gualifications must be approved by the inspector. Brazing and pres-

sure welding processes are not permitted.

1.3.7 Welding Processes and Filler Metals

Stainless Steel to Stainless Steel, - Any arc-welding process may

be used without including impact tests as a part of the procedure quali-

fication.

Stainless Steel to Carbon Steel. ~ Any arc-welding process may be
used. The filler metal shall be stainless steel ASTM A298 or A371 class
E309, or Inconel ASTM B295 class ENiCrFe-2 or ASTM B30L class ERNiCrFe-6

No impact tests are required.

Carbon Steel to Carbon Steel. - The shielded metal-arc process may
be used with ASTM A316 class EB016 or 8018-C1, -C2, or ~C3 electrodes

without requiring impact tests as a part of the procedure qualification.
The use of other electrodes with the metal-arc process, or the use of
other processes (e.g., the inert gas-metal arc or submerged-arc processes)
requires three impact tests of the deposited weld metal; the weld rust
have an average of 15 ft-1b of impact energy (Charpy keyhole) at -LO°F

in order to qualify as an acceptable process.

Covered Electrodes. - Covered electrodes shall be dry when used.

Except for 7010-A1 electrodes, covered electrodes shall be used within

9 hr after their removal from a sealed receiving container or a vented
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electric oven maintained at 150 to 350°F., If not used within 9 hr, the
electrodes shall be placed in a vented oven maintained at 150 to 350°F
for at least 8 hr. If the electrode manufacturer's recommendations for
drying do not allow the above method, approval of the drying method to
be used shall be obtained from the purchaser. Type 7010-A1 electrodes

shall not be held in heated ovens.

The fabricator's qualily control program shall establish and enforce
written procedures for (1) procurement of all welding filler metals and
fluxes, (2) an identification, storage, and issuance system, and (3)

records to ensure the use of the correct filler material.

}.3.2 Qualification of Welding Procedures

Fach welding procedure to be used in construction shall be qualified
by the manufacturer in accordance with Sect. IX of the ASME Boiler and
Pressure Vessel Code. In addition, the test welds shall be subjected to
the same nondestructive inspection methods as will be required for the
production welds. The welds must pass the NDT acceptance criteria estab-
lished for the production welds in order to be acceptable. A copy of the
procedure gualification test report and the welding procedure shall be,

after approval by the Inspector, incorporated into the Fabrication Record.

The welding procedures shall include control of the width of any
bead of welding as follows. String beading is preferred. Weave beading
with covered electrodes shall not result in a weld bead with a width

greater than:

(1) six times the diameter of the electrode core wire for 70xx

and 80xx electrodes;

(2) three times the diameter of the electrode core wire for 300

series stainless steel electrodes;

(3) three times the diameter of the core wire for Inconel filler

metal.,

Wash passes or remelting to improve the surface appearance is not

permitted.
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L.3.3 Qualification of Welders and Welding Operators

Performance qualification of welders and welding operators shall
conform to Sect. IX of the ASME Boiler and Pressure Vessel Code and the
NDT tests defined in Sect. h.3.2 of this report. A copy of the perfor-
mance qualification test report shall be, after approval by the Inspector,

incorporated into the Fabrication Record.

A test conducted by one manufacturer shall not quality a welder to

do work for any other manufacturer.

1.3.h Lowest Permissible Temperatures for Welding

Preheat temperatures shall be in accordance with the weld procedures.
However, when the temperature of the base metal is lower than 60°F, the
area to be welded shall be preheated until it is warm to the hand. All

surfaces shall be dry and protected from rain, snow, and high winds.

}.3.5 Fitting and Alignment

Edges to be welded shall be uniform and free of all foreign material.
Parts to be welded shall be fitted, aligned, and retained in position dur-
ing the welding operation such that at the point of welding the root face
shall not be offset by more than 1/16 in., or one-eighth of the nominal
thickness of the material, whichever is smaller. Joints shall be held
adequately by suitable clamps or sufficient tack welds, and a welding se-
quence shall be utilized to attain the complete joint spacing and align-
ment. Tack welds shall be free of cracks or other discontinuities and
must be completely fused into, and form a homogeneous part of, the root

weld layer if they are not removed as the welding progresses.

The edges of butt joints shall be held during welding in such a man-
ner that the tolerances stated in Sect. 4.3.7 are not exceeded in the

completed Joint.

li.3.6 Cleaning of Surfaces to Be Welded

Surfaces to be welded shall be clean and free of foreign material

such as grease, oil, lubricants, and marking paints, for a distance of
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at, least 3 in. from the welding edge. When weld metal is to be deposited

over a previously welded surface, any slag shall be removed.

1.3.7 Joints ~ Alignment Tolerances

After welding, the offset shall not exceed 1/16 in. or one-eighth
of the nominal thickness of the part at the joint, whichever is smaller.
Weld taper in excess of this amount is not permitted unless detailed on

the engineering design drawing.

1.3.8 Finished Joints

Joints shall have complete penetration and shall be free from cracks,
severe undercuts, overlaps, abrupt ridges, or valleys. Fillet welds shall
have complete fusion at the root of the fillet. To ensure that the weld
grooves are completely filled so that the surface of the weld metal at any
point does not fall below the surface of the adjoining part, weld metal may
be built up as a reinforcement on each side of the joint. The thickness of

this reinforcement on each side shall not exceed the following dimensions:

Maximum Thickness

Thickness of Part (in.) of Reinforcement (in.)
< 1/2 3/32
> 1/2 < 1 1/8
> 3/16

1.3.9 Miscellaneous Welding Requirements

The reverse side of double-welded butt Jjoints shall be prepared by
chipping, grinding, or melting out, so that sound metal is secured at
the root of the weld before filler metal is applied from the reverse
side. This requirement is not intended to apply to any process of weld-
ing by which proper fusion and penetration are cotherwise obtained and vy

which the base of the weld remains free from impurities.

If the welding is stopped for any reason, extra care shall be taken

in restarting the process to achieve the required penetration and fusion.
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For submerged arc welding, chipping out a groove in the crater is

recommended .

In instances where single-welded joints are used, particular care
should be taken in alignment to ensure complete penetration and fusion
at the root of the weld over its full length.

In the case of plug welds, a fillet around the bottom of the hole
should be deposited first.

1,.3.10 Repair of Weld Defects

Visible defects such as cracks, pinholes, and incomplete fusion, as
well as defects that can only be detected by prescribed examinations or
tests, shall be removed; then the Jjoint shall be rewelded.

Approval to make a.weld repair and approval of the repair procedure
shall be obtained from the purchaser prior to the removal of metal from,
and the repairing of, a defective weld area. Repair welding shall be
done in a manner conforming to the requirements of the purchaser's speci-
fications. The repaired weld shall be retested and, in order to be ac-

ceptable, shall meet the quality requirements for the original weld.

Removal of undercutting by reduction of the base metal section adja-

cent to the welded seam is not permitted.

L.} Weld-Metal Cladding of Carbon Steel

L.h.1 Welding Procedure Qualification Requirements

A separate welding procedure shall be qualified for the corrosion-
resistant weld-metal overlay cladding of carbon-steel-base metal, in
accordance with Sect. IX of the ASME Boiler and Pressure Vessel Code.

In addition, when any of the changes listed below are made, the procedure
shall be requalified; although other changes do not require requalifica-
tion the procedure specification must be corrected to show the changes.
(Note that these requirements are similar to those specified in Sect.

IIT of the ASME Boiler and Pressure Vessel Code, 1963 Edition.
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For All Welding Processes:

(1) A change from one welding process to any other welding process or

combination of welding processes.

(2) A change in the composition of the deposited weld metal from one
A-No. in Table Q-11.3 of Sect. IX of the Code to any other A-No., or
to an analysis not listed in the table; however, each AISI type of

A-7 or A-8 analysis (Table Q-11.3) requires separate qualification.

(3) The addition of welding positions other than those already
gualified.

() A change in the specified preheating temperature range.

(5) A change in the specified heat-treating temperature or an increase

of 25% or more in the total time at temperature.

(6) A change from a multiple weld layer to a single weld layer, or

vice versa.

For Shielded Metal-Arc Welding:

(1) A change in the electrode diameter used for the first layer.

(2) A change from one F-No. in Table Q-11.2 to any other F-No.
(notes 2 and 3 in Table Q-11.2 shall apply).

(3) An increase of more than 10% in the amperage used in the applica-

tion of the first weld layer.

For Submerged-Arc Welding:

(1) A change in the composition or type of flux used. Requalification

is not required for a change in flux particle size.
(2) A change from single-wire to mulbtiple-wire techniques.

(3) A change from ac to dc or from de to ac current, or a change in

the polarity of the current.

(}) The addition or elimination of oscillation of the electrode.
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(5) A variation of more than 10% in travel speed.

(6) A change in wire diameter.

For Gas Tungsten-Arc Welding or Gas Metal-Arc Welding:

(1) A change from one gas to another, or to a mixture of gases.
(2) A reduction of 25% in the rate of gas flow.

(3) A change from an inert gas or a mixture of inert gases to a shield-
ing gas containing more than 2% of an active gas (e.g., oxygen or hydro-

gen) .
(l4) A change from single-wire to multiple-wire techniques.

(5) A change from ac to dc or from dec to ac current, or & change in the

polarity of the current.

(6) The addition or elimination of oscillation of the electrode.
(7) A variation of more than 10% in travel speed.

(8) A change in wire diameter. k

The procedure qualification shall be made on a test plate simulating
the conditions to be used in production, except that the test plate may
be thinner. However, the thickness of the plate shall not be less than
either 3/l in. or the thickness of the fabrication material, whichever
is less. The postweld heat treatment of the test plate shall be equiva-
lent to that to be applied to the parts, except that the total time at

temperature may be achleved during one heating cycle.

The weld overlay surface shall be examined using a liquid penetrant
in accordance with Sect. };.8.5. Following this examination, the test
plate shall be sectioned to make four side-bend test specimens, two paral-
lel and two perpendicular to the direction of welding. These specimens
shall have dimensions identical to those of the guided side-bend specimens
noted in Sect. IX of the ASME Boiler and Pressure Vessel Code. They shall
be bent in a test Jig and shall meet the acceptance requirements of Sect.
IX, except that the maximum allowable defect in the cladding shall be
1/16 in, In addition, a chemical analysis shall be obtained from the
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overlay at a depth from the surface of at least 0.020 in. The chemical
analysis obtained shall be within the range of analysis given in the

procedure specification.

L.;.2 Performance Qualification Test

Welders and welding operators shall be qualified for working with
metal plate having a thickness that is either not less than 3/l in. or
is equal to that of the material to be used in fabrication, whichever is
thinner, in accordance with the requirements of a qualified weld-metal

overlay cladding procedure  specification.

The essential variables of paragraph Q-22 of Sect. IX of the ASME
Boiler and Pressure Vessel Code shall apply. The test plate shall be
subjected to the penetrant and bend tests as noted in Sect. li.L.1, except
that the chemical analysis need not be made. Any welder or welding opera-

tor who qualifies the procedure is automatically qualified.

1.5 Joining Integrally Clad or Weld-Metal-Overlay
Clad Material
Each welding procedure used for joining clad material shall be quali-
fied by the manufacturer in accordance with Sects. VIII and IX of the ASME
Boiler and Pressure Vessel Code. A separate welding procedure (and quali-
fication) is required for welds that join clad material to austenitic
stainless steel. Test welds shall be heat treated if the fabricated mate~

rial is to be heat treated.

The performance qualification of welders to join clad materials shall
conform to Sects. VIII and IX of the ASME Boiler and Pressure Vessel Code.
Performance tests, using clad material, should be made by a welder before

he is permitted to weld base metal, cladding, or the composite joint.

1.6 Postweld Heat Treatment

Any postweld heat treatment procedure shall be documented, submitted
to the cask owner for review and approval, and made a part of the Fabrica-

tion Record.
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;.7 TLead Pouring

Tead pouring shall be done in a single, continuous operation unless
an alternative method is developed and proven by a test which will ensure

no high, local radiation at lead interfaces resulting from multiple pours.

The manufacturer shall prepare a detailed lead-pouring procedure
that will provide information concerning the grade and purity of the lead;
the grade of any tinning compounds, & description of the heating, pouring,
and cooling facilities (including sketches); the sequence of operations;

a precleaning or pretinning procedure (if used); the method and speed of
pouring; preheating and controlled cooling methods; temperature control

requirements and measurements; and details of pouring and vent connections.

After approval by the Inspector, the lead pouring shall be performed
in accordance with the procedure, and a copy of the lead pouring procedure

shall be incorporated into the Fabrication Record.

L.8 Inspection

1.8.17 Access for Inspector

The Inspector shall be permitted free access, at all times while
work on the fabrication is being performed, to all parts of the manufac-
turer's shop concerned with the fabrication; also, he shall have access to
the facilities of those supplying materials, subassemblies, or labor to
the manufacturer. The manufacturer shall keep the Inspector informed of
the progress of the work, and shall notify him reasonably in advance of

any required tests or inspections.

L.8.2 Inspection of Material

The Inspector shall assure himself that all materials used comply in

all respects with the material requirements given in Sect. 4.1,

When ASTM ALO3 or ALPO material is to be used, the manufacturer shall
make certified mill test reports or certification of compliance records
available to the Imnspector prior to the use of the material. The Inspector

shall satisfy himself that the material complies with the specifications
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and is properly marked and correlated with the mill test reports. A
copy of all approved test reports and certifications shall be incorpo-

rated into the Fabrication Record.

If a question regarding the identity or adequacy of the material
arises, the fabricator shall perform chemical analysis and mechanical
tests to verify that the material complies with the applicable specifi-
cation. Reports of such tests shall be reviewed by the Inspector and,

if approved, such records shall become a part of the Fabrication Record.

A1l materials to be used in fabricating a cask shall be inspected
for the purpose of detecting, as far as is possible, defects that would

affect the adequacy of the fabrication.

Particular attention should be given to cut edges and other parts
of rolled plate that would disclose the existence of serious laminations,

shearing cracks, and other objectionable defects.

The Inspector shall assure himself that the thickness and other
dimensions of the material comply with those specified on the design

drawings.

,.8.3 1Inspection of Surfaces During Fabrication

As fabrication progresses, the edges of plates, openings and fittings
shall be examined to detect defects, as well as to determine that the work

has been properly done.

1.8.y Dimensional Inspection

The Inspector shall satisfy himself that components conform to the

prescribed shape and meet thickness requirements after forming.

The Inspector shall assure himself of the proper fit, to the curva-

ture of the surface, of appurtenances to be attached to curved surfaces.

During and after fabrication, any necessary dimensional inspections
shall be performed to ensure that the completed fabrication conforms to

the design drawings and that mechanical parts can be physically assembled.
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Any critical feature requiring special inspection, such 4s the flat-
ness or the surface finish of gasket seats, shall be specifically indi-
cated on the design drawings. A report of the dimensional inspection of

all such features shall be incorporated into the Fabrication Record.

L.8.5 Weld Inspection

The Inspector shall assure himself that the welding procedures em-
ployed in the fabrication have been qualified under the provisions of

this guide.

The Inspector shall assure himself that only the welders and the
welding operators who are qualified under the provisions of this guide

are being allowed to fabricate the weldment.

The Inspector shall have the right, at any time, to call for, and
to witness, tests of the welding procedure or tests to determine the

ability of any welder or welding operator.

A1l welds, including the heat-affected zone, shall be inspected at
least twice with liquid penetrants, using procedure A-2 or B-3 of ASTM
E-165, or with magnetic particles, using ASTM E109. The first inspection
shall be made on complebion of the root pass, then after preparing the
second side of welds made from two sides (if appropriate). The second
inspection shall be made after the weld is completed. Finished welds
shall be inspected on both surfaces after heat treatment and/or any ma-
chining is complete. Cracks, in-line porosity, or other linear defects
should be removed down to sound metal and then repaired. Adequate pene-

trant inspection will, in most cases, require some grinding of the welds.

}1.8.6 Check of Postweld Heat-Treatment Practice

The Inspector shall satisfy himself that any postweld heat treatment
is correctly performed and that the temperature readings conform to the
requirements. A copy of the heat-treatment procedure and furnace charts

shall be incorporated into the Fabrication Record.
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},.8.7 Inspection During Fabrication

The Inspector shall inspect each component, at such stages of con-
struction as he deems necessary, to assure himself that fabrication is

being carried oul in accordance with the design drawings.

Interior surfaces of enclosed chambers shall be examined as com-

pletely as possible before final closure is made,

L}.9 Testing

14.9.17 Shielding Chamber Leak Test

Before any shielding chamber is filled with shielding material, the
integrity of the chamber shall be demonstrated by a leak test. This
testing shall be performed while joints are accessible for repair and

before any leak paths can be plugged with shielding material.

Leak tests may be performed by any procedure that can be demonstrated
to have a sensitivity of 1 cm® (STP) of air per hour. Acceptable test
methods are: mass spectrometry, helium leak detection, halogen leak de-

tection, vacuum rate-of-pressure-rise, and pressurized soap bubble.™

If leakage is indicated, the leaks shall be located and repaired;
then the test shall be repeated.

.9.2 Pressure Test

After fabrication is complete, the cavity (and any other chamber that
is pressurized in service) shall be subjected to a pressure test to demon-

strate structural integrity.

Each chamber to be tested shall be separately filled with water and
pressurized to twice the maximum normal operating pressure or L0 psig,
whichever is the greater. This pressure shall be maintained for 10 min.
No evidence of leakage or mechanical deformation shall be noted during

this period.

For the purposes of this test, gaskets other than service gaskets

may be used.

“See Sect. 5 of the ASME Boiler and Pressure Vessel Code (in draft form).
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If the cask is designed for total containment during a fire and
does not have a relief device, the test pressure must at least be equal

to that anticipated under the accident conditions.

.9.3 Leak Test

After the pressure test is complete, the cask shall be assembled

with a service gasket, and the cavity shall be subjected to a leak test.

The cavity shall be pressurized to 1-1/2 times the maximum normal
operating pressure or 7-1/2 psig, whichever 1is greater, with a gaseous
mixture containing at least 10% of a test gas to which the leak detector
is gensitive. Testing may be done by using a helium mass spectrometer
or a halogen leak detector if thé testing procedure has been demonstrated
to have a sensitivity equivalent to 1 cm® (STP) of air per hour at the
differential pressure used in the test. All accessible welded and mechani-

cal joints shall be surveyed.

Any indication of leakage shall require repalr and retesting of the

cask.

,.9.y Heat-Transfer Acceptance Test

If heat transfer calculations indicate a cask surface temperature
is 180°F or greater under design heat loads and normal conditions of
transport, a heat transfer test shall be performed before the cask is
accepted by the purchaser. Such a test will provide information on mate-
rial bonding, air gaps, etc., and be useful in providing actual data on

its thermal performance.

The heat source provided in the cask cavity for use in the the test
shall be equal to, or greater than, 25% of the design heat load of the
cask. Temperatures shall be measured and recorded at a minimum of three
points each on the inner and the outer cask shells. In addition, the
temperature should be measured at points (inside the cavity) that could

come in contact with the fuel (e.g., nuclear-poison divider plates).
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Measured temperatures that differ by more than 10% from those cal-
culated for the test heat load must be reconciled. A report of these
tests, along with the original temperature records, shall become a part

of the Fabrication Record.

The Inspector shall witness all heat-transfer tests and shall sign

the original temperature record.

1.9.5 Shielding Integrity Test

Prior to the initial use of a cask for shipping irradiated materials,
the integrity of the shielding of the cask shall be demonstrated. The
cask shall be loaded with the material for which it is designed (or an
equivalent), insofar as is practical, and the entire outer surface shall

be surveyed for radiation in excess of the allowable limits,

Gamma Scanning and Probing. — Inspection by gamma scanning and prob-

ing to determine the soundness of the lead is an optional test. This

test is a quality control operation often specified to increase the proba-
bility that the cask will comply with the radiation requirements when it
is loaded with the material to be shipped. When the test is included in

the contract, the requirements are as given below.

The manufacturer shall prepare a gamma probe procedure, which in-
cludes information concerning: (1) the electronic equipment, (2) the
radiation source and strength, (3) the calibration standards for both
scanning and probing, (L) the grid pattern, (5) the scintillation crystal
size, (6) the positioning equipment, (7) the method of reading and record-
ing the radiation detected, (8) the measuring technique, and (9) the ac-
ceptance requirements. The procedure that is used shall be acceptable to
the Inspector prior to its application, and he shall be notified so that
he may audit the inspection if he desires. The procedure and all the

results shall be made a part of the Fabrication Record.
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l1.10 Fabrication Record

The manufacturer shall maintain currently, in the Fabrication Record,
documents indicating compliance with this guide. The Fabrication Record

should include, but is not limited to, the following items:

(1) A material record specifying (a) product form and heat number,
(b) correlation of part and test report, and (c) cask compo-

nent name or part number.

Marked drawings or amnotated bills of material may be neces-

sary to satisfy this requirement.

(2) Material test reports or other evidence of acceptability for
each piece of material, in compliance with the stipulations
listed in.Chap. 3.

(3) Welding procedure, procedure qualification, welder performance

records, and lead pouring procedure.

(L4) Reports of all inspections and tests, including liquid pene-
trant examinations; dimensional inspections; pressure and
leak tests; heat transfer, shielding, and lead bonding integ-
rity tests. Radiographs shall be included if radiographic

inspection is performed.

(5) Reports of any required check analyses, clearly identified

with the material they represent.

(6) Furnace temperature charts in cases where heat treatment is

performed.
(7) Any deviation, for any reason from this guide.

(8) m"As-built" drawings if, for any reason, the fabrication process
deviates significantly from the design drawings and the latter
drawings do not present a clear and correct description of the
construction of the cask or show proper sizes of materials and

location and geometries of welds.
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The Fabrication Record shall be assembled by the manufacturer and
shall be kept current at all times. The Inspector shall have access to
the Record and, at regular intervals, shall assure himself that it is
complete and correct. Any deficiencies found shall promptly be recti-
fied by the manufacturer. The Inspector shall maintain a log in which
he records the dates of his visits to the manufacturing plant, status
of work at those times, notations of materials accepted, notations of
inspections witnessed, difficulties encountered in fabrication, devia-
tions from design details and specification, and a chronological record
of the progress of the work. On completion of the job, the Inspector's

log shall be incorporated into the Fabrication Record.

On completion of fabrication and testing, the Fabrication Record
shall be reviewed by the manufacturer and then by the Inspector. The
manufacturer shall certify to the purchaser, in writing, that the fabri-

cation is (with noted exceptions) in complete conformity with the contract.
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5. HEAT TRANSFER

5.1 Introduction

A1l shipping casks should be evaluated to determine their tempera-
ture responses in thermal enviromments under normal and accident condi-
tions. Specifically, the temperatures that should be determined are
the maximum cask surface temperature and the maximum fuel element tem-
perature under normal conditions, the temperature distribution through
the shield, and the maximum fuel element temperature under accident

conditions.

The normal ambient temperature range is defined in the regulations
to be -40 to +130°F. There must be no release of radiocactive material
from the containment vessel as a result of exposure to these temperatures.
Under accident conditions the cask is assumed to experience a fire, whose
temperature is 1475°F, for 0.5 hr; in this case, radioactivity released

from the cask must not exceed the limits given in Table 5.1,

Table 5.1. Limits for Radioactive Material
Released! during Fire

No radioactive material, except gases and contaminated coolant,
may be released from the cask; the total radicactivity content of the
coolant must not exceed either 0.1% of the total radioactivity of the

cask contents or the following designated limits:

Transport Groupa Curies
I 0.01
II 0.5
IIT & IV 10.
Inert gases 1000.

aSpecific isotopes are arranged in transport groups. The complete list

is given in Table 1.7.
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IOT regulations do not specify temperature limitations for the
actual cask surface or fuel, but require that the accessible cask sur-
face temperature not exceed 180°F under normal operating conditions.

The TAEA regulations require the same limitation with regard to tempera-
ture when the shipment is made under "full load" conditions. The accessi-
ble cask surface can ve changed from the actual cask surface by use of a
personnel shield which would permit higher temperatures on the prime (in-
accessible) surface area of the cask. However, since fuel temperatures
affect fuel integrity which, in turn, affects potential contamination

in the event of a cask leak, both fuel and actual cask surface tempera-
ture limitations should be considered by a designer for his specific

cask and type of fuel.

For example, the fuel temperature under normal operating conditions
can be restricted to that which was experienced by the fuel during reac-
tor operation, assuming that such a temperature did not cause the fuel
elements to rupture. There may be an economic justification for operating
at higher temperatures and, if so, the safety of such operating tempera-

tures should be investigated and reported.

Under the 0.5-hr fire accident condition, fuel element temperatures
will increase. The maximum temperature that the fuel should he permit-
ted to attain under accident conditions will depend on the cladding, the
material of construction, the cladding thickness, the fuel material, the
material of construction, the cladding thickness, the fuel material, the
burnup, the cooling time, the specific power, the fuel damage caused by
impact, etc. It is impossible to indicate precisely how, or to what ex-
tent, each item will affect the maximum permissible fuel temperatures;

however, some general statements in this regard may be made.

The maximum temperature that the cladding attains under accident con-
ditions should be less than the temperature at which the fuel ruptures,
This rupture temperature will also vary with the items enumerated in the
paragraph above and should be calculated for each type of fuel element
under the accident conditions if the cask designer wishes to achleve maxi-

mum fuel temperatures under operating conditions.
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A new section (Sect. 5.1.2) included in this guide describes one

method for analywing rupture temperatures and minimum cooling times.

If the fuel elements are individually contained in sealed canisters,
temperature limitations may be relaxed from those that otherwise would be

considered reasonable, although canister integrity must be assured.

Maximum fuel element temperatures, discussed in Sect. 5.lL, can be
calculated by utilizing numerical methods that are capable of determining
individual fuel element response under transient conditions. Digital

-5 and have been used

computer codes utilizing such methods are available
for this purpose. Bach code requires considerable experience to obtain
best results for a given problem; thus no comparison of the codes is made

here.

5.2 Heat Sources

The temperature of the cask surface under normal operating conditions
is dependent upon the heat that the cask must dissipate to the environment.
The heat stems from two sources: the decay heat load caused by the radio-
active decay of isotopes within the material being shipped, and the solar
heat load, which results from the impingement of solar radiation on the
surface of the cask., Although both sources change with time, variations
in the decay heat load are generally insignificant during shipment. Decay
heat is usually the major portion of the total heat load that must be
dissipated.

The contribution of solar radiation to the total cask load rarely
exceeds 15% of the entire amount of heat that the cask must reject. The
solar heat load depends on the projected surface area of the cask, the
condition of the cask surface, the season of the year, the hour of the

day, and other factors enumerated in Sect. 5.2.2.

5.2.17 Decay Heat Ioad

The amount of decay heat that is generated by a spent fuel element is
dependent on the time the fuel element spends in the reactor (irradiation

time), the number of fissions occurring per unit time in the element, and
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the time that an element is allowed to decay before it is shipped (i.e.,
cooling time). A current light water power reactor fuel element at the
design burnup with a cooling time of 120 days would be expected to gener-

ate heat at the rate of from L to 10 kw.

One of the most recent calculational tools recommended for deter-
mining decay heat is a code® in which experimental data’~® have been used
to cover a wide range of cooling periods. This code, which was developed
at Oak Ridge National Laboratory utilizes the fission rate (operating
power), irradiation time, and cooling time as input variables. A para-
metric representation of the decay heat source that was constructed by
use of the code is presented in Fig. 5.1. Figure 5.2 presents the same
data, except that it has been replotted to show the effects of burnup and
specific power on the decay heat. The data used in constructing Figs.
5.1 and 5.2 were based on the decay of fission products resulting from
the thermal fission of ®°°U, Fission product yields vary with neutron
energies and the fissionable isotopes present;*® *® however, the data for
2357 can be used for the thermal fission of *°°Pu with less than 7% error
when the cooling time is less than 120 days. After one year of cooling,
the error approaches a maximum (Fig. 5.1), which is about 33% below the
actual heat output of *%°Pu fission products. At cooling times greater

than about 2000 days, the heat output from Fig. 5.1 becomes conservative.

Figures 5.1 and 5.2 may be used to determine Qd, the decay heat gen-
eration rate, of an average fuel element by using the information given
in List 1. Items Lia and L4b may be used to calculate ITtem 3.

List 1

1. Reactor operating power, Mw

2. Cooling time, days

3. Reactor operating time, days

L. (a) Fuel burnup, Mwd/metric ton

(b) Reactor fuel loading, kg
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Example: If a reactor has the design characteristics listed below,

determine the decay heat of one average fuel assembly that has been al-

lowed to cool for 120 days.

Reactor burnup 20,000 Mwd/metric ton fuel
Reactor fuel loading L350 kg
Operating power of one
reactor ‘TOQWMIW
Number of fuel assemblies 20
Specific power = 100,000 kw = 23 kw/kg

L350 kg

Applying this data to Fig. 5.2, we obtain a value of 6.5 x 107* for
the decay heat/operating power ratio. (Note that Fig. 5.2 could be en-

tered from either the ordinate or abscissa.)

Assuming that the operating power of one average fuel assembly is

100,000 kw
20 assemblies

Qq = (5000 kw/assembly)(6.5 x 107%*) = 3.25 kw/assembly.

= 5000 kw/assembly, the decay heat may then be computed by:

In this example, it was assumed that the fuel element was operated
at a constant specific power to achieve a burnup of 20,000 Mwd/metric
ton. This will not be the case for most power reactor fuel elements; the
fuel management scheme will provide a relationship between specific power
and burnup which must be taken inbto account in calculations of decay heat.
This effect can be simulated by dividing the fuel cycle into small, con-
stant power burnup steps and usihg the above method for each burnup incre-
ment. The cooling (or decay) time for each burnup step now becomes the
time that the element remains in the reactor following the burnup step,
plus the cooling time out of the reactor. A simple summation of the decay

heats for each burnup step will yield the desired result.

5.2.2 Solar Heat load

The rate at which the earth intercepts solar energy on a surface

normal to the sun's rays at & point above the earth's atmosphere is
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L2 Btu/hr-ft2, or 10,600 Btu/ft®-day; this value, known as the solar
constant, increases (decreases) by 3.5% in December (June). The amount
of solar radiation received at a point on the surface of the earth on a
clear day when the sun is at the zenith varies, but 70% of the solar con-
stant value is generally considered to be sufficiently accurate for engi-

neering purposes.

Total solar radiation is made up of both direct radiation from the
sun and diffuse or scattered solar radiation; the latter contribution is
small and can be neglected when maximum daytime heating rates are con-
sidered.

Values of the solar heat load can be calculated for each surface of
the cask. The sum of these values yields the total solar heat load, which
is then normally added to the decay heat load to estimate the heat that

must be rejected by the cask.

Exact values as a function of latitude, time of day, time of year,
tilt of the surface, etc. can be calculated by referring to standard
heat transfer texts;**s1® however, rapid estimation of hourly solar heat-
[S]

ing rates on clear summer days on variously oriented surfaces™® may be

made by referring to Fig. 5.3.
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The curves marked N. Vert., S. Vert., and E. Vert. indicate the
total amount of solar-plus-scattered radiation that is received by verti-
cal surfaces facing north, south, and east, respectively. The solar en-
ergy received by a vertical west wall may be considered as the mirror
image of that given for E. Vert. rotated around the 12:00 noon line. The
curves marked horizontal and normal indicate the solar energy received by

a horizontal surface and a surface that is always normal to the sun's

rays.

Bach curve, except the one referring to the normal surface, includes
the contribution of diffuse radiation to the total heat load; the diffuse

radiation for a horizontal surface is separately noted in Fig. ©.3.

Figure 5.} gives the relative total daily radiation incident on a
horizontal or south-facing vertical surface as a function of latitude.”
Multiplication of the appropriate values from Fig. 5.4 by the 2l-hr solar
constant (10,600 Btu/ft%-day) and the local mass transmittance of the
earth's atmosphere (~ 0.7) gives the daily incidence on a vertical or

horizontal surface. Scattered radiation is not included.
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To determine the heat load affecting a given surface, the incident
heating value, Qsi’ given in Fig. 5.3 must be multiplied by the absorp-

tivity (or the emissivity), a of that surface; that is, QS =Q

solar’ si

(¢ solar). Values of a are given in Table 5.2.

Note that, for most polished metals, the emissivity (absorptivity)
of the surface is higher during exposure to solar radiation than during
exposure to lower temperatures or longer-wavelength radiation. There
are paints that may be applied to such surfaces to reverse the situation.
White zinc oxide paint has a low value of emissivity at solar wavelengths
(0.18) but a high emissivity (0.95) at 100°F. This is the ideal situation
since a surface that has been freshly painted with zinc oxide paint would
absorb little solar radiation, yet would have a high emissivity at lower

operating temperatures.

Paints that reflect solar heat are also available. Details of omne
type can be found in the military paint specification MIL-E-§6096 (MR).
However, painting of shipping casks is not normally recommended because
of operational problems such as decontamination, maintenance of surfaces,

etc.

5.3 External Heat Transfer

The analytical procedures described below were developed to analyze
heat, that is transferred from the external surface of a cylindrical cask
and to account for variations in the cask geometry (i.e., the cask may be
either finned or unfinned, and may be positioned vertically or horizon-
tally). It is assumed that the container is resting on its shipping skid
and is surrounded by essentially stagnant air. Heat is transferred from
the cask surfaces by radiation and by natural convection to the environ-
ment, At the cask surface and ambient air temperatures normally encoun-
tered, the amounts of heat transferred by convection and radiation are

significant and neither can be neglected.

The surface area (of a typical cylindrical cask) that is available
for rejecting its heat load is not easily defined. The major portion of

the total surface area consists of the cylindrical sides which will not
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Table 5.2. Emissivities of Various Materials

Temperature
Material 100°F> Solara
Metals
Aluminum
Polished 0.04 .26
Oxidized 0.M
2);~ST weathered 0.4
Anodized (at 100°F) 0.94
Chromium
Polished 0.08 0.49
Iron
Polished 0.06 0.45
Cast, oxidized 0.63
Galvanized, new 0.23 0.46
Galvanized, dirty 0.28 0.89
Steel plate, rough 0.9L
Stainless steel
18-8, polished 0.15
18-8, weathered 0.85
Paints
Auminized lacquer 0.65
Cream paints 0.95
lacquer, black 0.96
Lampblack paint 0.96 0.97
Red paint 0.96 0.74
Yellow paint 0.95 0.30
0il paints (all colors) 0.94
White (Zn0) 0.95 0.18

%5ee refs. 1)y and 15,
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be uniformly effective in transferring heat because a portion of the sur-
face may be either in contact with, or facing, a solid surface (the vehi-
cle deck) of indeterminate temperature and surface emissivity. This is
particularly true when the cask is designed to be shipped with its major
axis oriented horizontally. Occasionally the ends of the cask are neg-
lected when external heal transfer is considered, although under some

circumstances they could reject a significant fraction of the heat load.

A finned surface on a cask is quite common, particularly for casks
capable of dissipating large heat loads. The fins are designed to be
either circumferential or longitudinal, depending on the expented orienta

tion of the cask during shipping.

5.3.1 Heat Removal from a Cask Surface

The basic equation that describes convection and radiation from a

cask surface is:

4 m 4
/Ts + 1160 T, + L6E0

QT - hcAc(Ts - Ta) v 0073 FleT [K 100 > ) < 100 > } ? &

where

Q. = total heat transferred, Btu/hr,

T
hC = the convective heat transfer coefficient, Btu/hr-ft<-°F,
A, = the effective convective surface area, ft=,
A = the effective radiative surface area, ft=,
T, = the cask surface temperature, °F,
Ta = the ambient temperature, °F,

F, . = the gray-body shape factor.

This equation, which assumes a uniform cask surface temperature, can
not easily be expressed parametrically owing to the difference in Ac and
A . However, if the cask is unfinned, A = A = 4, and Eq. (5.1) can be

simplified to:

T a

)

Qp = A (T, - T) , (5.2)
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where ht accounts for both convection and radiation.
The following stepwise procedures, which treat both unfinned and
finned types of shipping container, are recommended for calculating the
heat that is rejected from the cask surface to the environment under nor-

mal conditions.

Analysis of an Unfinned Cask. — If the total heat load of an un-

finned cylindrical cask is known, determination of the external surface
temperature, Ts’ involves a trial-and-error solution of Eq. (5.7), with
QT = Qd + Qs (Qd is the decay heat and Qs is the solar heat load). The

procedure is as follows:

1. Compute the Heat Transfer Area. — If we neglect the ends of

an unfinned cask, the areas available for the rejection of heat by

convection and radiation are equal and are given by:

A=A =A=xDL . (5.3)

2. Assume a Cask Surface Temperature, Ts'

3. Determine the Heat Transfer Coefficient. — McAdams'® recommends

the simplified dimensional equation (for cylinders or plane surfaces in

air under turbulent conditions),
1rlC =0 (Ts - Ta)l/a H (Sh)

where C is assigned the value of 0.19 for vertical planes and cylinders,
0.18 for horigzontal cylinders, and 0.22 for heated plates facing up. The
value of h_, calculated by Eq. (5.4), can be used under laminar flow con-

ditions with only a slight loss of accuracy.

It is convenient to determine an equivalent radiant heat-transfer
coefficient so that a total heat-transfer coefficient may be computed as
follows:

h, =h +h_ . (5.5)
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The heat transferred by radiation can be expressed by the equation:
Q = hrA (Ts - Ta); (5.6)

then by setting Eg. (5.6) equal to the second term on the right side of

(5.1), the effective radiant heat-transfer coefficient may be calcu-

h, = 0.173F;, (Lo 2 1;Oh60> <T T;OM)O> B (5.7)

([l
8

lated bLy:

If the surroundings are large as compared with the cask, then Flz ma.y
be approximated by &, the emissivity of the cask surface. After substi-
tuting ¢ for F,,, the solutions to Eq. (5.7) and Eq. (5.L) are plotted in
Fig. 5.5 as a function of (TS - Ta) =

Li. Find the Surface Emissivity. The proper value of ¢ may be
selected from Table 5.2.

5. Solve Eguation (5.2). Select a T, to determine AT; then, with
the ¢ determined above, find hC and hr from Fig. 5.5. Add these coeffi-
cients, as in Eq. (5.5), and evaluate Eg. (5.2) using the assumed AT.

If the QT that is determined in this manner does not equal Qd + Qs, steps
3 through 5 must be repeated assuming a different value for TS

Analysis of a Finned Cask. — For finned casks, the procedure to be

used for the prediction of the cask surface temperature is more involved.

The recommended trial-and-error procedure is as follows:

1. Compute the Heat Transfer Area. The area for convection does

not equal the area for radiation in the case of finned casks. For the

cask shown in Fig. 5.6:
= (nDO - nfyo) L + e (22LY) , (5.8)

where
Do = cask outer diameter, fi

nf = number of fins
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v, = fin thickness, 1,

L = cask length, ft,

n = fin efficiency (see step 5),
¢ = fin height, ft,
L' = fin length, ft.

ORNL Dwg 67-11688RlI
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Fig. 5.6. Longitudinally Finned Cask Oriented Vertically.

For a cagk with circumferential fins of rectangular profile oriented

horizontally (see Fig. 5.7),
_ _ 2 _ .2
Ac nDO (L nfyo) + 27 (rL ro) nem, (5.9)
wnere

Mg = fin efficiency for circumferential fins.

Equations (5.8) and (5.9) imply that the effective convection and radia-

tion area is independent of fin spacing. Although this is not actually
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true, the error incurred in neglecting the spacing effect is within the

accuracy expected in this calculation.

ORNL DWG.67-11702 Ri

D ¥

Fig. 5.7. Circumferentially Finned Cask Oriented Horizontally.

-

The radiative heat transfer area of the finned cask is assumed to be
the "string" area of the cask; this is the area of the total cask enve-

lope, which, irrespective of the type of fin, can be calculated by:

Ar =7 (DO +24) L. (5.10)

2. Determine the Effective Emissivity. OSince, for finned casks,

the sides are considered cavity-type radiators,*®

£ = ) (5~11)
1 + (1—--1
-~ 1)

where
¢, is the surface emissivity of the cask shell and fins,

s is the average face-to-~face distance between fins, and

S is defined as:
S = 5 + 2'8 . (5112)

Typical values for ¢  are given in Table 5.2.
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3. Assume a Cask Surface Temperature, TS.

li. Determine the Convective Heat Transfer Coefficient, Use Fig. 5.5.

5. Calculate the Fin Efficiency as Indicated in Step 5 for Finned

Casks. The useful heat transfer area is dependent on the fin efficiency

1, which, in turn, depends on the convective heat transfer coefficient.
Figure 5.8 is based on the following two equations®® for longitudinal

fins and can be used for any materials of construction:

~ tanh(b)
- tam(p) (5.13)

where

2h
c
kyo

b = fin parameter = £ , and

k = the thermal conductivity of the fins.
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Figure 5.9 can be used to determine n for stainless steel fins by
first calculating b/¢ and, if ¢ is known, then computing b. Substitu-
ting b in Eg. (5.12) (or utilizing Fig. 5.8) will yield a value for n.
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Fig. 5.9. Graph of (Fin Parameter/Fin Length) for Iongitudinal
Fins of Rectangular Profile, 304 Stainless Steel.

If circumferential fins of rectangular profile are used, a correc-
tion factor, Ar, must be added to Eq, (5.1Lh) (see Fig. 5.10); that is
Ne =M * &n - (5.14)

ORKNL DWG 67-9785 RI
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Fig. 5.10. Reduction Term An for Circumferential Fins of
Rectangular Profile, e =M + A,
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After n and/or "o has been determined, the calculations can be com-
pleted since the convective and radiative heat transfer areas have been

completely determined.

6. Solve Eq. (5.1). If the value obtained by solving Eq. (5.1)

does not equal Qd + QS, a new surface temperature must be chosen and

steps 3 through 6 repeated until QT = Qd Q..

Example using Heat Transfer FEquations. Assume that the surface tem-

perature of a circumferentially finned cask must be determined. The cask
is designed to transport two fuel elements from a reactor whose character-
istics are described in the example of Sect. 5.2.1. Suppese that the cask

has the following characteristics:

Material of construction (outer shell and fins) ... 30l SS
Outside diameter of cask, DO S T i 7
Radius from cask center to tip of fin, Ty eeees ... 1.75 £t
Radius from cask center to base of fin, r_ ........ 1.50 ft
Cask length, L ........ O i
Number of fins, Ny ........... e Ceieeieeeena.s 5l
Fin length, 2 .......... e 0.25 £t (3 in.)
Fin thickness, ¥  ..oeovevrerrineniiienain.. ... 0.0208 ft

(0.25 in.)
Approximate fin spacing (center to center) ........ 0.167 ft

(2 in.)
Fin width, L' oovuvnenrnennns e ceveie.. O TE

First, the heat load, Qd + Qs’ should be calculated. From the ex-
ample in Sect. 5.2.1 for fuel cooled 120 days, Qq * (2 assemblies)
(3.25 kw/assembly) = 6.50 kw.

The solar heat load, Qs’ varies with the season, the latitude, the
weather, etc. Assuming that the cask will be transported at a latitude

of 1j2° during the summer solstice, an average heat load can be calculated.
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Because of the cyclic nature of the solar heat load and the large
thermal capacity of spent fuel shipping casks, it seems reasonable to

average the total load over 2l hr.

Integrating the curve denoted as "normal" in Fig. 5.3 gives 34L5
Btu/ft®-day; this equals 1Ll Btu/ft®-hr or L2 w per square foot of pro-
jected cask surface. The total éolar heat load is, therefore, (3 ft)
(9 £t) (0.042 kw/ft®) = 1.1 kw.

Proceeding step by step, as previously indicated for a finned cask:

1. From Egs. (5.9) and (5.10),

A, = n(3)[9 - 5k (0.0208)] + 2n (1.75% - 1.50%) 5l
= Th.3 + 276, T2
Ar = (3 + 2 x 0.25)9

i

99 £t%

2. Determine the effective emissivity using Eq. (5.11),

s =2 - 0,25 =1.75 in.%/in.
S =1.75 +2(3) = 7.75 in.%/in.
s _1.75

A value for e, My be obtained from Table 5.2 or other suitable

reference. For partially weathered stainless steel:

z 0.5 .

& =
r

Thus,

and from Eg. (5.11),

1
g ~m§~6~9.81h .

3, Assume TS = 200°F,



.

UL

[nn
Since T_ = 130°F, AT = 70°F, and, from Fig. 5.5,
h = 0.787
c
From Fig. 5.9, for Yy = 1/l in. and h, = 0.781 ,

- 2.8 £y 5

S ies

hence
b =2.8 (0.25) = 0.700 .
Using Fig. 5.8 for b = 0.700,
n = 0.87
From the cask geometry,
r

o _1.50 _
- —‘T"",?*;-O.BS’?

=

From Fig. 5.10 for ny = 0.87 and ro/rL = 0.857,

= -0.007
Making the correction for circumferential fins,

ng = 0.870 - 0.007 = 0.863 ;

thus,

Ac = 7.3 + 276 (0.863) = 312.5 ft=

From Eq. (5.1), the solution for Q yields:

Q = (0.781)(9312.5)(200 - 130) + 0,173 (0.814)(99.0)[6.6* - 5.9%]

]

7.81 kw .

Qe = 26,6L7 Btu/hr

T

i

Since QT =Q, +Q 6,50 + 1.1 = 7.6 kw, the cask surface

d s
temperature is slightly lower than the 200°F value assumed.
By repeating steps 3 through 6, a temperature of 199°F is

found to dissipate the requisite amount of heat.
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5.l TInternal Heat Transfer

Present regulations do not place a limit on the maximum temperature
of a spent fuel element during transport. What they do require is that,
under normal conditions of tranmsport, no radicactive material be released
from the containment vessel. Under the hypothetical accident conditions,
some activity release, up to specified limits, may be tolerated. It is,
therefore, prudent to keep fuel element temperatures as low as possible
and, if coolant is lost, below temperatures which are capable of causing

cladding failure.

It is worth noting that the regulations do not require a loss~of-
coolant assumption; however, if fuel temperatures are calculated by as-
suming that the coolant will be retained under accident conditions, the
assumption will have to be fully justified in the accident analysis of
the cask.

The internal heat transfer analysis involves consideration of the
transfer of the decay heat (generated in the fuel elements) through the
fuel cladding, the primary coolant region, the cask inner shell, the bio-

logical shield region, and the cask outer shell.

For calculations of this type, water, the usual liquid coolant, is
often considered to be absent since it may be difficult to guarantee the
retention of coolant under accident conditions and it is important to
know the maximum temperature that will be reached under loss-of-coolant

conditions.

In some cases it will be desirable to enclose each fuel element in

a canister, although canned fuel elements often impose economic penalties.
Such a canister becomes the primary line of containment, and the cask's
main purpose is then to shield and transfer heat, and to provide a sec-
ondary line of containment. This system has the disadvantage of increas-
ing the temperature difference between the fuel and the cask surface for
a given amount of heat that must be transferred; however, the increased
capability of containing the radiocactive material may offset this. Pres-

ently, few cask designs employ this containment philosophy.
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In order to investigate the effects of changing several possible
parameters on the heat transfer inside a cask cavity, Battelle Memorial
Institute calculated temperatures of an array of fuel elements contained
in a lead-shielded spent fuel shipping cask. Their data were developed
using the heat transfer computer code THTC,%! which considers conductive,
convective, and radiative heat transfer simultaneously and determines

steady-state temperature distributions by a relaxation technique.

The overall geometry upon which the nodal network was based (see
Fig. 5.11) was defined as a }j5° wedge with two adiabatic boundaries.
This system permits simultaneous radiative, conductive, and convective
coupling throughout the cavity and biological shield. The external am-
bient conditions were assumed to be 130°F. An emissivity and a solar

absorptivity each equal to 0.5, were chosen for the exterior cask surface.
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The study for a 3 x 3 fuel assembly array assumed the following con-
ditions: (1) loss of all ligquid coolants, (2) steady-state conditions,

and (3) uniform heat generation per fuel rod.

Figure 5.17 depicts a schematic drawing of one case in which the cask
contains nine fuel assemblies per cask and each assembly contains thirty

six 0.55-in.-diam fuel rods having a center to center spacing of 0.72 in.

A second case was studied in which the number of fuel rods was in-
creased to 1Ll per fuel assembly; each rod had a diameter of 0.20 in. and
a center-to-center spacing of 0.40 in. The cask radius in this instance
is only about 1 in. greater than that in the first case. Data indicating
the maximum temperature of the centermost fuel rod as a function of linear

heat generation in the rods is shown in Fig. 5.12.
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Fig. 5.12. Maximum Temperatures as a Function of Linear Heat
Generation.

Pertinent conclusions that may be drawn from the data are:

1. As the heat generation rate per unit length increases, the
maximum fuel rod temperature increases exponentially to

approximately the 0.43 power.
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2. Welding of the basket web to the cask shield inner liner (or
inner shell) apparently does not significantly affect the

maximum rod temperatures.

3. Increasing the basket web thickness from 1/l in. to 3/L in.
results in a significant decrease in maximum rod temperature;

this decrease was about 200°F for the case analyzed.

L. If the fuel assembly linear heat generation rate is constant,
an increase in the number of fuel rods in the assembly (keep-
ing the fuel assembly approximately the same size) does not
significantly increase the maximum rod temperature. One of
the reasons for this is that, as the number of rods per fuel
assembly increases, the heat source per rod decreases propor-

tionally.

Note that the temperatures presented in Fig. 5.12 are equilibrium loss-

of-coolant temperatures. The time required to attain these temperatures
may vary from hours to days, depending upon the cask geometry, the heat

capacity, and the heat load from the fuel elements. It may be possible

to show that corrective action can be taken before equilibrium tempera-

tures can be reached; in such instances, temperatures below eguilibrium

values may be used when the fuel cladding creep rupbure strength is

analyzed,

5.45.1 Calculation of Fuel Rod Temperature

The fuel rod temperatures determined above (under loss of coolant
conditions) were calculated by using the THTC code. This code can be
expected to give reasonably accurate data although it is sophisticated
enough to require the assistance of a programmer knowledgeable in the

code.

Watson has developed an applicable code that is simple and rapid
but assumes that heat is transferred by radiant exchange only.® The fuel
element assembly which is examined must have an even number of fuel rods

in a square array. Input data consist of the number of rods in each row,
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the wall temperature, the heat generation rate, the pin emissivity, the
tube radius, and configuration factors; values for the latter factors are
given in ref. 5. The code can calculate the steady-state temperature
distribution for an 8 x 8 fuel pin array in less than 15 sec, using the
IEM 7090, The time will increase exponentially with the number of rods
in the fuel assembly. :

This code, generally gives conservative results for low linear heat
generation rates., At high heat generation rates, non-conservative results
are obtained because of the method used for calculating the grey body
factor. These factors can better be calculated using the method outlined
by Klepper®® and can, with a little effort, be used to modify Watson's

code.

5.4.2 TFuel Rod Failure Temperatures

The shipping cask and fuel element temperature calculations must be
combined with a fuel rod failure analysis to determine whether the release
due to fuel rod failures under accident conditions is less than that im-
posed by the regulations. The objective of such an analysis is to ascer-
tain the amount of time a power reactor fuel element must remain in the
on-site spent fuel pool before being shipped. As this cooling time prior
to shipping increases, the chance of fuel rod rupture (and consequent
release of radiocactivity) during an accident decreases. However, eco-
nomic considerations dictate that the fuel should be shipped as quickly
as possible. The following analysis will illustrate one method for deter-
mining the minimum cooling time that is required for shipping spent fuel

for a typical power reactor fuel assembly.

The cause of fuel rod cladding failure during shipment is likely to
be overheating due to inadequate heat removal. At the higher tempera-
tures, internal gas pressure from gaseous fission products may cause
stresses that exceed the strength of the cladding material at those tem-
peratures. The fuel elements can, therefore, be assigned a "failure
temperature," which is defined as the temperature at which the cladding

is expected to rupture, thereby exposing the contained fuel and fission
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products to their environment. This temperature will determine the length
of time that the discharged fuel must remain at the reactor site prior to
shipping and will thus affect the economics of the fuel cycle. If the
cask cannot be guaranteed to remain sealed during exposure to the accident
conditions specified in the regulations, then any fission products that
contaminate the coolant can be released to the environment; the release

limits are given in Table 5.1.

The temperature at which a fuel rod fails is dependent upon the pres-
sure that is generated inside the fuel rod; in turn, the pressure generated

inside the fuel rod is dependent upon the following:

(1) Amount of fission gases released from the fuel during

irradiation.

(2) 1Internal void volume which has been designed into the

fuel element to accommodate the released fission gases.

(3) The temperature of contained gas after liquid coolant
is lost. This temperature is assumed to be equal to

the maximum cladding temperature.
(L) The ductility of the cladding.
This temperature can be estimated by the following analysis:

The hoop stress in a long, thin-walled cylinder, such as the fuel

rod cladding, 1s given by:

P

=

o= (5.13)
where

P = internal pressure, psia,

D = rod diameter, in.,

t = wall thickness, in.

The internal gas pressure, p, in the fuel rods may be calculated from the

following equatiomn:

T
P-(Pf+P) T (5.16)
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where
P = total gas pressure, psia,
P! = pressure at TO resulting from 100% release of gases from pellets,
f = fraction of gases released from pellets to plenum,
Po = initial fill pressure at To’
T/T0 = ratio of existing to base temperature, °R.

The value of P! can be estimated®” using the perfect gas law

pr - Lko MBI (5.17)
where
1.45 = total gas generation, gm atoms/GWD,
E = exposure, GWd/metric ton;
R = gas law constant,
= 0.8l psia - in¥gm-mole °R,
T0 = specific gas collection volume, in.®/metric ton

The number of mols of fissioﬁ gas generated in fuel rods, assuming only
stable isotopes of xenon, krypton, and iodine are important, was found

to be independent of specific power and cooling time and dependent only
on the total burnup in the fuel. The gas volumes shown in Table 5.3 were
calculated without allowance for the volume displaced by springs, etc.,
and without allowance for pellet dishing on the ends. They are character-
istic of the fuels presently being designed. The diametral gap volume

is assumed to be the cold clean gap.

The fraction of fission product gases released from the pellets, f,
contributes to the pressure bulldup in fuel rod volume available for gas
accumulation. This fraction may be estimated from Fig. 5.13 in which is
plotted the percent fission gas released vs the local linear heat genera-

tion rate.®t

The release is a function of the local operating temperature
of the fuel which has been correlated with the local linear heat genera-

tion rate; the correlation appears to be well within required accuracy.



100

50

20

o

PERCENT 8 FISSION GASES RELEASED

152

ORNL DWC 69-8424

[ [ [ I I [ ]
! : ’ ‘ | pam—
AN
\ AN\
AP
\
AV
LAY
i \\4
@V
A\Y
} AN
AN L .
| I
[0] 100 200 300 400 500 600 (w/cm)
0 3 [ -] 12 15 l (kw 7ft)
LOCAL LINEAR HEAT GENERATION RATE
Fig. 5.13. U0, Pellet Fuel Fission Gas Release.



153

Table 5.3. Fuel Pin Gas Collection Volumes®”

Without Diametral Gap With Diametral Gap

V' in.%/ V' in.%/
Fuel V in.® metric ton V in.® metric ton
BWR-65, 66 2.1h 532 3.2l 805
BWR-67 3.115 785 L .22 1065
PWR-Cy 3Ll 162
PWR-Diablo Canyon 178 213 1.03 160
PWR-Rancho Seco .93 L5 142 650
PWR-Calvert Cliffs . 706 351 1.20 596

V = Volume per fuel pin

The horizontal line below approximately 250 wétts/cm is caused by
gas buildup due to recoil nuclei and occurs no matter what operating tem~
perature exists in the reactor. The spread of data is caused primarily
by variations in the U0, pellet density and local temperature variations.
Figure 5.13 provides a reasonable estimate of the fraction of gas released
and can be used to estimate the pressure buildup as a function of fuel
element temperature. Information found in ref. 32 indicates that, within
the range of data shown, the level of burnup of the fuel appears to have

no effect on the fractional fission gas release.

In order for the fuel cladding to rupture, the internal pressure
must exceed some critical value. Estimates of the stress properties for .
Zircaloy-li, and 3L7 stainless steel as a function of temperature are
given in Fig. 5.14. (The curves for Zircaloy-l can be applied to Zircaloy-
2). Unirradiated material properties were used for these metals since
irradiation affects will be annealed out at temperatures above 800°F. if
the nvt is less than 10%%, TFor higher nvt values there is an indication,
as yet not quantitative, that some material properties may be permanently
affected.
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In order to predict the temperature at which the cladding will rup-
ture, the strength of the cladding at specific temperatures must be known
as a function of internal gas pressure. This can be estimated by plotting
the clad stress produced as a function of internal gas pressure [using
Eq. (5.15)] on a graph of clad stress plotted as a function of temperature.
A temperature-pressure plot of critical strength properties may be made
from these data as demonstrated by the solid lines in Fig. 5.15 which were
derived from Fig. 5.1L. (Note that Fig. 5.15 applies to rods whose D/t

ratio is 16.)

The buildup of pressure as a function in temperature was plotted as
a dotted line in Fig. 5.15 by using Eq. (5.16). The interpretation of
the creep rupture curves in Fig. 5.15 is as follows: If the temperature-
pressure relationship in the fuel rod cladding is held at any point on the
creep rupture curve for the appropriate number of hours, the cladding will
rupture. A family of curves is presented to show the effect of the time
that the cladding is held at the increased temperature condition. The
intersection point between the fuel rod pressure curve and the creep rup-
ture curve of interest defines a limiting cladding temperature below which
no rupture is expected to occur during the time of creep rupture. The
cladding temperature for the example is the equilibrium loss-of-coolant

temperature.,

At this point Fig. 5.16 can be plotted, which shows the decay heat
ve cladding temperature for the conditions assumed in the cask cavity.
If it is desirable that no fuel rods rupture under loss-of-coolant condi-
tions, then the desirable maximum temperature limit (as determined from
Fig. 5.15), when applied to Fig. 5.16 at the point of hottest center rod,
will indicate the maximum decay heat allowed in the cask such that the

hottest center rod will not exceed the rupture temperature limit.

If a certain number of rods could be allowed to rupture (and still
meet permissible contamination limits of the coolant), the cooling time
of the fuel could be shortened to account for the increased decay heat
limit. The following example will illustrate the use of these curves
in evaluating the minimum time that the first load of fuel elements must

be cooled prior to shipping.
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Assuming that the U0, fuel elements are clad with 347 stainless steel
and the cladding has a D/t ratio of 16, Fig. 5.15 can be constructed from
Fig. 5.14 (note how temperature points are constructed for a gas pressure
of 2000 psi).

Assume that the U0; fuel, originally filled with 32-psig helium at
70°F, has a plenum volume of 520 in.®/metric ton and is burned to 30,000-
Mwd/metric ton. If the base temperature is 70°F and the fuel has operated
at a maximum linear heat generation rate of 12 Kw per foot, then from

Eq. (5.17):

po2 (L5 (30)(U0.8L) . :
pr = 1520) = 1808 psi.

From Fig. 5.13 a conservative value for f = 0.2} and, from Eq. (5.16),

P _ [(1808)(0.2L) + 32]

T EE = 0.879 .




158

The curve of P = 0.879T (where T is in °R) is also drawn in Fig. 5.15.

If it is possible that corrective action, such as artificial cooling,
could take place within 10 hr after the elements reach equilibrium
temperature following an accident, then the hottest rods could reach
1290°F without any ruptures. The time to reach this equilibrium tempera-
ture following the loss-of-coolant accident can vary from several hours
to days, depending upon the heat load, heat capacity of the cask, geome-
try of the fuel, etc.

Figure 5.16 shows the cladding temperature as a function of the
decay heat of the fuel element; it can be developed in a manner discussed
in Sect. 5.l. Many of the fuel rods in a cask will be at about the same
temperature due to the symmetry of the elements in a cask. This figure
indicates the fraction of fuel rods in the cask that are above a given

temperature.

Figure 5.17 is a typical plot of the decay heat in a fuel shipping
cask as a function of cooling time. A family of curves could be con-
structed for different fuel element burnups or different fuel elements

if subsequent fuel cycles significantly change this curve,.

The maximum temperature of 1290°F (determined previously) when im-
posed on the curve of cladding temperature vs decay heat of the fuel ele-
ment (Fig. 5.16), makes it possible to determine the maximum allowable
fuel element decay heat for any number of fuel rod ruptures. An analysis
must be made at this point to determine the amount of activity that would
be released from a given number of ruptured fuel rods. The objective, of
course, is to ascertain the number of fuel rods that can rupture and still
insure adherence to the release limits in the regulations in the event
that the cask should leak. The requirement of no failures due to high
temperatures indicates a maximum decay heat load of 12.5 kw (Fig. 5.16).
This can be expressed in terms of a minimum cooling time (132 days) by
using Fig. 5.17. If the activity release analysis permitted one-third
of the fuel rods to rupture, the decay heat could be allowed to increase
to 13.7 kw (according to Fig. 5.16), which is equivalent to 105 days
cooling time (Fig. 5.17).
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The numbers presented in Figs. 5.16 and 5.17 are arbitrary and for

illustrative purposes only.
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5.5 Fire Analysis

In the analysis of transient heat transfer, many methods are avail-
able for obtaining approximate temperature distributions through the use
of mathematical models. These range from one-dimensional models that
cannot account for a change of phase (which may be handled using finite
difference solutions) to three-dimensional models that can account for
melting (for which sophisticated computer codes have been written). The
following paragraphs present a brief survey of methods that have yielded
acceptable results in analyzing the response of a cask to a 0.5-hr fire.
The fire will affect: (1) the strength of materials of construction,
(2) the ability of the cask to shield the contents during and after the
fire, (3) the cask seal, and (L) the mobility of the radicactive mate-
rial in the cask. An analysis of the cask involved in the specified fire
must aim at determining whether the cask can maintain its shielding and
sealing characteristics. Certainly, criticality must also be considered
since the fuel or poison plates could change position or form; however,

in general, high temperatures will not create a criticality problem.

In attempting to assess the damage that a fire is capable of inflict-
ing on a cask, many techniques have been employed. The objective of most
of these methods is to determine: (1) the temperature profile through
the cask shield as a function of time, (2) the maximum fuel element tem-
perature, and (3) what portion of the shield, if any melts. This infor-
mation may then be used, in principle, to estimate (1) both thermal and
mechanical stresses that are induced in the outer and inner shells, (2)
the ability of the cask seal to be maintained, and (3) the amount of

fission products that may escape from the fuel to the primary coolant.

The techniques of analysis will be somewhat affected by the pecu-
liarities of the cask to be analyrzed. Several instances in which un-
irradiated material was to be transported in an insulated container and
a one~dimensional analysis was considered adequate, graphical methods
were employed to calculate the temperature profile through the cask as a
function of time. These methods are often relatively simple, rapid, and
accurate., A complete description of the theory and method may be found
in refs. 1l and 18.
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5.5.1 Graphical Method

The graphical technique discussed here, known as the Schmidt method,
is relatively simple even when the boundary conditions become complicated,
but is limited to temperatures below the melting point of the cask mate-
rials.

[

The one-dimensional, unsteady-state equation,®® which applies to heat

conduction in a thick-walled cylinder, is:

AT 3%T 1 3T
3 <3r2 T Toar)® o (5.18)

where T is temperature, 9 is time, a is the thermal diffusivity, and r is

the radius. This equation may be transformed into the finite difference
Eq. (5.19):

T t T t
T t+1 T t 2aA0 ( n+l”’ + n<l _ Tnt> )

n n (ran)2 \ 2 (5.19)

To use Eq. (5.19), the walls of the cylinder must be subdivided into con-
centric cylinders of constant thickness (Ar), and the temperature at the

points between these intervals is determined as a function of time.

In Eg. (5.19) the superscripts indicate the number of time incre-
ments (A6's) that have elapsed; the subscripts indicate the position
through the cylinder wally and An = Ar/r.

Assuming that the thermal diffusivity of the system remains constant

over the temperature range of interest, and choosing A9 or rin such that

2ang
o2 = L (5.20)
then Eq. (5.19) becomes
T t T t
p W oml g el (5.21)

which indicates that the temperature at position n and at time increment
t + 1 is equal to the arithmetic mean of the temperatures at position

n + 1 and n - 1 measured at time increment t. This, therefore, permits

a stepwise caleulation of temperature as a function of time and tempera-

ture history.
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Fxample., — A container, which is designed to transport unirradiated
fissile material (see Fig. 5.18), was built by inserting Foamglas:# insu-
lation into a 30-gal drum. It was fire tested by placing it into an oven
that had been preheated to 1725°F and measuring both inside and outside
surface temperatures as a function of time.®® The container was removed
from the furnace at the end of 1 hr,.

The temperature of the inner surface was calculated by the Schmidt
method, using the measured outer surface temperature as input data and

assuming that there were no end effects.

ORNL DWG. 68-872 RI
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Fig. 5.18. Y-12 Foamglas Insulated Shipping Container.

The insulation was divided into six 1-in.-thick cylinders; an, cal-

culated for each cylinder (see Table 5.), was used to graphically deter-

mine the temperature as a function of time (see Fig. 5.19).

*Trademark of Pittsburgh Corning Co.
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Table 5.l. Determination of An

Radius, r (in.)

Segment No. Inner Outer Mean An = %E
1 5 6 5.5 0.182
p) 6 7 6.5 0.15k
3 7 8 7.5 0.13)
L 8 9 8.5 0.118
5 9 10 2.5 0.105
6 10 11 10.5 0.095
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The thermal diffusivity, a, of Foamglas at room temperature is given
as 0.0175 f£+°/hr. The average temperature of the insulation during the
fire is in the range of }00°F, and the thermal conductivity is known to
increase appreciably with temperature. For these reasons, a was assumed
be be 0.0278 £t%/hr. This number seems reasonable and, when used in

Eq. (5.20), gives a convenient value for Af:

A8 = (ran)=/2a = [1/12]%/[(2)(0.0278)]

0.125 ar = 7.5 min.

i

Equation (5.21) is solved graphically in Fig. 5.19.

The calculated value of the ianer surface temperature as a function
of time is compared with the measured inner and ouber surface temperatures
in Fig. 5.20. Agreement between the calculated and the measured results
is reasonably pood although the maximum calculated temperature is about
60°F below the measured maximum. End effects, which were not taken into
account, undoubtedly contributed to this error. Greater accuracy could
have been obtained by decreasing the thickness of the slabs (Ar), thereby

shortening A6 and/or treating the package as a sphere.
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5.5.2 Analog Method

An electrical analog network for a thermal analysis of a lead-
shielded cask under fire conditions has been reported by Bonilla and

Strupczewski .=°

Their analysis can account for fins, an external fire
shield, a fire shield situated inside the lead, and both convective and
radiative heat transfer at the outer surface. Their network deces not
allow for internal (decay) heat generation although it would not be

difficult to add to the program.

Bonilla and Strupczewskl obtained some interesting albeit not sur-
prising, results in their analysis of a lead-shielded MTR shipping cask.
An external asbestos fire shield greatly reduced the cask temperatures
resulting from the fire environment to the point that, in the absence of
a high wind velocity, very little lead melted after a 1-hr exposure; for
comparison, melting of the lead was complete after 1L min without the
shield.

The use of steel thermal shields placed in the shielding cavity was
also considered. In a fire, the lead between these steel shells would
melt and flow away through drainage holes provided in the lower part of
the cask. The resulting voids would constitute a thermal shield for the
remaining portion of the lead. Results indicated that, with four such

gaps, complete melting of the remaining lead required about L5 min.

5.5.3 Energy Balance Method

An empirical method for calculating the inner and outer shell tempera-
tures and the ampunt of lead that melts in the specified 30-min fire has
been froposed by Wachtell and Langhaar.®* This method, based on a heat
balance deduced from both theory and experiment, is essentially a one-

dimensional analysis; however, it does account for melting in cask corners.

This method has several advantages. First, it is relatively simple
and rapid and does not require a computer. Second, it takes into account
the convection of molten lead; that is, vertical temperature gradients,
found in actual fire tests of lead-shielded casks, are calculated. Third,

the superheat of molten lead before all the lead has melted is recognigzed
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and considered, Experimental results have shown that, during lead melt-
ing, the molten portion is considerably hotter than 621°F, the melting

temperature of lead.

Disadvantages of the method are that the temperature gradients
across the shield cannot be calculated as a function of time (although
ways of doing this are suggested in ref. 2l), and that fins are ignored
with regard to heat transfer from the fire to the cask. The latter dis-
advantage will probably not pose a severe limitation if the cask being
analyzed is at least of moderate size; tests tend to confirm this suppo-
sition. If the cask is small, however, and the fin height comprises an
appreciable fraction of the cask radius (e.g., > 25%), neglect of the
fins could be significant. In addition, the method does not account for
air gaps, fire shields, or other features that would significantly affect
the flow of heat. Nevertheless, in a number of cases, the method can be
useful. The physical constants that may be assumed for these caleula-

tions are tabulated below.

Stainless Carbon  Solid Liquid

Steel Steel Tead Lead
k = thermal conductivity, 11 25 18.6 9.3
Btu/hr-ft-°F
C_ = specific heat capacity, 0.125 0.125 0.0325 0.038
P Btu/1b-°F
o = density, 1lb/ft® 1185 487 687 657
He = latent heat of fusion, 10.55
Btu/1b
Typ = melting temperature, °F 621

In these calculations, time is divided into three intervals: t, to
ty, By to tg, and t; to tyz; t, is the initial time at the start of the
fire test, t, is the time reguired to start melting of the lead in the
center of a face away from the corners of the cask, t, is the time re-
quired to complete the melting of the lead, and t; is the time required
to attain a temperature higher than the melting point of lead. The fol-
lowing steps are required in order to estimate the temperatures of the

outer and inner cask shells:
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Symbol Description Units
WF weight of fins total 1b
LA weight of fins 1b/ft® of outer shell
W&s weilght of outer shell total 1b
W weight of outer shell 1b/ft® of outer shell
is weight of inner shell total 1b
W weight of inner shell 1b/ft® of outer shell
WL weight of lead total 1b
W'L weight of lead 1b/ft® of outer shell
Step 2

The average temperature of the cask under normal operating condi-
tions, T,, must be estimated (see Sect. 5.3). From T, and the curve

shown in Fig. 5.21, the average surface temperature of the cask, Ts

1?2
between time t, and t, may be obtained. The curve in Fig. 5.21 was
drawn using Eq. (5.22):
To . = To* + 2T,° (Typ = To) = 2To% (Typ - Tp)®
1
+ Ty (Typ = To)® + z (Typ - To)* s (5.22)

where TMP is the melting-point temperature of the lead. All temperatures

are in degrees Rankine.

SteE 3
With a fire temperature of 1L475°F (1935°R), a flame emissivity of

0.9, and a cask absorption coefficient of 0.8, as required by the regula-

tions, the average heat flux between the time t, and t, is given by:
Q, = (1935% x 0.9 - TZ_1)(0.173 x 1078)(0.8) Btu/hr-ft° . (5.23)

The value for 51 may be found from the curve shown in Fig. 5.22 if Ts_l

is known.
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Step L
The average temperature of solid lead in the casgk at time t, is
given by:
} Q.D .
TL_:L = 621 3% (5.21)

Where D = the thickness of the lead shield in inches. The value of TL_l

can be determined from the nomograph shown in Fig. 5.23.

Step 5

The average temperature of the inner shell of the cask at time t,
may be calculated from:
. QD -
Tl = 621 - m ()-25)

S~1

The value of Tis , can be determined from the nomograph shown in Fig. s.2h.

Step 6
To determine a value for t,, the quantity of heat absorbed per
square foot of cask surface at time t, must be calculated. The tempera-
ture of the outer shell and the fins must first be calculated by using
Egs. [5.26(a)] and [5.26(b)]. For the outer shell,

0S5~1

7 - 621 + E?%zg , (5.26a)

where y = the thickness of the outer shell in inches.
For the fins,

51x .
TF-—]. = 621 + 12k (5.2613)
These temperatures may easily be found for carbon and stainless steel
materials of construction by referring to Figs. 5.25 through 5.28. TFor
the nomographs, it was assumed that k for carbon steel = 25 Btu/hr-ft-°F,
and that k for stainless steel = 11 Btu/hr-~ft-°F,
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Assuming that W%, Wgs, W&s’ and W£ are the weights of the fins, outer
shell, inner shell, and lead per square foot of outer shell area, respec-
tively, the total heat absorbed per square foot at time t,, H%_l, is the

sum of that absorbed by the parts of the cask. That is,

= g
HL = wf(TF_l - T,)0.125

i}

1 ~
L oes Wbs(Tos-l T,)0.125

i}

! -
is-1 wiS(Tis—l T5)0.125

il

H o= WH(T, - T)0.0325

L-1

]

1 2
HT-l MCpAT Btu/ft

Then t, is given by:

ty, = ——2 , (5.27)

Step 7

The total heat absorbed by the cask at time t, may be calculated

from the egquation

A (5.28)

The amount of lead that is molten at time t, may be estimated by
calculating the heat that would be absorbed by the cask if all the lead
were solid and each component of the cask was at the same average tempera-

ture as it was in step 6.
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If WF, wés’ Wis, and WL are the total weights of the fins, outer
shell, inner shell, and lead, respectively, and if all the lead were
solid, the total heat absorbed by the cask at time t,, H, ., would be

the sum of that absorbed by the parts., That is,

T-1

He | = We(Tp | - T5)0.125

Hbswl - Wbs(Tos—l - T5)0.125
HiS—l - Wis(Tis—l - To)0.125
H =W (T - T5)0.0325

HT—l Btu.
Thus
AHT~1 - H%nl - HT—l

The weight of the molten lead can now be calculated from Eq. (5.29):

My,

L-» ~ (621 - T, _)(0.0325) + 10.55 (5.29)

Yy

Note that if the cask were an infinitely long cylinder or a semi-~infinite
slab there would be no molten lead at time t; because the onset of melt-
ing would be uniform over the surface. Finite cask geometries that have

edges and corners create spots for lead to start melting quickly.

Step 9

The superheat of the molten lead has been estimated to be );.3°F per
vertical inch for a TL75°F fire. The average amount of superheat of the

superheated lead, Tsup is, therefore, given by
T = (L3°F)2 (5.30)
sup ’ 27 )

where h = the vertical dimension of the cask in the fire.



175

Step 10
The surface temperature of the cask at time t, is given by:
Ts—z =Ty, f Tsup ) (5.31)

The average temperature of the outer shell of the cask at time t; is:

=T + T . (5.32)

08-2 os-1 sup

Values of TF—l and TOs , were computed in step 6.

Step 11
The net heat flux absorbed from time t, to t, may be calculated

from

Q = [1935*(0.9) - T;_z} (0.173 x 1072)(0.8) . (5.33)

Values for Q, may be obtained from the curve shown in Fig. 5.29.
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Fig. 5.29. Net Heat Flux Absorbed from Time t, to t; as a Function
of the Surface Temperature of the Cask.
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Step 12

The total amount of heat absorbed by the cask at time tg, H¥_2 (i.e.,

when the lead is completely melted), may be calculated from the following

equations:

HF~2 = WF(TF-E - T,)0.125

Hgon = Wés(Ts~2 - 15)0.125

Higoe = Wygl021 + T 0 - T5)0.125

Hyy = W (621 - T,)0.0325

o = WL(Tsup)O'O38

H“T_z Btu
Step 13
A value for T, may now be computed.
(tz - b)) = ——2——m (5.34)
Qe
tz = tl + (tz - tl) . (535)
Step 0

If time t, is greater than 0.5 hr, then all of the lead will not be
melted at the end of the 30-min fire test. In this event, the quantity
of the lead that is melted may be computed by using Eq. (5.36).

e (5.36)

Wpoe = Wyp oy (W - W
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Step 15

The temperature of the inner shell may be calculated by assuming

that the body of the cask is at a uniform temperature. The total heat

absorbed per °F by the steel and lead in the cask up to the melting

point of lead is given by:

HY = 0,125 (W + W, + W)

H& = Hg + HE Btu/°F .

The heat absorbed at the end of a 0.5-hr period = H¥~

(5.37)
(5.38)

(5.39)

L+ (0.5 - £)Q8 .
(5.L0)

The maximum temperature of the inner shell after the cask has attained

a uniform temperature may then be calculated from:

HS s
T = Ty + ——3

is H%
m-z2

or TMP’

computed without superheat),

whilchever is less, provided that Hﬁ.s isz H

(5.41)

 (where ¥ = X s
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Nomenclature for Energy Balance Method

effective external surface area of cask, ft®

specific heat capacity, Btu/lb-°F

a1

L-1

0s~1

= heat

thickness of lead shield, in.

latent heat of fusion, Btu/lb

heat

heat

heat

heat

heat

heat

heat

heat

heat

heat

heat

heat

absorbed

absorbed

absorbed

absorbed

absorbed

absorbed

absorbed

absorbed

absorbed

absorbed

absorbed

absorbed

absorbed

absorbed

absorbed

absorbed

Btu/°F

total heat capacity of

by

cask fins at time t,, Btu

per square foot of fin at time t,, Btu/ft®

by
by
by
by
by
by
by
by
by
by
by
by
by

by

cask fins at time t,, Btu
inner shell of cask at time t,, Btu
inner shell of cask at time t,, Btu/ft®
inner shell of cask at time t;, Btu
lead to its melting point, Btu/°F

lead at time t,, Btu

lead at time t;, Btu/ft”®

melbting lead, Btu

solid lead to melting, Btu

superheating lead, Btu

outer shell of cask at time t,, Btu
shell of cask at time t,, Btu/ft®

outer

outer shell of cask at time t,, Btu

steel on cask to the melting point of lead,

the cask at temperature below melting

point of lead, Btu/°F

total heat absorbed by

= total heat absorbed by

the cask at time t,, Btu/ft®

the cask at time t,, Btu
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total heat that would be absorbed by the cask if all the lead
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were solid, Btu

heat available for melting lead at time t,, Btu

total heat absorbed by the cask at time t,, Btu

heat absorbed at the end of 0.5 hr, Btu

vertical dimension of cask in fire test calculations, in.

thermal

average

= average

average
°F
average

average

average

maximum
average
melting
average
average
average
surface

average

conductivity, Btu/hr-ft-°F

heat flux between time t, and t,, Btu/hr-ft°

heat flux between time t; and t,, Btu/hr-fi~

temperature of cask under normal operating conditions,

fin temperature at time t,, °F
surface temperature of fins at t,, °F

temperature of inner shell of cask at

temperature of inner shell of cask at
temperature of solid lead at time b,
temperature of lead = 621°F = 1081°R
temperature of outer shell of cask at

temperature of outer shell of cask at

time

time

time

time

tl)

tz,

= welght of cask per unit area of outer shell area, 1b/ft=

F

°F

surface temperature of cask between time t, and t,,

temperature of cask at time t,, °F

temperature of superheated lead, or the increase above

621°F at time t,, °F

initial

time required to start melting lead in center of cask face, hr

time at start of fire test
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AT

W!
is

wML—l
WML- 2

w!
oS

is

180

time required to complete melting of lead, hr

= time required to arrive at a temperature higher than the

melting point of lead, hr

weight of fins, 1b

= weight of fins per unit of outer shell area, 1lb/ft?

differential in temperature, °F

weight of immer shell, 1b

= weight of inner shell per unit of outer shell area, 1lb/ft*

= weight of molten lead at time t,, 1b

weight of melted lead at time t,, 1b

= weight of outer shell, 1b

weight of outer shell per unit of outer shell area, 1b/ft®

thickness of the outer shell, in,

- density, 1b/ft°
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5.5.y Use of Digital Computers in Studying the Thermal Transient
Caused by a Fire

In recent years, digital computer programs have been written to pro-
vide solutions to general and specific transient heat transfer problems.
The development of such programs has been prompted by a variety of reasons
such as to analyze heat transfer in three dimensions, to include tempera-
ture~dependent material properties, and to incorporate time-dependent
boundary conditions. Such codes are valuable in studying the thermal re-

sponse of a cask to the hypothetical fire condition.

The programs have ranged from those which provide numerical evalua-
tion of closed-form analytical solutions of heat-transfer equations to
those which involve direct mathematical models of the heat-transfer phe-
nomena. Some of the characteristics of computer codes that are useful
in analyzing the response of a cask to the hypothetical fire are dis-

cussed below.

Several codes have been developed to obtain a solution to the dif-
ferential heat transfer equations written in finite difference form for
specific geometries., (An excellent reference on the principles used in
finite difference solutions to problems in heat transfer is the text by
G. M. Dusenberre.®®) Examples of these are the FACP®® code and the code
described in a paper by K. H. Veith.®” Whereas both of these programs
are aimed at specific cask geometries, each has limitations in its capa-
bility for providing detailed information regarding thermal behavior.
However, each program provides & reasonably detailed analysis of cask
behavior and is economical from the standpoint of computer memory and

machine time.

A second major class of computer codes is comprised of those based
on finite element representation., The SIFT-TOSS®® and TRUMP®® codes are
examples of general application codes of this type; they are not intended
for use on any specific geometry. Both codes provide for computer input
in terms of physical coordinates that describe material boundaries; the
codes allow the various material volumes to be divided into a large num-
ber of smaller regions, thus providing the flexibility to model a specific

problem.
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The heat-transfer equations in these codes are used to describe heat
flow in a medium, including the ability of the medium to retain heat and
to resist heat transfer in each individual small volume. For each small
time increment, a heat balance is calculated for each elemental volume;
this results in a temperature change for that volume from its previous
temperature. Solutions to the problem of transient heat transfer are
carried out in a manner closely resembling that used in codes based on

finite difference representation of the equations,<®,?7

Severe problems of storage and machine time may result from using
a very finely divided network since such networks reduce the heat capaci-
tance of the individual volume elements. The method of solution used in
the SIFT-TOSS and TRUMP codes requires that the time increment used in
each heat balance be dictated by the smallest heat capacitance used in
the network. BEven with present-day high-speed digital computers it is
not uncommon for the execution time of some analyses to exceed the real

time being modeled.

Some cask geometries may be difficult to model using codes such as
SIFT-TOSS and TRUMP; for example, SIFT~TOSS does not have a mesh genera-
tor for spherical coordinates. The incorporation of mesh generators
into codes like SIFT-TOSS and TRUMP requires relatively large banks,
which, in turn, reduce the number of elements that may be utilized in a
given problem. In order that a larger number of elemental volumes may
be considered, the input generator (SIFT) of the SIFT-TOSS code may be
bypassed and only the TOSS portion used.

In certain cases of analysis, advantages will be found in "building"
a specialized program from a family of subroutines incorporated in prob-
lem-oriented codes such as CINDA-3G.%° This code consists of a series of
numerical routines for solution by direct or iterative methods. This
allows an almost unlimited capability for modeling thermal transient prob-
lems in terms of number of elements considered, and also requires vast

amounts of input to describe a given problem.
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6. CRITICALITY

6.1 Introduction

The criticality evaluation problem considered here is more concerned
with the proof of adherence to the requirement of subcriticality than it
is with the method of maintaining subcriticality. In the interests of
economy and practicality, a shipper should be allowed to exercise any
practical controls he prefers in rendering & system subcritical; however,
he should be prepared to present proof that his controls are adequate.
This chapter deals with the determination of the kinds of evidence that
should be considered as acceptable in proving that a system conforms to

the criticality requirements of existing Federal regulations.

Federal regulations require every shipment of fissile material to
remain subcritical at all times during normal transport, including load-
ing and unloading, and under hypothetical accident conditions leading to
the most reactive credible (MRC) configuration. Tn complying with these
regulations, shippers of irradiated reactor fuels normally carry out a

criticality evaluation of their casks.

Proof of system subcriticality can be satisfactorily substantiated
with an experiment using the fuel in question, arranged in the MRC con-
figuration with respect to the shipping cask design. Many times, however,
such information is not available and proof of subcriticality is based on
calculational methods that often lead to a more conservative design. It
is, therefore, highly desirable to at least have the cask concept in mind
when critical experiments are being performed to obtain information on the
physics of a new reactor core. Under such conditions, additional experi-
ments may be performed to predict the degree of subcriticality expected

during shipment.

6.2 Methods of Prevention of Criticality

The criticality of a system is often discussed in terms of an effec-
tive multiplication factor, keff’ which is defined as the ratio of the

neutron production rate to the neutron loss rate in the system. The cask-
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fuel system must remain subcritical so that keff is less than unity.
This may be accomplished by the adjustment and control of several physi-
cal and nuclear variables that either limit the neutron production rate
(i.e., fission rate) or provide an adequate neutron loss rate (capture
plus leakage). These variables are:

1. Mass of fissionable material
2. Degree of moderation

Internal geometry details

3

L. Parasitic poison effectiveness
5. Geometrical shape of assembly
6

Reflector effectiveness

Control of the first three variables can serve to limit the fission
rate either by limiting the amount of fissionable material or by control-
ling the energy and spatial distribution of the neutrons that cause fis-
sion. The second, third, and fourth factors may be adjusted to provide
an adequate neutron loss rate through neutron capture, while the second,
fifth, and sixth variables may be controlled to achieve the desired neu-

tron leakage.

6.2.17 Application

The shipment of MIR-type fuel from the Swedish AER?2 reactor is an
example of a shipment in which the mass of fissionable material was the
primary criticality control. Previous experiments at 0Oak Ridge had shown
that, under optimum conditions, 2.5 kg of *®®U in MTR-type fuel elements
would be required for criticality. The cask for the Swedish shipment was
designed to hold nine fuel elements. The particular fuel to be shipped
contained 200 g of =°°U per element, or a total of 1.8 kg. It was clear
that this shipment was (and would remain) subcritical by virtue of a

limited mass.

Fuel assembly geometry is usually fixed by the reactor design and
is not altered for shipment. However, spacing between assemblies is some-

times changed to permit a less reactive separation. In this case, one
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should note that the critical experiments that are performed during the
reactor design may no longer be applicable to the cask-fuel assembly sys-
tem unless they are performed using the geometry in question. Also, if
the fuel assemblies are placed in an awkward or irregular geometry, the

difficulty of a criticality evaluation is increased.

Moderation as a primary criticality control has been used for the
shipment of large quantities of UF.'; however, it has not often been used
in the transportation of reactor fuel elements. This 1s due to the diffi-
culty of guaranteeing the presence or absence of a moderator in the cask
in the event of an accident. Since uranium enriched to less than approxi-
mately 5% in *°°U requires a moderator to make the system critical, limited
moderation could serve as a criticality control parameter when the absence

of moderation is assured.

Reflector effects are not normally used to control criticality be-

cause systems in casks are essentially fully reflected.

It is important to recognize that certain thicknesses of lead, steel,
uranium, and similar shielding materials can be better neutron reflectors
than water alone. Some calculations made by Battelle Memorial Institute,®%
Battelle Northwest,®* Westinghouse,®® and ORNL indicate that, depending on
the geometry of the fuel considered, an increase in keff can occur when an
infinite water reflector is replaced with a water-metal combinations; for

lead the increase may be 0.06 or higher.

The criticality control technique that has practical application in
fuel transport is the use of fixed heterogeneous poisons. ZLarge reductions
in reactivity can be achieved with properly fabricated casks containing

fixed neutron absorbers.

To be effective as the primary criticality control method, both the
presence of the poison and the effectiveness of the poison must be guaran-
teed. Physical and chemical processes that could alter these two require-

ments include:
1. Selective leaching of the poison by coolants

2. Melting and redistribution of the poison
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3. Mechanical fracture and redistribution of the poison
L. Loss of moderation near a thermal-neutron-absorbing poison
5. Failure to install the poison

The decay heat from irradiated fuel or large heat loads imposed by
a fire could melt or soften a poison and change its geometry, thereby
reducing its effectiveness. Such undesirable effects must be considered
when using Boral (B,C particles in aluminum), which softens below 800°C,

or boron-impregnated polyethylene, which melts at about 100°C.

In addition to Boral and boron polyethylene, stainless steel clad
boron, boron--stainless steel alloy, stainless-steel-clad cadmium, cadmium-
copper, and cadmium-aluminum alloy have been used as poisons. The latter

two materials have excellent heat transfer properties.

An example of a cask in which a heterogeneous fixed poison consti-
tuted a primary method of criticality control is shown in Fig, 2.37.
This cask is capable of transporting 2l MTR-type fuel elements in two
vertically stacked baskets. The central divider plates are constructed
of Boral,

Liquid poisons are generally considered to be an unsatisfactory
method for controlling the criticality of a fuel shipment because of the

potential leakage problem that accompanies all shipments,

6.3 Normal Conditions of Transport

The purpose of a criticality analysis of a cask or transport system
operating under normal conditions is to identify the nuclear characteris-
tics that are expected to prevail during shipment and, in addition, to
provide a point of departure for establishing the MRC condition that might
reasonably result from an accident during transport (see Sect. 6.). Nor-
mal conditions of transport are presented in annex 1 of the AEC Manual,
Chapter 0529, and involve such environmental conditions as heat, cold,

pressure, vibration, water spray, impact, and compression.

As part of the normal conditions of transport, the following factors
should be considered:
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1. Any differences in normal transportation and normal loading
or unloading environments; that is, fuel is occasionally

shipped dry but loaded or unloaded under water.

2. The expected configuration of the fuel-poison system. Is
breakage, crumbling, or movement of the fuel, poisons, or
supporting structural materials expected as a result of
the vibration sustained during transportation and/or normal
handling procedures?

3. The fissile classification for the shipment should be estab-

lished in accordance with regulatory requirements.®™*

li. Dropping a fuel element during loading and unloading.

$. Changing the degree of moderation by adding fuel to, or

removing it from, a cask.

6. Structural irregularities and heterogeneities that will
exist in the inner cavity and that cannot or will not be
rigorously represented in nuclear calculations and other

forms of criticality evidence.

7. The actual reflector system during transportation; for
example, 1 in. of water surrounded by 1/2 in. of steel,

which is, in turn, surrounded by 9 in. of lead.

8. Expected corrosion in the inner cavity, which could result

in redistribution of the fuel or poisons.

6.3.1 The Fresh Fuel Assumption

A criticality analysis should be made for the case where the fuel is
in the most reactive condition in which it will be transported. If the
reactivity of the fuel system continuously decreases with exposure, which
is often the case, the nuclear analysis should be based on a cask contain-
ing fresh fuel unless there is no chance that a full load of fresh fuel
might be stored or shipped in the cask. Usually, criticality analyses
for the commercial thermal power reactors are made on this basis because,

in addition, the physical form and the composition of fresh fuel are
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known more accurately than those of irradiated fuel, Also, evidence of

the behavior of a fresh fuel syslem may already be available from core
design experiments and calculations. Moreover, the fresh fuel assump-

tion could be quite realistic if it becomes necessary to remove and ship
low-burnup fuel unexpectedly because of mechanical or other problems.

If the reactivity of the fuel system increases at any time during irradia-
tion, however, then the effect of burnup or reactivity should be considered,

and the fresh fuel assumption may not be appropriate.

6.3.2 Burnup Effects on Reactivity

The shipper may want to consider fuel burnup so that he can ship
more fuel in a given cask. If so, it will be necessary to determine the
exposure at which the fuel system is most reactive under normal shipping
conditions since the criticality analysis may have to be based on this
condition. In any case, a minimum burnup must be determined so that a

conservative value of ke may be established.

f£f
Because several key parameters are a function of exposure, and be-
cause the fuel exposure will probably not be uniform, the reactivity of
irradiated fuel is more difficult to predict than the reactivity of fresh
fuel. The following items must be considered when developing a criti-

cality safety analysis for irradiated fuel:

1. Credit to be taken for burnup of the fissionable material.

2. Buildup of plutonium or =°°7U,

3. Depletion of burnable poisons.
li. Credit to be taken for poisoning due to fission products.

The main problem in accounting for the burnup of =°°U is that the
gradual control rod withdrawal and, in some cases, changes in moderator
density during exposure make the axial variation of neutron flux (and
therefore burnup) difficult to predict. In a region of low thermal and
high resonance, flux, it is possible to generate more fuel than is con-
sumed. If credit is taken for the burnup of fissile 2%°U atoms, then the

buildup of *3°Pu or U must be considered. In most instances, however,
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fission product production (which is usually not credited) will negate

the effects of increased reactivity due to buildup of =°°Pu or 2°°U.

It is recommended that, unless acceptable evidence 1s provided of
the isotopic abundance of plutonium in the fuel, all plutonium be con-
sidered as *®°Pu, 1In a typical PWR reactor, about 70% of the total
plutonium is fissile Pu.® Tt is important that statements of fissile
concentration in irradiated fuel be supported by acceptable evidence,
including the associated uncertainty of fissile content and the basis

for determining that uncertainty.

Prior to 1967, credit for the burnup of *°°U was claimed in only one
shipment of irradiated fuel. This shipment was an in-plant transfer of
Yankee reactor fuel. Assuming no burnup, the calculated Keff was about
0.97 for ten oxide fuel elements enriched to l;.1% in *®°U., The calcu-
lated keff for the fuel, assuming a burnup of 12,000 Mwd/metric ton U,

was 0.88,

Many thermal power reactors use a burnable poison for power flatten-
ing and reactivity lifetime control. Often, the poison burns out faster
than the fuel, resulting in an increased reactivity with burnup. This
increase in reactivity may continue until most of the burnable poison is
depleted; then the reactivity will begin to decrease due to fuel burnup.
Again, the fuel system may reach its maximum reactivity some time after
reactor startup, depending on the type, amount, and location of any burn-
able poisons in the system. Initially, the reactivity worth of burnable
poison in power reactors is usually several percent and may be as large
as Akeff = 0.,1. Calculation of the poison reactivity worth as a function
of exposure may be difficult because of nonuniform axial burnup as well
as a changing flux depression in the poison. The problem of predicting
burnable poison depletion can usually be sidestepped since it is normally
conservative for a criticality calculation to neglect any poisoning ef-
fects due to burnable poisons. The rapid burnout of most poisons often
leaves only a small poisoning effect after any appreciable burnup; thus,
only a minor penalty in permissible payload may be incurred by neglecting
it.
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In order to support a claim of fission product poison worth, some
valid treatment of fission product poisoning is needed. Very few ex-
periments have been performed for comparison with calculations. However,
one such comparison® indicated that an uncertainty of at least 10% can

be expected in the calculated poisoning effects of fission products,

The effect of fission product poisoning has been treated in detail
at Oak Ridge National Laboratory.® The uncertainty in the calculated
fission product worth in irradiated fuels is estimated” to be less than
15%, using the Long Fission-Product Treatment (LFPT). This treatment is
sufficiently detailed and established to permit its use as a validating
calculational method., If a given fission product treatment compares fa-
vorably with LFPT (or some other similarly established treatment), it
should be considered a safe engineering practice to allow credit for
about two-thirds of the calculated fission product reactivity worth in

the shipment of irradiated fuel.

Except for *°®Ye, about 95% of the fission product poisoning in ther-
mal reactors results from fission products with half-lives greater than
about two years. BExcluding those fission products with half-lives of
less than two years, a typical fission product worth in a pressurized
water reactor is about L to 5% Ak for a burnup of 10 to 12,000 Mwd/metric
ton U; for a burnup of 40,000 to 60,000 Mwd/metric ton U, the worth is
about 6 to 7% Ak. The fractional neutron absorption by fission products
tends to saturate at very high burnups, and the poison worth of long-
lived fission products is not expected to exceed about 8% in any practi-

cal power reactor,

6.y The Most Reactive Credible Condition of Transport

The most restrictive criticality requirement for nuclear safety in
shipping is that the shipping container must remain subcritical in its
most reactive credible configuration (MRC condition); such a configura-
tion could result from a transportation accident. A series of hypotheti-
cal sequential accidents which could affect cask reactivity is described

in the regulations and consists essentially of: (1) a 30-ft free fall onto
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a solid, unyielding surface, (2) a LO-in. drop onto a 6-in.-diam piston,
(3) exposure to a 1475°F fire for 1/2-hr, and (L) immersion in 3 ft of

water for at least eight hours.

Some typical problems that must be considered when determining the

condition of a cask after the accident series are given below.

1. The fuel, fixed poisons, and moderators may become broken
and redistributed into a more reactive configuration. This
is particularly important for irradiated ceramic fuels with

long expsoures and brittle cladding.

2. Optimum moderation and/or reflection by water may occur in-
side and outside the cask as a result of impact damage

followed by immersion or loss of coolant.

3. Loss of coolant may cause melting of fuel and/or nuclear
poisons, resulting in redistribution into a more reactive
configuration. Irradiated fuels with intense gamma heating
and fixed neutron absorbers with low melting temperatures

are cases in point.

li. Unless specifically designed to prevent such an occurrence,
inleakage of water after impact may result in a violent reac-
tion with Na- or NaK-bonded fuels, causing redistribution of

the fuel into a more reactive configuration.

1

. Under certain conditions, radicactive decay may increase reac-
tivity while the fuel is in the cask. TFor example, in the case
of thorium-bearing fuels, the decay of *°®Pa to *%°U can in-

crease the inventory of fissionable material.

6. DNuclear interaction with fissile material in neighboring casks
should be considered.

6.5 Criticality Evidence

When the normal and MRC conditions have been identified for a par-
ticular fuel shipment, various types of criticality evidence may be com-

piled. If relatively small quantities of fissile material are involved,
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it may only be necessary to provide assurance that certain exemption
limits on the fuel system parameters will not be exceeded. For larger
shipments with highly heterogeneous fuel-poison geometries and composi-
tions, experimental evidence and well-validated calculational evidence
may be necessary. The purpose of this section is to point out the kinds
of evidence that should be considered acceptable in determining whether,
and to what degree, a system will remain subcritical in the normal and
MRC conditions; emphasis is on the application to low-enriched water-

moderated power reactor fuels.

6.5.1 Safe Limits

Many shipments of fissile material will be made which exceed the
exempt quantities and yet are small enough not to pose a serious criti-
cality problem. Parametric limits below which criticality cannot occur
in single units are considered in various nuclear safety guides.” 1'%
Some of these parametric limits, modified by a safety factor, are given

in Table 6.1.

Table 6.1, Parametric Limits for Criticality
of Single Units®

Limit

Parameter =58y 259py
Mass, g 700 500
Cylinder diameter, cm 13.5 12.5
Slab thickness, cm L.38 3.6
Volume, liters 5.8 5.5
Concentration, g/liter 11.0 7.0
=357 enrichment, wt % 1.0 -

#This assumes that the unit is isolated and, therefore, has no

interaction with other fissile materials.
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If any one of the limits in Table 6.1 and the conditions for which
it applies are maintained, the system cannot become critical under the
considered accident conditions. The limits are for uniform aqueous solu-
tions and do not apply to heterogeneous systems. In addition, the limits
are only applicable when the multiplication factor of the system in the
presence of neighboring reflectors, fissionable materials, and fissionable
sources in less than, or equal to, the multiplication factor of the system

with an infinite reflector of water.

A safety standard that will specify single parameter limits for use
in maintaining the nuclear safety of fissionable materials is now in pub-

® This document is intended as a revision of the American Stan-

lication.t
dard ASA N6.1-196l and is being prepared by Subcommittee ANS-8 of the
Standards Committee of the American Nuclear Society. The parameter limits
of the standard are expected to be close to the values given in Table 6.1

and, in addition, are more comprehensive.

6,5.2 Calculational Evidence

The purpose of ‘this Guide is not to require that certain evidence be
developed using specific codes and cross sections; it is assumed that com-
petent personnel utilizing their own machines, codes, and cross sections

can produce reliable evidence as to the ke of the system in question.

ff
However, it is necessary to provide a framework by which the AEC can assess

the confidence level expected in the calculation of k For example, an

efrf”

acceptable calculation of the ke of a fissile assembly should have, as a

supporting basis, at least one fiﬁorable comparison of the calculational
method with an experiment having a fuel-moderator — poison~reflector system
similar to the given assembly in the MRC condition. If heterogeneous neu-
tron absorbers are present in the system to be shipped, it would be desir-
able that the calculation be compared with an experiment having the same
poison material (including basket material such as copper, etc.) and ap-
proximately the same poison concentration, geometry, and associated neutron
energy spectrum as the system in the MRC condition. If the presence of
neighboring fissile assemblies is included in the MRC condition, the

calculational-experimental comparison should be made on a critical
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experiment having the same interspersed moderator and approximately the

same size and edge-to-edge spacing of individual assemblies.

If similar experimental evidence does not exist, two or more experi-
ments should be calculated to bracket the parameters of interest over a
fairly narrow range. A certain ampunt of judgment will be required to
establish a reasonable parameter range. As a rough estimate for water-
moderated power reactors, the fuel rod diameter, water-to-uranium volume
ratio, volume fraction of webbing, and *%°U enrichment of the assembly of
interest should not differ by more than about 20% from the corresponding

parameters in the validating critical experiment.

The supporting calculational comparisons should use the same assump-
tions, computer codes, homogenization schemes, input data preparation,
neutron energy group structure, and basic cross sections as the calcula-
tion that is to provide acceptable evidence of subcriticality during
transportation. The sophistication of the calculational technique is
not overly important in establishing the reliability and accuracy of
the method over a narrow range of parameters. Criticality calculations
are somewhat of an art, and it is possible for a two-group diffusion
calculation of keff to give better results than a ten-group S, trans-
port calculation, particularly if the parameters of the diffusion calcu-
lation happen to be tailored to the specific problem at hand. It is
important, however, that any calculational technique be validated by
comparison with experimental results for the parameter range of interest.
As an aid in finding related critical experiment data for use in the
calibration of calculational techniques, a bibliography of selected ref-
erences has been prepared and is presented in the Appendix. Each refer-
ence is accompanied by a brief description of the nuclear system(s)

investigated.

Regardless of the form and quality of calculational evidence, an
error analysis that indicates the uncertainty in the calculated keff
should be performed. Generally, a calculation will have greater accuracy
if the system being described is just critical; therefore, the detail of
the error analysis should be commensurate with the proximity of the nu-~

clear system to the critical condition.
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Methods of calculation have been fairly well established for isolated
fissile assemblies similar to water-moderated thermal power reactors.-*»*®
Experience has shown'®~1® that, with the exercise of reasonable care, it

is possible to predict ke in thermal reactors within about 1 to 2%. In

contrast, accurate calculiiional methods and nuclear cross section data
have not yet been generally established for unmoderated systems. A recent
comparison of calculations for a dilute plutonium-fueled fast critical
assembly of particularly simple design indicated'® that calculated values

of ke £ deviated from experimental values over the range from -3.6% to

+2.h%f The calculations were submitted by domestic and foreign laborato-
ries and by private industry. On the basis of the above comparison, and
in view of the general lack of experience in calculations for unmoderated
assemblies, we recommend that special attention be given to the calcula-
tional techniques for unmoderated assemblies to ensure that the results

are reasonably conservative.

When several casks are to be transported in close proximity to each
other, the calculation of interaction effects between neighboring assem-
blies is often necessary. The multiple-assembly analysis is usually the

source of a greater uncertainty in the calculated k than for a single

elf
isolated assembly. Several calculational methods that may be used to

treat the interaction effect have been developed. The three methods used
most extensively in the United States are the density analog method,®®

the solid angle (interaction potential) method,®*»%% and the Monte Carlo

dES

metho The Monte Carlo method is superior to the others from the stand-

points of accuracy and capability for representing geometrically compli-

cated configurations; several computer codes employing the technique are

24 ~-26

available for criticality calculations. Although only limited expe-

rience with this method in the United States,®®°*®7 indicates that Kypp TRY

£f
be predicted with an uncertainty of about 2%, it is being utilized to a

much greater extent than ever before.

Considerable experience has been accumulated with the solid angle and
density analog methods, both of which give conservative estimates of keff
when properly used. Comparisons with data obtained by experiment®® indi-

cate that the criticality factor of a regular air-spaced array may be
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calculated with an accuracy of about 5 to 10% using the solid angle method.
Results of the density analog method have been verified with experimental
results; and, because of its simplicity, versatility, and accuracy, this
method has been recommended by Brown®° as the most applicable one for
transportation problems. It may also be used to extend the information

already obtained from Monte Carlo calculations.

The above-mentioned methods for treating interaction effects have
been evaluated in experiments using regular air-spaced arrays of similar
units containing highly enriched fuel. Until more experience is obtained,
none of the methods should be considered as proved for application to low-
enriched arrays having an interspersed moderator (particularly a hydroge-
nous material); two different methods might be used for such an applica-

tion, one as a check on the other,

In summary, the following guideline is recommended for evaluating the
acceptability of calculational evidence. If a calculational technique has
been properly validated by comparison with critical experiments having a
geometry and composition similar to the assembly under consideration, a
calculation, using this technique, for the system in the MRC condition
should generally be considered as sufficient evidence of subcriticality for
the safe transport of low-enriched, well-moderated power reactor fuels pro-

vided the system has a kef below about 0.95. (This is not a firm limit

T
and should be a function of the judgment of the analyst.) Above this ap-

proximate level of reactivity, calculational evidence should be supple-
mented with some type of experimental evidence. TFor high-enriched or un-
moderated systems, supplemental experimental evidence may be desirable

even 1f the calculation indicates a system ke of less than 0.95 because

f

of the greater change in kef with small changes in size, mass, or modera-

T
tion of the system.

6.5.3 Experimental Evidence

Two general types of experimental evidence are considered below:
(1) related evidence, which includes relevant data from safety guides and
also critical experiments on the given fuel under conditions different

from those expected in transport, and (2) direct evidence, which includes
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reactivity determinations for loaded casks in the normal and/or MRC
conditions. While critical experiments with irradiated fuel elements
could be considered excellent direct evidence, such experiments are
rarely performed in a shipping cask environment and are not included

in this discussion.

Related Evidence: OCritical Experiments Before Irradiation. - Per-

haps the most convincing criticality evidence is derived from critical
experiments with the given fuel before irradiation, This type of experi-
ment is often carried out during the design of a reactor. The evidence

is particularly useful if the fuel elements can be shown to have maximum
reactivity (at any time during life) when they are fresh and unirradiated.
The minimum number of fresh fuel elements required for criticality can
then be established. If this number is determined for a cask-fuel system
in the MRC condition, it should be considered excellent criticality evi-
dence. Advance planning could provide data for a specific fuel-moderator-
basket — poison-reflector system Which would be considered excellent
evidence in establishing a case for suberiticality of a given system. 1In
the past, core design critical experiments have not been used to full
advantage in providing criticality evidence for future shipping and stor-

age safety requirements.

Related Evidence: Safety Guides and Criticality Data. — The most

readily available sources of criticality evidence are the nuclear safety

guideS‘S,lG, 12,13

These systematic presentations of experimental criti-
cality data are extremely useful in estimating nuclearly safe dimensions,
masses, moderator-to-fuel ratios, etc. for a variety of systems. Data
from safety guides constitute excellent criticality evidence for many
homogeneous and simple heterogeneous fuel systems. The safety guides
also have established some safe nuclear parameter correlations which rep-
resent excellent evidence when they are applicable. In the case of more
complicated systems, cautious extrapolation and interpolation of criti-
cality data may be necessary. Many commercial reactor fuel shipments

contain poison rods, fuel rods of several enrichments and diameters, etc.;



202

for these complex systems, the quality of criticality evidence obtained
from safety guides should be judged on the basis of the amount of extrapo-

lation or interpolation involved.

Direct Evidence. — Direct experimental methods of reactivity deter-

mination represent a potential source of excellent criticality evidence,
An advantage of this type of evidence is that the measurements can be
made on the system that is of interest, for example, a loaded shipping
cask submerged in water or a storage array. Because of the effort and
equipment usually required, this type of experiment is normally not per-
formed on shipping casks except when the loading procedure must be moni-
tored. However, if the confidence derived from such an experiment would
permit a significantly greater amount of fuel to be shipped than is ordi-
narily the case, the performance of such an experiment on a shipping cask

might be justified.

Several experimental techniques for reactivity measurements have
been discussed by Keepin.®°® Methods that are most applicable to loaded
shipping casks include: the multiplication measurement, the pulsed neu-
tron method, the Rossi-a technigque, and the source-jerk experiment. In
general, the present technology of the multiplication experiment is in-

adequate for the accurate prediction of ke However, a multiplication

£re
experiment can serve as a useful monitoring procedure during the loading

of fuel into a shipping cask.

The best technique for evaluating the reactivity of suberitical
moderated assemblies appears to be the pulsed neutron method. The prompt
fundamental decay constant, a, can be measured quite accurately and, when
normalized by a measurement at a known keff or supplemented with a cal-
culation of prompt neutron lifetime, can be used to establish a value of

k with an accuracy of several percent for 0.9 < ke < 1.00. Approxi-

mzﬁily this same accuracy can be obtained from the Ro§£i~a method when

it is applied to unmoderated, strongly-coupled, fast-neutron systems.
Considerably less accuracy is to be expected from Rossi-a measurements
on well-moderated systems. Experience with the source-jerk technique has
been limited in the United States, and its limitations should be under-

stood before employing it.
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Problems of measurement and interpretation of data accompany each
of the direct experimental methods. For example, in the presence of
strong gamma-ray activity such as that associated with irradiated fuel
elements, one must assure himself that his detector response is primarily
determined by the neutron flux and not the gamma rays. As another exam-
ple, the measured data (and consequently the inferred value of keff) will
probably vary with detector location and several detectors may be neces-
sary to get an accurate space-averaged result. Reasonable care and atten-

tion must be given to such problems to obtain the accuracy mentioned above,
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6.7 Bibliography of Critical FExperiments

A bibliography of selected critical experiments is presented for use
in validating calculational methods of reactor analysis. Only systems
with a well-defined geometry and composition are included. The experi-
ments are classified according to the system parameter of major interest.
Particular attention was given to water-cooled and -moderated uranium
systems of low enrichment since these make up the bulk of power reactor
fuel shipments. The bibliography is accompanied by a concise description

of the nuclear systems investigated in each reference.

A. Low-Enriched U0,; Water Moderated

Al. P. W. Davison et al., Yankee Critical Experiments - Measurements
on Lattices of Stainless Steel Clad Slightly Enriched Uranium
Dioxide Fuel Rods in Light Water, UAEC-9L (April 1959).

A2. P. W. Davison et al., Two Region Critical Experiments with Water

Moderated Slightly Enriched U0y ILattices, YAEC-1L42 (November 1959).

A3. R. D. Leamer et al., Critical Experiments Performed with Clustered
and Uniform Arrays of Rodded Absorbers, WCAP-3269-39 (November 1965).

Aly. R. M. Ball, A. L. MacKinney, and J. H. Mortenson, MARTY Critical
Experiments Summary of }j%-Enriched U0, Cores Studied for NMSR,
BAW-1216 (May 1961),

A5. Quarterly Technical Report, SPERT Project, ID0-17030 (April 196l)
p. LO.

References Al, A2, and A3

Critical experiments were performed with stainless-steel-clad U0,

rods of 2.7, 3.7, and L .4% enrichment. An unclad fuel pellet diameter
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of 0.300 in. was used. The square lattice pitch was in the range 0.l to
0.7 in., permitting (water to uranium) ratios between 2 and 11. The oxide
density was about 10.2 g/cm®. Cylindrical configurations with an active
height of L ft with water reflected. 1In some of the experiments at 3.7%
enrichment, O.li-in.-diam pellets clad with Zircaloy | were used. A few
experiments were also done with 5.7%-enriched pellets 0.357 in. in diame-

ter.

Reference AL

Lattices of U0 rods enriched to 3% and L% were investigated using
a square pitch of about 0.6 in. An unclad fuel pin diameter of 0.Ll) in.
resulted in water to uranium ratios of 2.6 and 3.6. The fuel had a den-
sity of about 7.2 g/cm® and was clad in either stainless steel or aluminum.
The lattices were cylindrical, with a water reflector and an active fuel
height of about 5-1/2 ft.

Reference AS

Uranium dioxide rods of L.8% enrichment were studied in the course
of the SPERT project. The fuel pellets, 0.420 in. in diameter were clad
with stainless steel and aluminum and had an oxide density of 10.5 g/cma.
The square lattice pitch was about 0.6 in. The water to uranium ratio
appears to be less than 1.0; nonmoderator-to-moderator ratios of 1.9 and
2.2 were reported. Both cylindrical and rectangular configurations were

made, with an active fuel length of 38.3 in.

B. Low-Enriched Uranium Metal; Water Moderated

Bl. W. G, Davey and K. R. Smith, Exponential Experiments with Enriched
Uranium-Natural Water Systems, British Report AERE-RP/R-1788
(October 1955),

B2. H. Kouts and R. Sher, Experimental Studies of Slightly Enriched
Uranium, Water Moderated Lattices, BNL-L86 (T-111) (September 1957),

B3. C. R. Richey, R. €. Lloyd, and E. D. Clayton, "Criticality of
Slightly Enriched Uranium in Water Moderated Lattices,'" Nucl. Sci.
Eng. 21; 217 (1965).
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BL. J. K. Fox, J. T. Mihalczo, and L. W. Gilley, Critical Experiments
with 2.09% 2*°°U Enriched Uranium Metal Plates in Water, ORNL-CF-58-
8-3, 1958,

B5. E. B. Johnson, "Critical Lattices of U(L4.98) Metal Rods in Water,"
Trans. Am. Nucl, Soc. 10, 190 (1967).

E. B. Johnson, "Critical Lattices of U(L.98) Rods in Water and in
Aqueous Boron Solution," Trans, Am. Nucl. Soc. 11, 67l (1968).

E. B. Johnson, "Criticality of Uranium of lLow Enrichment in Water,"

Trans. Am. Nucl. Soc. 12, 336 (1969).

Reference BI

Most of the square pitch lattice experiments with uranium metal were
performed at Harwell Laboratory in England. One series of exponential and
approach-to-critical experiments used metal rods of 0.93% enrichment with
both aluminum and stainless steel cladding. The unclad fuel rod diameters
were 0,75 and 1.20 in. The lattice pitch varied from 0.9h to 1.85 in.,
corresponding to a water to uranium range of 0.59 to 1.9L. Water reflected
cylindrical configurations with an active fuel length of about 30 in., were

employed.

Reference B2

A series of exponential experiments was performed at BNL using 1.0,
1.15, and 3.3% enriched uranium metal rods clad with aluminum, The unclad
fuel rod diameter was 0.600 in., and the active length was |, ft. The tri-
angular pitch was varied between 0.85 and 1.31 in. to give a water to ura-
nium ratio ranging from 1 to L. Cylindrical core configurations were

arranged with a water reflector.

Reference B3

Approach-to-critical and exponential experiments with unclad uranium
metal rods of 2.0% and 3.06% enrichment were carried out at Hanford. The
triangular pitch was varied from about 0.28 to 1.81 in. for fuel rods whose
diameters ranged from 0.175 to 0.925 in. The water to uranium ratio varied
from about 2 to 12. Water-reflected cylindrical configurations were used,

with the active height varying from about 16 to 32 in.
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Reference BL

Uranium metal plates enriched to 2.09% were studied at ORNL. The
plate spacing varied from 0.0 to 5/8 in. Groups of plates were also
studied with group spacings of 5/8 to 1-1/8 in. The plate size was 1/L in.
thick, 3~1/8 in. wide, and 30 in. long. The water to uranium ratio varied
from 2.5 to l;.5. Rectangular geometry with a water reflector was used in

many cases,

Reference BS

Currently, critical experiments with li.9%-enriched uranium metal
rods are under way at ORNL. Unclad rods of different diameters up to
1 in. are being studied in both triangular and square pitch lattices.
The results for 0.5- and 0.8-in.-diam rods are available. Iattice pitch
is expected to be varied from about O to 2.4 in., with resulting water to
uranium ratios of about 2 to 12. Water-reflected configurations with
active fuel lengths of about 12 and 2L in. have been constructed in rec-

tangular and cylindrical geometries.

C. Highly Enriched Uranium

C1. J. C. Hoogtemp, Critical Masses of Oralloy lattices Immersed in
Water, LA-2026 (November 1955).

¢2, J. K. Fox, L. W, Gilley, and A. D. Callihan, Critical Mass Studies,
Part IX, Aqueous 25U Solutions, ORNL-2367 (March 1958).

C3. E. B. Johnson and R. K. Reedy, Critical Experiments with SPERT-D
Fuel Elements, ORNL-TM-1207 (July 1965).

Ch. G. E. Hansen et 3;., "Critical Plutonium and Enriched-Uranium Metal
Cylinders of Extreme Shape," Nucl. Sci. Eng. 8, 570 (1960).

Reference C]

Multiplication measurements at Ios Alamos were used to determine
critical mass data for fully enriched wranium metal. Lattices of unclad
metal cubes having an edge length up to 1 in. were arranged into cubic
arrays with water as moderator and reflector. The square lattice pitch

was varied from 0.75 to 2.25 in. Some experiments were done with rods
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in cylindrical arrays. The rods were 1/8 in. in diameter, and the pitch
ranged from 0.5 to 1 in. Water-to-uranium volume ratios varied up to

about 80.

Reference C2

Critical experiments were performed with homogeneous solutions of
fully enriched uranium, The solutions had H/2%5U atom ratios between
27.1 and 74.6. Experiments were made with (and also without) a water re-
flector and with and without a cadmium lining in the container. In some
cases, interacting arrays of as many as seven vessels were tested. Cylin-

drical vessels of diameters up to 30 in. were used,

Reference C3

A series of water-moderated and -reflected experiments with SPERT-D
fuel elements were performed at ORNL. The spacing between fuel in adja-
cent elements was varied up to about 2 in. Rectangular geometry was used
in all cases except one in which a rounded lattice was made., The elements
were 2 ft long in most experiments; however, a few experiments were done
with 6-ft elements. The fuel element consists of a 3-in.-square aluminum
alloy tube containing 22 parallel fuel plates 60 mils thick and spaced L7
mils apart. Each fuel plate is a 20-mil-thick alloy of uranium and alumi-
nun containing 23.8 wt % of fully enriched uranium sandwiched between two
20~-mil thicknesses of aluminum alloy cladding. In some of the experiments,
the outer rows of elements were only partially loaded to achieve criti-

cality; the individual plates were removable.

Reference Ch

Multiplication measurements were used to establish critical configu-
rations with: (1) fully enriched uranium metal, and (2) plutonium metal
of composition 95% “°?Pu and 5% **°Pu. FElongated and squat cylinders of
e¥treme shape were built up, having height/diameter ratios ranging from

about 0.05/0.3 and L/15.

The uranium cylinders were of two diameters: 15,00 and 3.24 in.
The plutonium cylinder diameters were 2.2 and 6.0 in. FExperiments were
made with different reflectors including water, uranium, graphite, poly-

ethylene, and beryllium.
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D. Critical Experiments with Poisons

D1. E. B. Johnson and R. K. Reedy, Jr., Critical Experiments with
SPERT-D Fuel Elements, ORNL-TM-1207 (July 1965).

D2. G. D. Hickman, J. A, Bistline, and L. A, MacNaughton, "Water
Moderated Cores with Boron Steel Septa at Elevated Temperatures,”
Nucl. Sci. Eng. 8, 381 (1960).

D3. R, A, Haffley, R. A. Watson, and W. Skolnik, Measurement and
Calculation of Relative Poison to Fuel Capture Ratios in Slab
Cores, KAPL-M-6528 (November 1965).

DL. R. H., Clark, M. L. Batch, and T. G. Pitts, Lumped Burnable Poison
Program - Final Report, BAW-3492-1 (January 1966).

D5. P. W. Davison et al., Yankee Critical Experiments - Measurements
on Iattices of Stainless Steel Clad Slightly Enriched Uranium
Dioxide Fuel Rods in Light Water, YAEC-9L (4pril 1959).

D6, E. B. Johnson et al., Applied Nuclear Physics Division Annual
Progress Report, ORNL-2389 (September 1957), p. 3.

Reference D1

In some of the experiments with SPERT-D fuel elements, already
described under reference C3, 25-mil-thick cadmium plates were inserted
in the water gaps between rows of elements. Also, in a few experiments,
soluble boron was added to a dilute solution of wuranyl nitrate which

served as moderator and reflector.

References D2 and D3

Experiments were conducted at KAPL using boron--stainless steel plates
and Ni-1© plates. The boron--stainless steel plates were 30 mils thick
and contained various loadings of °B up to 1.2L wt $. The Ni-'°B plates
were 50 mils thick, with a *°B content of 0.55 wt %. In some of the ex-
periments, water gaps were introduced near the poison; in others, the
plates were placed near the water reflector. The fuel lattice consisted
of Zircaloy-clad fully enriched uranium metal plates 1.67 in. wide and
0.0015 in. thick, with 13-mil and 38-mil water gaps and 29-mil Zircaloy

spacer plates interspersed.
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Reference D

Lumped poison experiments were performed by Babcock and Wilcox.
Borosilicate glass rods (12.6% Bg0z) of 0.460- and 0.326-in. diameters
were used as well as 0.326-in.-diam silica glass rods (3.00% Bs05) and
aluminum-clad B,C rods. The poison rods were substituted for fuel rods
at various locations. The fuel consisted of U0, rods of 2.5 and L%
enrichment with OD = 0.475 in. The square lattice pitch was 0.6LhL in.,
corresponding to a nonmoderator to moderator volume ratio of 0.750. The
oxide density was 9.5 to 10.2 g/cm®. The active fuel length was about
5 ft for the 2.5%-enriched rods and about 5-1/2 ft for the L%-enriched

rods,

Reference D5

A number of critical experiments were conducted with the Yankee
2.7%-enriched U0, using soluble boron (boric acid) in the moderator. A

summary of the lattice parameters is given under the reference Al.

Reference D6

Experiments with stainless steel and boron-loaded aluminum plates
were performed using BSR fuel elements (see description of reference C6).
The steel plates ranged in thickness from 32 to 125 mils. The B,C alu-
minum plates had boron loadings from 1 to 50 g of natural boron and were
clad with aluminum. The plates with 16 g or less of boron were 52 mils
thick, and the plates with higher loadings were 114 mils thick. The
poison plates were substituted for fuel plates at several different

positions.

E. Critical Experiments with Different Reflectors

E1., E. C. Mallary, Oralloy Cylindrical Shape Factor and Critical Mass

Measurements in Graphite, Paraffin, and Water Tampers, LA-1305
(October 1951).

E2. R. E. Donaldson and W. K. Brown, Critical Mass Determinations of
Lead-Reflected Systems, UCRL-5255, June 1958.
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E3. G. E. Hansen and D. P, Wood, Precision Critical Mass Determinations

for Oralloy and Plutonium in Spherical Tuballoy Tampers, LA-1356
(February 1952).

EL. G. E., Hansen, H. C. Paxton, and D. P. Wood, Critical Masses of
Oralloy in Thin Reflectors, LA-2203 (January 1958).

E5. R. C. Lane and 0. J. E. Perkins, Measurements of the Critical Mass
of 37-1/2% Enriched Uranium in Reflectors of Wood, Concrete, Poly-
ethylene and Water, AWRE Report No. NR 1/66 (February 1966).

E6. E. B. Johnson, Oak Ridge National lLaboratory, private communication,
December 1966.

Reference E!

Multiplication experiments were done using infinite reflectors of
graphite, paraffin, and water. Reciprocal multiplication plots were
extrapolated to yield critical masses. The cores were unmoderated cyl-
inders or spheres of 93.9%-enriched uranium. The core diameters ranged
from 3.25 to 12.}4 in.; most of the units had diameters between L and
7.5 in.

Reference E2

Spheres and cylinders of fully enriched uranium reflected by lead
were the subjects of multiplication measurements at Livermore., The
uranium cylinder diameters were about 3.9 and L.l in., and the sphere
diameters were 5.6 and 5.9 in. Critical sizes were determined for lead
thicknesses of about 3.5, 5.0, 5.2, and 6.8 in. The lead density was
11.3 g/cm®.

Reference E3

Multiplication measurements were made using 2 natural uranium re-
flector of different thicknesses up to 9 in. The spherical core was made
of fully enriched uranium. Some experiments used a spherical plutonium

core with a natural uranium reflector.
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Reference E4y

Critical masses were determined for 5-1/li-in.-diam cylinders of
fully enriched uranium surrounded by 1/2- and 1-in.-thick reflectors of
Be, graphite, Mg, Al, Ti, steel, Cu, W alloy, natural U, Ni, Co, Mo,
A1.05, Mo,C, and polyethylene. Also, critical masses were measured for
fully enriched uranium spheres with ~2- and ~lj-in.-thick reflectors of
W alloy, Fe, Ni, Ni-Ag, Cu, Zn, Th, Be, BeO, C, and natural U. Extrapo-
lated inverse multiplication data were used to establish critical masses,

Values of reflector savings were also determined.

Reference E5

Safety-oriented experiments were done at Aldermaston, England, using
reflectors of wood, concrete, polyethylene, and water. The reflector
thickness was varied up to about 8 in. Unmoderated stacks of uranium
metal plates of 37.7% enrichment were used for the cores, which had slab
and rectangular geometries. The reflector densities were: (1) wood,

0.693 g/em®; (2) concrete, 2.37 g/cm®; (3) polyethylene, 0.919 g/cm®;
and (L) water, 1.0 g/cm®. The water content of the concrete was 7.85 wt %,
of which 2.6l wt % could be driven off by heating. Reflector savings as

well as critical masses and dimensions, were determined.

Reference E6

In some of the experiments currently in progress at ORNL (described
under reference B5) with l;.9%-enriched water-moderated uranium metal rods,
reflectors of lead, steel, and water have been used in thicknesses up to
8 in., Also, the water gap between fuel and reflector was varied from O
to L in. The fuel was arrayed in rectangular geometry, and the reflectors
were placed on one or two sides, leaving water on the others. Critical
sizes and reactivity worths were determined by the calibrated water-height
method.

F'. Arrays of Interacting Units

F1. J. T. Thomas, Critical Three-Dimensional Arrays of Neutron-

Interacting Units, ORNL-TM-719 (October 1963).
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F2. L. W. Gillet et al., Critical Arrays of Neutron Interacting Units,
ORNL-3193 (September 1961), p. 159.

F3. J. K. Fox, L. W. Gilley, and A. D. Callihan, Critical Mass Studies,
Part IX, Aqueous “°°U Solutions, ORNL-2367 (March 1958).

Reference F1

Five-liter cylinders of concentrated uranyl nitrate solution were
arranged in critical arrays. The uranium concentrations were 63.3, 279,
and 115 g/liter, with a *°°U content of 92.6 wt %, resulting in H/*°5U
atom ratios of LLO, 92, and 59 respectively. The Plexiglas cylinders
that contained the fuel were about 8 in. in diameter and 7-1/2 in. high,
and had a 1/lj-in.-wall thickness. The surface-to-surface separation of
the cylindrical units ranged from O to 6-1/2 in. Arrays of 8, 27, 6l,
and 125 units were assembled in cubic and parallelepipedal geometry. Some
of the arrays were reflected by paraffin and Plexiglas in thicknesses up

to 6 in.

Reference F2

Cylindrical bottles of enriched uranyl nitrate were arranged into
arrays of as many as 100 units. In some experiments, neither a reflector
around the arrays nor an interspersed moderator was present. In others,
the moderator and reflector thickness was varied. The fuel concentration
was 110 g of uranium (containing 92.6 wt % =°°U) per liter. Three kinds
of cylindrical bottles were used. Two were of polyethylene with inner
diameters of about 4.7 and 5.1 in., a length of about I ft, and capaci-
ties of about 13 and 15 liters respectively. The third type of container
was a 6-ft-long aluminum cylinder with a 6-in. ID. The units were ar-
ranged vertically with their bases in a linear, square, or triangular
pattern. Surface-to-surface spacings up to 8-1/2 in. were employed. The

array periphery was either sguare or hexagonal.

Reference F3

In some of the experiments described under reference C2, interacting
arrays of as many as seven cylinders of fully enriched uranyl nitrate

were constructed. The cylinders were arranged in hexagonal, triangular,



216

and linear patterns with edge-to-edge spacings up to 24;.5 in. One set
of experiments was performed with three units in a triangular pattern.
One of the cylinders was then moved to various positions, forming isosce-

les triangles with different vertex angles.
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7. SHIELDING

7.1 General Considerations

The shielding of any shipping cask must reduce the external dose
rate from the largest expected source to below specified tolerance levels.
Usually, such shielding is accomplished with lead., Therefore, this chap-
ter will be devoted primarily to the use of lead, although steel, depleted
uranium, concrete, and other materials can be used to advantage under vari-

ous circumstances.

A number of available textbooks and reference documents discuss the
subject of shielding in detail; consequently, the theory and calculational
methods will not be presented here. In addition, a listing of shielding
compuber codes and topical reports can be obtained from the Radiation

Shielding Information Center. Inguiries should be addressed to:

Radiation Shielding Information Center
Oak Ridge National Laboratory

P, 0. Box X

Oak Ridge, Tennessee 37830, U.S5.A.

The purpose of this chapter is to provide AEC personnel with a quick
and reasonably accurate method of determining whether the shielding in a
given cask will be adequate for a specified source. The nomographs pre-
sented here are modifications of those included in the first version of
this guide (ORNL-TM-21;10) and should be more usefil than the earlier ones.
However, they should be used only for checking purposes and should not be

considered as a substitute for a formal shielding analysis.

7.2 IDOT Regulations

Recently, changes have been made in permissible dose rates allowed at
the surface of, or at specified distances from, a spent fuel shipping cask.
The latest information concerning the shielding requirements of casks has
been published by the Department of Transportation in the Federal Registert

and is reproduced below.
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"Al1l radioactive materials, liquid, solid and gaseous must be pack-
aged in suitable containers (shielded, if necessary) so that any time
during the normal conditions incident to transportation the radiation
dose rate does not exceed any of the limits specified in the following

subparagraphs.

1. 200 millirem per hour at any point on the external surface of the

package.

2. 10 millirem per hour at three feet from any accessible external

surface of the package.

"Packages for which the radiation dose rate exceeds the limits speci-
fied above but does not exceed at any time during transportation any of
the limits specified in subparagraphs (1) through (L) below, may be trans-
ported in a vehicle (except aircraft) assigned for the sole use of that
consignor, and unloaded by the consignee from the transport vehicle in

which originally loaded.

1. 1000 millirem per hour at three feet from the external surface of

the package (closed transport vehicle only);

2. 200 millirem per hour at any point on the external surface of the

car or vehicle (closed transport venicle only);

3. 10 millirem per hour at six feet from the external surface of the

car or vehicle; and

li. 2 millirem per hour or equivalent in any normally occupied posi-
tion in the car or vehicle except this does not apply to private

motor carriers."

7.3 Shilelding Estimates

It is often quite useful to be able to determine quickly whether the
shielding of a cask is adequate for a given service. For this purpose,
we have included a nomograph® that permits an estimation of the shielding
required to reduce the dose rate from spent fuel elements to any specified

surface dose rate (see Fig. 7.1).
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Figure 7.1 is based on the assumption that a large source has the
same activity and mass per unit volume as the average for a cask cavity,
and that the fuel is either fairly well distributed or approximately
centered in the cavity. This model is suitable when the product wD ex-
ceeds about 200, where w 1s the average density of the cask contents (in
pounds per cubic foot) and D is the minimum cross-sectional dimension of
the cavity (in feet). For values of wD as small as 100, however, the
conservatism of the method results in less than 1/2 in. of added lead

thickness.

7.3.17 Comparison of Nomograph and Machine Code

Calculations made to determine the shielding thickness required to
produce a dose rate of 100 mr/hr on the cask surface were determined
using the QAD-P5A code® (which uses a kernel technique, with the buildup
factor calculated by the moments method) and compared with those values

obtained in Fig, 7.1 for the same surface dose rate.

The nomograph gives values of lead thicknesses generally within 5%
of those calculated using the QAD-PSA code; the extremes are -7.6% and

+5.L%.

7. Calenlation of External Dose Rates — Open Vehicle

In most practical cases the shielding thickness will be set to limit
the dose rate at 3 ft from the accessible cask surface (10 mr/hr) rather
than to limit this surface dose rate (which should not exceed 200 mr/hr
except as noted in Sect. 7.1). Therefore, Langhaar developed a nomograph
(see Fig. 7.2) that relates the dose rate on the surface of the cask to
a dose rate of 10 mrem/hr at 3 ft from the cask surface for casks of vari-

ous sizes.?

Figure 7.2 is based on a cosine® distribution of flux leaving the
cask surface; such a distribution appears to fit best the small amount of

experimental evidence available.



221

ORNL DWG 69-3521 RI

“"ACTIVE" 8&?'8%
LENGTH mr/hr AT SURFACE ACTIVE WIDTH
FEET CYLINDER  RECTANGLE FEET
20— 16— —20
10— 2012 ; — 10
6~ - L6
o 30— B
4— 4020 — 4
3— 6030 —3
- a0 -
] 100 P
2 60 R
7 100 N
200—_ i
] 300— i
| — —200 L

“ACTIVE" LENGTH OR WIDTH OF RECTANGLE AND "ACTIVE"
LENGTH OF CYLINDER WITH RESPECT TO RADIATION
LEVEL MAY BE LESS THAN QUTSIDE DIMENSIONS

Fig. 7.2. Radiation Level at a Cylindrical or Rectangular Surface
Corresponding to 10 mr/hr at 3 ft, Based on Cosine-Cubed Distribution of
Photons or Cosine-Squared Distribution of Flux Leaving Surface. (ref. L).
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7.5 Effect of Using Steel for the Outer Shell
on the External Dose Rate
Steel is generally used to encase the lead shielding of a cask,
When the thickness of steel exceeds approximately 1 to 2 mean free
paths, buildup factors for steel, rather than lead, should be used in

making dose rate calculations.

Since steel buildup factors are greater than the ones for lead, the
designer cannot simply calculate the lead shielding required, reduce it
by a given amount, and then replace that amount of lead with an equal
mass of steel. To overcome this problem, Fig. 7.3 was prepared. This
figure indicates the thickness of a lead-steel combination that will be
equivalent to a given lead shield thickness, taking into account appro-

priate buildup factors.

The parametric curves indicate the lead thickness that will be re-
quired for shielding as given by Fig. 7.1; this then defines the combina-
tion of lead-steel thicknesses of equivalent shielding which may be read

from the ordinate and abscissa.

7.6 Calculation of External Dose Rates — (Closed Vehicle

When casks are transported in a closed vehicle, surface and other
dose rates may exceed the values prescribed for casks under normal han-
dling conditions (see Sect. 7.2). Under such conditions, dose rates other
than those on the surface or at 3 ft from the surface may be limiting.
Figures 7.4 - 7.6 provide the ratio of the dose rate at some point P to
that on the surface. Once the dimensions of the cask and vehicle have
been specified, these curves plus the information in Sect. 7.2 can be used
to determine the limiting dose rate and the point at which it will occur.
If the limiting dose rate occurs at a location other than 3 ft from the
cask surface, Figs. 7.l - 7.6 can be used to determine what the surface
dose rate should be; Fig. 7.1 can then be used to determine the necessary

lead shielding.
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7.7 Example

Assume that a cylindrical shipping cask, 10 ft long and 2 ft in
diameter, which weighs 45,000 1b is used to transport one experimental
fuel element from a reactor to an examination facility. The fuel ele-~
ment, irradiated 300 days, has a total-shipping-weight-~to~thermal-output
ratio (W/Q) of 200. The cask shielding consists of 7 in. of lead, plus
stainless steel outer and inner shells that are 1/l in. and 1 in. thick,
respectively. Does this cask have sufficient shielding to permit the
fuel element to be shipped after a 100-day cooling period without exceed-

ing an external dose rate of 10 mr/hr at 3 ft from the cask surface?

Answer: From Fig. 7.2, a 2-ft-diam cylinder with an active length
of 8 ft would have a surface dose rate of 50 mr/hr if the dose rate were

limited to 10 mr/hr at a distance 3 ft from the surface.

The equivalent lead shield required to produce a surface dose rate

of 50 mr/hr can be obtained from Fig. 7.1. For this case, gl = (200)
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(50) = 10*; then, for a reactor operating time of 300 days and 2 cooling

time of 100 days, 8 in. of lead equivalent would be required.

From Fig. 7.3, a cask whose outer stainless steel shell is 71 in.
thick would require 7-1/2 in. of lead to develop a total of 8 in. of lead
shielding equivalent. Since the cask in question has only 7 in. of lead
plus a 1/L-in.-thick inner steel shell, its shielding would probably not

be adequate.

The above procedure can be reversed to determine the decay period
that would be required prior to shipment of the element, while maintain-
ing the 50-mr/hr limit at the cask surface. For the case cited, approxi-

mately 200 days decay would be required.

7.8 References

1. Code of Federal Regulations, Title ,9, Part 173-178, Federal
Register 33, (No. 19L) Part IT (Oct. L, 1968).

2. L. L. Zahn, et al., "Transportation of Radioactive Materials,"

Reactor Technology, Selected Reviews, 1965, TID-8541.

3. R. E, Malenfant, QAD; A Series of Point Kernel General Purpose

—

Shielding Programs, LA-3573 (4pr. 5, 1967).

li. J. W. Langhaar, E. I. DuPont, Wilmington, Delaware, personal

communication.
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8. URANIUM-SHIELDED CASKS

8.1 General Considerations

Uranium metal is of interest as a shielding material for shipping
casks because of its high density, radiation absorption efficiency, ther-
mal conductivity, high melting point, high strength, and availability.

A brief summary of the more important properties of uranium metal which

are pertinent to its use for radiation shielding follows:

Because of its high density (~ 19 g/cc), a cylindrical uranium
shield will usually weigh less than 75% of a lead shield and less than
504 of a steel shield having the same internal cavity dimensions and
comparable radiation attenuation capabilities. The actual ratio of the
weights of the casks using different shielding materials depends upon

the cavity length and diameter and shielding requirements.

Uranium has a high thermal conductivity (approximately equal to that
of solid lead) and specific heat; it has a melting point of 2071°F which

can be an important safety consideration.

Although uranium oxidiges upon exposure to air to form a non-
protective oxide film, canning in an inert atmosphere prevents contact

between uranium and air and effectively eliminates any oxidation problem.

As a neutron reflector, uranium is as effective as water. Calcula-
tions indicate that replacing an infinite water reflector with a small
water gap backed by uranium would cause an almost insignificant change
in keff'
Under certain conditions uranium can form a low-melting eubtectic
alloy if it is placed in contact with steel although the problem can be
easily overcome. It also is subject to a permanent thermal cycling

growth if the grain sbructure is not randomly orientated.

Although many of the structural properties of uranium are approxi-
mately the same as mild steel, the differences in chemical properties
between the two materials require the use of special procedures and tech-

niques. Uranium produced in vacuum induction furnaces can be cast into
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various shaped molds. In addition, uranium billets can be rolled, formed,
machined, and welded with the same type of ship equipment that is used to

fabricate mild steel.

Since uranium has a significant weight and volume advantage as com-
pared with lead, a significant savings in shipping costs could be realized
by using uranium casks. This advantage must be weighed against the higher
cost of materials and fabrication before an attempt can be made to deter-
mine economic feasibility, This problem was discussed by Shappert and
Salmon in Ref. 1,

Several years ago, consideration of the advantageous safety features
of uranium casks were expected to have resulted in the development of
several uranium-shielded radioisotope shipping casks® and a demonstration
fuel element shipping cask program.®”® Results of these efforts have
demonstrated the feasibility of uranium-shielded shipping casks. Currently,
several industrial fabricators have the capability to produce uranium-
shielded casks.

8.2 Properties of Uranium

Some of the more important physical and chemical properties of ura-

nium are listed in Table 2.6.

8.3 Technological Factors

In the past, the use of uranium, either as a material of construction
or as a radiation shield, has been limited by a history of unsatisfactory
performance resulting from a general lack of understanding of the specific
properties of uranium. The high cost of starting material (UFg) for the
private sector of the shipping industry has also had a significant delete-
rious effect on its use. Some of the recently developed uranium technology

is summarized in the following paragraphs.

8.3.1 Thermal Bxpansion

The basic uranium crystal has different coefficients of thermal ex-
pansion along its different axes; the coefficient in one direction is
negative. Since these crystals become oriented in various directions dur-

ing forming operations (e.g., rolling billets into plate), the coefficient
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of thermal expansion of a fabricated item will not only be unpredictable
but will vary when measured in different directions. This condition can
be eliminated by 2 heat treatment in which the worked metal is heated
into the beta range (i.e., about 1250°F), and either quenched or allowed
to furnace cool. This treatment randomizes the grain structure and re-
sults in a metal having equal, predictable, and moderate coefficients of
expansion in all directions. Uranium.castings‘will normally have random
grain orientation and, therefore, are comparable in thermal expansion

behavior to uranium heat treated in the beta range.

Table 8.1 presents a comparison of the thermal expansion coefficient

of wranium and some other metals normally used in fabrication work.

8.3.2 Thermal Cycling Growth

Thermal cycling growth, a characteristic exhibited by uranium metal
having preferred grain orientation, causes the metal to permanently change
dimensions when thermally cycled to 650°F or higher. Since this growth
is related to preferred grain orientation, it follows that cast or beta-
heat-treated uranium is not subject te thermal cycling growth; this has

been confirmed by extensive testing.

Table 8.7. Thermal Expansion Coefficients
for Various Materials

Thermal Expansion Coefficient

Material (10-8/°F)
Aluminum 13.3
Copper 10.0
Stainless steel (300 class) 10.0
Stainless steel (40O class) 6.1
Steel 6.7
Monel 7.8
Uranium (random grained) 8.0
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8.3.3 Formation of Uranium-Iron Alloy in a Fire

Uranium in contact with stainless steel can form a low-melting alloy
(mp, 1337°F) if heated above that temperature. The recent demonstration
cask testing program verified the effectiveness of using a tungsten diffu-
sion barrier placed between the uranium shield and the stainless steel
cladding to prevent alloy formation. Tests have also indicated that
0.005 in. of copper will provide adequate diffusion barrier protection
at fire test conditions (1,75°F); however, much better protection is pro-
vided by 0.005 in. of plasma sprayed tungsten. In a laboratory test,
this treatment was completely effective at 1900°F for 2.5 hr. The plasma
sprayed diffusion barrier was applied to the stainless steel rather than

the uranium shield.

8.3.4 Chemical Activity

Because of its chemical and physical properties, uranium shields
should be clad with some material such as stainless steel. The proper
design of cladding welds, along with adequate inspection and test proce-
dures, is necessary to prevent cladding failure since it is important
that the cladding be absolutely free of any breaks or pinholes if satis-
factory service is to be obtained. Reactions which the steel cladding
can prevent (assuming the steel clad weldment has been backfilled with
inert gas) are those between uranium and oxygen to form uranium oxide and
between uranium and moisture, or water, to form either the oxide or hy-
dride. The oxide is generally loose and fluffy and quickly fills any void
space within the cladding of a shipping cask. This condition tends to
halt the oxidation since further contact with the contaminating agent is
prevented by the presence of the reaction products. Such is not the case

in the formation of uranium hydride.

When uranium reacts with water, hydrogen is evolved. This hydrogen
can migrate through extremely small passages to sites which may favor its
reaction with uranium to form uranium hydride. The production of uranium
hydride is not self limiting since it can decompose at certain (relatively

moderate) temperatures, leaving a spongy residue free of hydrogen. The
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liberated hydrogen can migrate to other favorable locations to form more

uranium hydride and repeat the cycle.

The uranium hydride produced in this process has a low density and,
therefore, swells upon formation; this swelling can cause cladding defor-
mation or rupture. Such reactions are possible at temperatures normally
encountered in cask service provided moisture is present to initiate the

process.

It is important to reiterate that the presence of a sound cladding
material around the uranium can completely eliminate the problem of sig-
nificant chemical activity which might render the cask temporarily in-

operative.

8.3.5 Uranium Alloys

Some alloys of uranium may offer specific desirable improvements in
physical or chemical properties of the metal. Such improvements, and the
advantage they might offer to the cask designer would have to be consid-

ered on a case by case basis.

The most common alloying material is molybdenum. The resulting al-
loy is more expensive than uranium metal, depending on the amount used,
and also less dense. However, the alloy has higher strength and improved

oxidation resistance.

8.L Design Considerations

The impact of a uranium structure results in high shock lcads with
smll deformations due to the high (~ 20 x 10° psi) modulus of elasticity
of the material. While a large amount of impact energy can be absorbed
by a uranium structure, the accompanying high shock loads imparted to the
cask contents may be undesirable. Also, loading that will result in ten-
sile stress in uwranium must be minimized since uranium has low elongation
to failure values in tension. In order to guarantee low tensile loadings
and accelerations, some form of impact cushioning is usuvally provided.

It is relatively easy to include steel sacrificial members on the cask to

provide the necessary cushioning. (ref. Chap. 2) The design of the
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demonstration fuel element shipping cask utilizing sacrificial steel fins,
is shown in Fig. 8.1. A detailed discussion of the design of this cask

is given in ref. L.

PHOTO 93592

Fig. 8.1. The Demonstration Fuel Element Shipping Cask.
(Courtesy of Union Carbide Corp., Paducah Plant)

8.5 Fabrication

Presently the weight of a single casting, produced in a vacuum induc-
tion furnace, is limited to around 10,000 1lb. It may be possible to pro-
duce larger single pour castings in the future but now there is no economic
incentive for doing so. This has produced two fabrication concepts for
casks whose uranium shielding requirements exceed such a limit. The ura-
nium melt may be cast in molds to specific shapes or it may be cast in
billets and rolled to form plate.

If castings are used, they must be stacked as required by the design
and the pieces joined in an appropriate manner to form a rather rigid
structure. 1If the plate approach is considered, they must be formed to

the appropriate size, nested, and welded also to form a rigid structure.
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There are advantages and disadvantages to both methods but it will
suffice here to say that they both can be made to work. It should be
noted, however, that private industrial concerns are equipped to produce
castings rather than plate. With sound castings joined to form a mono-
lithic type structure, then the behavior of the cask should be quite
similar to the one produced in the Commission facilities utiliging the
plate technique and tested so extensively. The intent of the tests were,
of course, aimed primarily at testing the ruggedness and durability of
a strong uranium structure rather than the techniques used to produce

that structure.

8.5.1 Uranium Welding

Welding of uranium can be an important factor in the production of
uranium casks. Welds must be free of voids and/or oxide inclusions in
order to exhibit the same radiation attenuation as the base metal, Weld-
ing procedures have been developed which; 1) have sufficient strength and
ductility to give the finished cask the required structural strength;

2) are not so difficult or tedious that welding costs are a major fabri-
cation cost factor; and 3) do not present an undue health hazard to the

welders.”

The property of uranium which makes it difficult ‘o obtain sound
welds is its chemical reactivity at welding temperature, specifically its
high affinity for atmospheric oxygen. An absolute absence of air in con-
tact with hot uranium is necessary if sound welds are to be obtained. The
uranium welding method used to produce the uranium-shielded casks discussed
in ref. 5 was tungsten inert gas and is generally referred to as TIG weld-
ing.

Another method which has been used was a modified TIG procedure using
silver plated uranium filler rods. Silver is completely insoluble in mol-
ten uranium and forms an impervious film on the molten surface. The silver
coating on the filler rod prevents oxide formation on the rod until it is
melted during welding. The silver from the rod then floats on the surface
of the molten uranium and prevents the formation of insoluble material

which would remain in the weld and impair its quality; it also eliminates
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the need for chemical or major physical treatment of the weld between
passes. Elimination of cleaning between passes increases the overall
welding speed by a factor of 5 to 10. Welds produced by this procedure
are normally free of voids and/or inclusions. Subsequent beta annealing
of the weld area will produce the same chemical, physical and mechanical

properties comparable to those of cast or beta-heat-treated uranium,”

8.6 Testing of a Prototype Uranium-Shielded Cask

Recently the Commission initiated a program (mentioned previously in
Sect. 8.1) with a view to determining the technical feasibility of using
rather large uranium shields in radiocactive materials shipping service.

A demonstration cask design was developed which would indicate the be-
havior of massive uranium shields under normal and accident conditions

(see Fig. 8.1). This cask® ¢ successfully met the applicable AEC Chap-

ter 0529, 10 CFR 71, and IAEA Safety Series 6 normal transit design cri-
teria, and passed the hypothetical accident series for shipping radiocactive
materials. The significant results of the destructive testing program are

summarized in the following paragraphs.

The maximum cask deceleration rates measured for the 30-ft closure
edge impact test of the full size were LL5 g's and 281 g's on the bottom
of the lid and on the bottom of the cask, respectively. Inspection of the
cask following the test showed that the impact damage was isolated to ap-
proximately one-half of the closure end impact fins and to a small section

of the steel flange to which the fins were welded.

Figure 8.2 is a photograph of the cask closure and damage. The maxi-
mum change in cavity diameter, -0.053 in., was located near the top of the

cavity.

The maximum acceleration rate measured in the lj0-in. free fall punc-
ture test was 78 g. No serious damage was incurred in this test; the
maximum permanent change in cask cavity diameter was located near the

point of impact.

There was no leakage of liquid to the outside of the cask during the

impact tests. No dimensional changes were experienced that would have
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PHOTO 93674

Fig. 8.2 Damage Resulting From a 30-ft Free Fall to the
Demonstration Cask. (Courtesy of Union Carbide Corp., Paducah
Plant)

prevented the cask from being used safely for shipping spent fuel elements.
The cask was also exposed to a L5-min petroleum fire. An analysis of the
fire test data showed that the cask was within a 1L475°F environment for

over 30 consecutive minutes during the test.

Tests made after the thermal exposure showed that there was no loos-
ening of 1id studs during the fire and no cladding failure. The maximum
permanent change in the cask cavity diameter was + 0.116 in. The fire
damage to the fluoroelastomer ring gasket was of a minor nature and the
gasket was reusable; a nickel-plated stainless steel gasket was also un-

damaged by the fire.

8.7 Examples of Uranium Shielded Casks

Drawings of casks which utilize uranium as a shielding material and
which are used to transport radioactive materials are shown in Figs. 8.3
and 8.4. The cask shown in Fig. 8.3 weighs L4),000 1b and was built by
the National Lead Company to accommodate both NRU and NRX fuel while
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maintaining a relatively uniform dose rate on the cylindrical external
surface of the cask. Four separate depleted uranium castings were made
for this cask, each approximately 11 ft long. The cask was designed in
this way to provide a 12 in., square cavity yet keep the total cask plus
tractor-trailer weight below 73,280 1b, the maximum weight limit for most
states. The cask has been approved by the AEC and DOT and is presently

in use.

Figure 8.l shows a cask whose shielding thickness is 6-3/l in. of
depleted uranium; the cask weighs 11,50 1b and is designed to accommo-
date L00,000 curies of ®°Co which produce 6 kw of heat. This container,
built for the Oak Ridge National lLaboratory by the Paducah Gaseous
Diffusion Plant, using the laminated plate technique has also been ap-
proved by the AEC and DOT as meeting all normal and accident conditions

required by the regulations.

ORNL DWG 69-10366

SACRIFICIAL ZONE WITH —ANTIMONIAL- LEAD ALLOY
RADIANT ENERGY SHIELDS - BETWEEN SHIELDS

URANIUM

WEEP HOLES— INLESS STEEL

Fig. 8.3. Section View of the NRU-NRX Irradiated Fuel Shipping
Cask. (Courtesy of National Lead Company)
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Fig. 8.4. Uranium Shielded ®°Co Cask.

8.8 References

L. B. Shappert and R. Salmon, Shipping Cost Comparisons for Lead,
Steel, and Uranium Shielded Casks, ORNL~3918 (March 1966).

C. B. Clifford, Design and Fgbrication of a Prototype Laminated

Uranium Metal Shipping Cask for Large Shipments of Cobalt-60,

KY-521 (April 3, 1967).

C. B. Clifford, The Design, Fabrication, and Testing of a Quarter

Scale Model of the Demonstration Uranium Fuel Element Shipping

Cask, KY-5h6 (June 10, 1968).

C. W, Loveland, D. H. Stitt, and S. Bernstein, Demonstration Fuel

Element Shipping Cask from Laminated Uranium Metal ~ Part I -

General Information, Background, and Design, KY-550 (April 15, 1969).



238

—

5. V. A. Smith and C. W. loveland, Demonstration Fuel Element Ship-

ping Cask from Laminated Uranium Metal - Part II - Fabrication
and Costs, KY-551 (March 20, 1969).

6. C. B. Ciifford, Demonstration Fuel Element Shipping Cask from

Iaminated Uranium Metal - Part IIT - Tests and Demonstrations,
KY-552 (March 12, 1969).

7. W. R. Rossmassler (ed.), Paducah Plant Laboratory Progress
Report, KY-L-469 (Dec. 1968).






