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ABSTRACT
This report provides the reference conceptual waste package designs for
the Office of Nuclear Waste Isolation to baseline these designs, thereby
establishing the configuration and interface controls necessary, within the
Civilian Radioactive Waste Management Program, formerly the National Waste
Terminal Storage Program, to proceed in an orderly manner with preliminary
design. Included are designs for the current reference defense high-level
waste form from the Savannah River Plant, an optimized commercial high-level
waste form, and spent fuel which has been disassembled and compacted into a
circular bundle containing either 12 pressurized-water reactor or 30 boilingwater reactor assemblies. For compacted spent fuel, it appears economically
attractive to standardize the waste package diameter for all fuel types.
The reference waste packages consist of the containerized waste form, a
low carbon steel overpack, and, after emplacement, a cover of salt. The overpack is a hollow cylinder with a flat head welded to each end. Its design
thickness is the sum of the structural thickness required to resist the
15.4-MPa lithostatic pressure plus the corrosion allowance necessary to assure
the required structural thickness will exist through the 1,000-year containment period.
Based on available data and completed analyses, the reference concepts
described in this report satisfy all requirements of the U.S. Department of
Energy and the U.S. Nuclear Regulatory Commission with reasonable assurance.
In addition, sufficient design maturity exists to form a basis for preliminary
design; these concepts can be brought under configuration control to serve as
reference package designs. Development programs are identified that will be
required to support these designs during the licensing process.
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FOREWORD
This work, initiated under the National Waste Terminal Storage Program,
was completed as part of the Civilian Radioactive Waste Management Program of
the U.S. Department of Energy. The purpose of this program is to develop
technology and provide facilities for safe environmentally acceptable permanent disposal of high-level waste.
Conceptual design is the first phase of a multiphase design effort.
objectives are to:

Its

*

Develop design concepts that are expected to satisfy the waste
package design and regulatory requirements based on available
engineering expertise and judgment and on preliminary analysis,
evaluations, and data.

e

Determine what additional data, development programs, and
detailed analyses and evaluations are required to progress to
subsequent design phases which will result in a final design that
will be proven to satisfy all waste package design and regulatory
requirements.

A reference design concept is one that will be used for the basis for
component and repository design and development programs until that time when
information becomes available that indicates the design should be revised.
Revisions to this reference waste package design are expected as the multiphase design program progresses.
The design effort for the reference conceptual design was concluded in
1981 and 1982. Information relating to items such as materials, corrosion,
welding, stress relief, brine migration, and radiation reflect the data base
available at that time.
Examples of areas where the results of ongoing development programs,
analysis, and evaluations are expected to influence waste package design
include:
*

Site-specific salt properties

*

Radiation effects on site-specific salt, brine, and corrosion

*

Site-specific brine migration

*

Effect of site-specific brines on general corrosion and local
corrosion such as stress corrosion, cracking, and pitting

e

Data statistical analyses

a

Reliability analyses

*

Data and analysis uncertainties

v

*

Material considerations such as impurities, alloying, welding
parameters, heat affected zones, and stress relief.

Waste forms used in this reference conceptual design effort were assumed
to be provided by the waste form producer; therefore, waste form design was
not included in this effort.

vi

EXECUTIVE SUMMARY
The objective of the salt repository waste package design studies program
is to develop conceptual and then preliminary designs for practical, easy to
handle, waste packages that will retain nuclear waste for long periods of time
and then effectively retard the release of radionuclides so that natural
barriers provided by the geology can reduce their transport to the point where
they pose no significant threat to man and his environment.
The conceptual waste package designs presented in this report have been
developed as an engineered part of a waste isolation system. Other parts of
the system include the repository and the host rock. The waste isolation
system uses a combination of engineered and natural barriers to isolate radionuclides from the biosphere for long periods of time. The engineered salt
repository waste package consists of the waste form, a waste form canister, an
overpack, and, after emplacement, a covering of crushed salt.
This report describes reference conceptual waste package designs for the
disposal of defense high-level waste (DHLW), commercial high-level waste
(CHLW), and consolidated spent fuel (CSF), which consists of closely packed
rods from spent fuel assemblies, in a repository in salt. The designs in this
report have been developed from designs reported by Westinghouse in 1982 (subsequently published as Westinghouse [1983a)) at the request of the Office of
Nuclear Waste Isolation (ONWI). ONWI has program management responsibility
for the Civilian Radioactive Waste Management (CRWM) Program, formerly the
National Waste Terminal Storage Program, for repositories in a salt geology.
Reasons for issuing an additional conceptual design report prior to
beginning preliminary design activities include:
*

Selection, as a reference design concept, of an all-steel overpack waste package design for disposal in vertical boreholes in
the salt repository

*

Optimizing of the waste forms for CHLW and CSF

*

Revised geotechnical properties necessitating reevaluation of
waste package performance details

*

Revised repository parameters.

The all-steel waste package overpack design and the package optimized
CHLW and CSF waste forms were presented as cost-effective alternative designs
by Westinghouse in 1982 (subsequently published as Westinghouse 1983a|). The
geotechnical and repository parameter modifications resulted from ongoing salt
repository studies directed by ONWI. This report provides design and performance information for the all-steel waste package overpack concepts. The
information is presented in sufficient detail to permit the designs to be
baselined by ONWI, and thereby establish the configuration and interface controls necessary, within the CRWM Program, to proceed in an orderly fashion
with preliminary design.
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The performance of the engineered waste package, which along with other
man-emplaced components form an engineered system, has been categorized into
three time periods:
e

Operating Period (defined by ONWI as being up to 76 years long)
during which time all repository waste emplacement activities
take place (26 years); followed by an observation period
(24 years); and either a decommissioning period or a retrieval
period (5 or 26 years). During the operating period, waste packages must provide containment, handling capability, radiological
safety, and retrieval capability.

#

Containment Period (currently defined as up to 1,000 years after
permanent closure of the repository) during which time the waste
package is required to provide radionuclide containment.

*

Isolation or Postcontainment Period during which the engineered
system must provide reasonable assurance that the radionuclide
release rate to the geologic medium is maintained to an acceptably low value, presently specified by the U.S. Nuclgar Regulatory Commission to be no greater than one part in 10 per year of
certain radioisotopes.

DESIGN CONSIDERATIONS
The design of the engineered waste package can impact many aspects of the
nuclear waste management system from the source of the waste through emplacement methods and repository backfill. This report focuses on the engineered
waste package design and the interfaces between the waste package and the
repository.
The major design considerations for waste packages in salt are the
regulatory requirements, the waste forms and material limitations, and interface requirements.
Requirements
Major regulatory requirements, which are the bases for the designs and
evaluations in this report, include containment for up to 1,000 years, isolation through the limited release of radionuclides for 10,000 years, and a
retrieval option for up to 76 years. In addition, the waste package, in
conjunction with other components of the waste isolation system, must not
jeopardize the health and safety of repository site personnel and the general
public. This safety requirement involves consideration of handling, radiation, fires, explosions, criticality, occupational health, and'accountability.
In addition, the waste package design program must address several nonregulatory requirements specified by the U.S. Department of Energy. These
include requirements which discourage the use of strategic materials, encourage use of current technologies, and promote cost-effectiveness.
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Waste Forms
Three waste forms have been identified for disposal in salt: DHLW, CHLW,
and CSF. Reference parameters and specifications for these waste forms have
been developed and published by other CRWM Program participants as configurations which are expected to meet existing and anticipated waste form performance requirements.
The DHLW s borosilicate glass which is poured, while molten, into a
stainless steel canister, 61 cm in diameter and 3 m long. The canister is
filled to only 85% capacity to preclude overfilling. Maximum decay heat output from this waste form is 423 Wper canister.
Based on current testing at the Savannah River Laboratory, borosilicate
glass is considered to be sufficiently leach resistant to meet the long-term,
low-release rate criterion of the isolation period.
The CHLW is borosilicate glass which is poured, while molten, into stainless steel canisters which are 56 cm in diameter and 4.09 m long. These
canisters are filled to about 85% capacity to preclude overfilling. At
10 years out-of-reactor, the decay heat output of this waste form is 9,500 W.
CHLW is, like DHLW, considered adequate to meet long-term, low-release rate
requirements.
The CSF consists of spent fuel rods which have been removed from intact
fuel assemblies and consolidated into a close-packed-array. Since the number
of rods per package was not specified, the reference waste form for CSF was
chosen so that one or more of the package design limits was approached.
Further, it was desirable for nuclear accountability purposes for each waste
package to contain the fuel rods from an integral multiple number of fuel
assemblies. This led to the specification of a circular bundle of closely
packed rods from 12 pressurized-water reactor (PWR) assemblies or 30 boilingwater reactor (BWR) assemblies as the waste form. Sizing studies showed that
canisters containing these quantities of rods will have very similar minimum
diametral envelopes and that a standarized canister envelope is viable. There
is uncertainty about whether or not CSF will meet the low-release-rate criterion. It is assumed, however, that when fully tested under expected salt
site-specific conditions of extremely limited brine, the release rate of spent
fuel will be shown to be adequate.
Interfaces
An important aspect of the waste package program is the recognition,
definition, and evaluation of interfaces that exist between the engineered
waste package and other components of the mined geologic repository system.
Information was obtained or assumed concerning these interfaces to sufficiently define the requirements imposed on the waste package.
Specifically, this information includes:
o Waste form descriptions
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e

Generic geotechnical parameters which describe the reference
repository location including crushing loads, hydrology, geochemistry, rock temperature limits, rock thermal properties, and rock
physical and geologic properties

*

Generic repository design parameters including expected size,
waste capacity, operating period, and physical dimensions.

WASTE PACKAGE DESCRIPTION
The waste package consists of the canisterized waste form, a low carbon
steel overpack, and, after emplacement, a cover of crushed salt. The overpack, Figure ES-1, is a hollow, cylindrical main body with a flat head welded
to each end. The overpack component design thicknesses are the sum of the
structural thickness required plus the corrosion allowance necessary to assure
that the required structural thickness will exist through the containment
period. The structural thicknesses are those required to resist an external
pressure of 15.4 MPa. The corrosion allowance is established on the basis of
the calculated package surface temperature profile through the containment
period, the unexpected presence of an unlimited quantity of anoxic brine, and
the resulting corrosion rate. Under expected conditions of limited brine, the
corrosion depth is significantly less than the corrosion allowance.
The waste packages design and emplacement features are given in the upper
portion of Table ES-1, while the lower portion of the table summarizes the
performance of the packages. In the table, the performance of BWR spent fuel
is not listed because all performance aspects of BWR packages are less severe
than those of the PWR packages, as discussed in Section 2.5.2.
Peak temperatures reached by the package components are compatible with
specified temperature limits (500:C for glass, 375:C for CSF, and 250:C for
salt).
Table ES-1 lists estimated package-related costs for each of the designs
on the basis of the cost of fabrication and shipping of the package components
(excluding the waste form), total package cost, and cost per unit weight of
waste. The costs listed include the purchase, shipping, and repository
receiving costs for fabricated overpack components. Not included are costs
related to waste handling, packaging, or disposal.
CONCLUSIONS
Based on the design and performance descriptions presented in this
report, it is concluded that there is reasonable assurance that the waste
package concepts will satisfy all design requirements. In addition, there is
sufficient design maturity to form the basis for preliminary designs. The
designs can be brought under configuration control and serve as the reference
package designs for the salt waste disposal system. For CSF, it appears economically attractive to standardize the waste package diameter for all fuel
types.
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Conceptual Waste Package Overpack Design
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Table ES-1.

Summary of Waste Package Designs
(Page 1 of 2)

CSF
DESIGN FEATURE

CHLW

DHLW

^

1Z PWR

.

.

30

WR

WASTE FORM
Canister diameter, cm
Canister legnth, cm
Weight, net, kg
Weight, net, kgU
Weight, gross, kg
Initial heat load, W

61
300
1,470
N/A
1,940
423

56
409
2,560
(a)
3,425
9,500

62
400
7,920
5,532
8,390
6,600

62
435
8,310
5,670
8,810
5,700

WASTE PACKAGE OVERPACK
Outer diameter, cm
Overall length, cm(b)
Cylinder wall thickness, cm
Heads thickness, cm
Gross weight, tonnes

80.8
338.5
8.6
16.7
8.0

76.3
446.8
8.9
16.4
10.7

84.5
446.5
10.0
18.3
17.6

84.5
481.5
10.0
18.3
18.7

REPOSITORY
Borehole diameter, cm
Borehole depth, cm
Rows/tunnel
Package spacing, m
Tunnel spacing, m
Tunnel height, m
Tunnel width m

86
448.5
2
2.13
19.8
5.18
5.79

82
636.8
1
24.17
26.2
5.79
4.57

90
586.5
1
22.14
20.1
6.40
4.57

90
621.5
1
22.14
20.1
6.40
4.57

PACKAGE-RELATED COST(c)
Cost of components, $
Cost per unit of waste

15,810
$11/kg

19,600
$2.00/kgU

23,300
S4.22/kgU

24,870
$4.39/kgU

PERFORMANCE PARAMETER
RADIATION LEVELS, mrem/hr
Surface of overpack
Surface of tunnel
CORROSION
Allowance, cm
Predicted penetration
depth at 1,000 years, cm
Expected brine
Unlimited brine
LOCAL AREAL LOAD, W/m2

DHLW

CHLW

CSF (PWR)

3.3 x 105
1.9

1.6 x 106
1.6

1.9 x 105
1.8

0.95

1.92

2.30

0.04
0.95

0.14
1.92

0.07
2.30

20

15

14.83
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Table ES-1.

DHLW

PERFORMANCE PARAMETER
PEAK TEMPERATURES, :C
Waste form
Overpack
Salt

(Page 2 of 2)

CHLW
480
230
230

110
98
98

CSF (PWR)
348
175
175

(a) Waste form results from reprocessing this quantity of spent fuel.
(b) Exclusive of the pintel.
(c) Includes fabrication and shipping; excludes waste form and repository
costs.
Additional testing is required to confirm the materials properties
assumed in the conceptual design performance evaluation and to verify the
suitability of assumed processes. Specific recommendations in each of these
areas are presented in Chapter 6.0 and include:
*
*
*
*
a
*

*

Waste form leach resistance evaluation
Maximum design pressure
Corrosion studies
Long-term materials interactions studies
Overpack closure weld evaluations
Package assembly evaluation
Structural design criteria development.

xiii

TABLE OF CONTENTS
Paqe
1.0

INTRODUCTION
1.1
1.2
1.3

2.0

...................................................

1

WASTE PACKAGE PROGRAM OBJECTIVES
................
WASTE PACKAGE CONCEPTUAL DESIGNS ..........................
REPORT CONTENTS ................................

2
2
..

4

.......

5

REQUIREMENTS, CONSIDERATIONS, AND ASSUMPTIONS ...................
2.1

2.1.1
2.1.2
2.1.3
2.1.4
2.1.5
2.1.6
2.1.7
2.1.8

2.1.9
2.1.10
2.2

Containment ..................
Isolation ..........
Retrlevability ........................
Radiation Safety ..................................
Criticality Safety ................................
Fire and Explosion Safety
.............
Handling Safety .......
...................
...
Transportation Safety .............................
Accountability ...
................
o..............
Quality Assurance ....
...........
.............

OTHER REQUIREMENTS . ...
2.2.1
2.2.2
2.2.3

2.3
2.4

7

7
7
8
8

Materials, Parts, and Processes .. ..........
...
Cost ............ o ...............................
Interfaces ....... ................. ........................

8
9
9

...........

Waste Forms ......... ..........................
2.4.1.1
2.4.1.2
2.4.1.3

2.4.2
2.4.3

6
7

8

o....

....

5
6
6

o. ........

ooo..........

COORDINATION OF REQUIREMENTS AND SPECIFICATIONS
DATA ......................................................
2.4.1

2.5

5

REGULATORY REQUIREMENTS ............

9

Defense High-Level Waste ................
Commercial High-Level Waste .............
Consolidated Spent Fuel ........... o......

Geotechnical Parameters ...........................
Repository Characteristics ..................

DESIGN CONSIDERATIONS ..........

............

*.o.....

9

9

o.....
..

12
12
12
12
12
12

2.5.1
2.5.2
2.5.3
2.5.4

Waste Form Characteristics ..... ... o
...........
Spent Fuel Comparisons
............................
Waste Package Sizes .. .......... o
..............
Overpack Material ..... o..............

16
17
17
17

2.5.5
2.5.6

Radiation Safety . ............
............
.........
Design Margins .....
.................... ........

19
19

xv

.

TABLE OF CONTENTS
(Continued)
Paqe
Structural ..............................
Thermal ...............................................
Corrosion ...............................

19
19
21

Isolation ...................................................

21

2.5.6.1
2.5.6.2
2.5.6.3
2.5.7
2.6

ASSUMPTIONS ......................................................
2.6.1

Processing ........................................
2.6.1.1
2.6.1.2
2.6.1.3
2.6.1.4
2.6.1.5

2.6.2

3.0

22

Waste Package Assembly ..................
Waste Form Processing ...................
Waste Package Handling ..................
Emplacement ...............
. .............
Retrieval ..............................................

Containment Period Performance ....................
2.6.2.1
2.6.2.2
2.6.2.3

PHYSICAL

.............................
Thermal ....
Corrosion ..............................
.................
Structural .............

3.1.1
3.1.2

DESCRIPTION

24
24
24

3.1.3
3.2

......

Manufacturing Process for Overpacks ...............
Assembly Processes for Overpacks ....... ........
3.2.2.1
3.2.2.2

3.2.3

.. ... ... .
Shop Assembly ..................
Repository Assembly .....................

Fabrication and Assembly of Consolidated Spent
............
Fuel Canisters ..... ...

EMPLACEMENT DESCRIPTION ...
................................
.........................................
COST ESTIMATES ...

xvi

26

26
26

Consolidated Spent Fuel Waste Form ......
. .. ... .
Waste Package ....................

Waste Package Weight .......................

-

26

FABRICATION DESCRIPTION ...................................
3.2.1
3.2.2

3.3
3.4

......................................

Overpack Material .................................
Dimensions ........................................
3.1.2.1
3.1.2.2

22
22
22
23
23x
24

DESIGN DESCRIPTIONS .....................................................
3.1

21

26
28
30
30
31
31
31
32
33
33
35

-

TABLE OF CONTENTS
(Continued)

4.0

PERFORMANCE DESCRIPTIONS ..... ...............
4.1

CONTAINMENT PERIOD .........................
4.1.1

.................

38

Defense High-Level Waste ................
Commercial High-Level Waste .............
Consolidated Spent Fuel .................

39
39
39

Expected Conditions .....................
Unexpected Conditions ...................

45

Defense High-Level Waste ................
Commercial High-Level Waste .............
Consolidated Spent Fuel ..................

49

Defense High-Level Waste Glass ..........
Commercial High-Level Waste Glass .......
Consolidated Spent Fuel .................

Corrosion Products ..... ...................

45
45
46
49

Waste Form Leaching ...............................
4.2.1.1
4.2.1.2
4.2.1.3

42
42
44

ISOLATION ....................................................
4.2.1

50

RETRIEVABILITY ............. e......#..........
.............
*...
RADIATION SAFETY ...........
............
................
.. .
CRITICALITY SAFETY ............... .. ..
.................. .
FIRE AND EXPLOSION SAFETY .................
....... .. ...... .
HANDLING SAFETY ...........................................
TRANSPORTATION SAFETY . ........................
ACCOUNTABILITY ..............................
QUALITY ASSURANCE ............................

51
52
53
54
54
54
55
55

4.10.1

Component Fabrication .........
4.10.1.1
4.10.1.2

4.10.2
4.10.3
4.10.4

...........

49
49
50

.

4.2.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10

38

Structural Performance ............................
4.1.3.1
4.1.3.2
4.1.3.3

4.2

.. .. .... ..

Corrosion ..................................................
4.1.2.1
4.1.2.2

4.1.3

....

Thermal Performance ..............
4.1.1.1
4.1.1.2
4.1.1.3

4.1.2

38

..................

55

Material Quality ........................
Casting Quality .........................

55
56

Component Processing and Subassembly .....o .......
56
Repository Processing
.............................57
Quality Assurance Records ......
........... o... ...
57
xvi i

TABLE OF CONTENTS
(Continued)

Page

4.11 MATERIALS, PARTS, AND PROCESSES
4.12

4.13
4.14
5.0

STANDARDIZATION OF SPENT FUEL PACKAGES
5.1
5.2

5.2.3

6.0

Ground Rules ...... ................................
Assumptions .................................................
Generalized Canister Design .......................

SIZE AND DIAMETER ANALYSIS .......... . . .

REQUIRED DEVELOPMENT PROGRAMS ....... .....
6.1

...........................

CHARACTERIZATION OF FUEL RODS .............................
DEVELOPMENT OF GENERALIZED CANISTER DESIGN ................
5.2.1
5.2.2

5.3

...........................

COST ....................................................
INTERFACES ................................................
COMPUTER CODE VERIFICATION AND VALIDATION .................

............................... .

...... ....... .............

57
58

58
59
60
60
63
63
66
66
66
72

PRELIMINARY DESIGN PROGRAMS ...............................

73

6.1.1

Brine-Migration ................................................

73

Background and Status ...................
Justification ............................................
Recommended Scope .......................

73
74
74

6.1.1.1
6.1.1.2
6.1.1.3
6.1.2

Short-Term Corrosion Testing ......................
6.1.2.1
6.1.2.2
6.1.2.3

6.1.3

Overpack Closure Welds ............................
6.1.3.1
6.1.3.2
6.1.3.3

6.1.4

6.1.5

Background and Status ...................
Justification
...........................
Recommended Scope ..............
.........

Background and Status ...................
Justification ...........................
Recommended Scope .......................

75
75
76
76
78
78
79
79

Waste Form Leaching ...............................

79

6.1.4.1
6.1.4.2
6.1.4.3

Background and Status
...................
Justification
...........................
Recommended Scope .......................

80
80
81

Salt Thermal Expansion and Creep Effects
on Waste Packages .....
............................

81

6.1.5.1

Background and Status ...................
xviii

81

TABLE OF CONTENTS
(Continued)
EPge
6.1.5.2
6.1.5.3
6.1.6

Spent Fuel Heat Transfer ..........................
6.1.6.1
6.1.6.2
6.1.6.3

6.2

...........
Justification ........... * .....
Recommended Scope .......................

6.2.1

6.2.3

6.2.3.3

86
86
87
87

Background and Status ... ** ............
....... ......
... ..... . . . . . .
Justification ...
.......................
Recommended Scope

.

87
87
88
88

o....o....
Background and Status .........
.........
Justification .............
Recommended Scope .......................
.............. -......

Background and Status ... ......
................
Justification .......
Recommended Scope .

Waste Postcontainment Performance
6.2.5.1
6.2.5.2
6.2.5.3

6.2.6

86

Background and Status ...................
Justification ...........................
Recommended Scope .......................

Weld Process Verification ...
6.2.4.1
6.2.4.2
6.2.4.3

6.2.5

.. .....

Field Testing ..................................
6.2.3.1
6.2.3.2

6.2.4

85

Long-Term Corrosion Testing .......................
6.2.2.1
6.2.2.2
6.2.2.3

84
85
85

.................

Brine Migration ............................
6.2.1.1
6.2.1.2
6.2.1.3

6.2.2

84

Background and Status ...................
Justification ....... .. . . ....................... .
Recommended Scope .......................

PRELIMINARY DESIGN VERIFICATION ..........

81
84

89

........
.

.

..

...

89
89
89
90

.................

Background and Status ...... ............
... . ...... .
Justification . ...............
Recommended Scope .......................

Structural Design Criteria ....... ...

88
88
89

90
90
91

.

91

..........

91

6.2.6.1

Background and Status .........

6.2.6.2

Justification . .......................

91

6.2.6.3

Recommended Scope .......

92

xix

TABLE OF CONTENTS
(Continued)
Page
6.2.7

Design Basis Loads and Safety Compliance ...
6.2.7.1

6.2.7.2
6.2.7.3
6.2.8

7.0

Background and Status ...................
Justification .......... . ..............
............. .
Recommended Scope
.......................

Verification of Retrievability
6.2.8.1
6.2.8.2
6.2.8.3

........

92
93
93
93

...

Background and Status ...................
Justification ...........................
Recommended Scope .......................

RESULTS .........................................
7.1
7.2

92

93
93
94
95

DESIGN DESCRIPTIONS ...... ................
.................
PERFORMANCE DESCRIPTIONS ..................................

95
95

8.0

CONCLUSIONS.......................................................

98

9.0

REFERENCES ..........................................................

99

10.0

GLOSSARY ...........................................................

101

APPENDIX A - APPLICABLE DOCUMENTS .....................................
A.1
A.2
A.3
A.4
A.5

103

INTRODUCTION ......................................................
DRAWINGS BY WESTINGHOUSE ......
................. ..............
SPECIFICATIONS BY WESTINGHOUSE ..................
...........
STANDARDS OF THE AMERICAN SOCIETY FOR TESTING AND
MATERIALS ........................................................
CODES OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS ......

APPENDIX B - CORRELATION OF REQUIREMENTS ..............................
APPENDIX C - WESTINGHOUSE DRAWINGS AND SPECIFICATIONS .................
APPENDIX
- OVERPACK MATERIAL SELECTION
..............................
0.1

D.2
D.3

105
121
139
139
140
142

D.3.1

142
144

Structural Considerations .........................
Corrosion Considerations ..... ......... ............. .

REFERENCES ................................

APPENDIX E - THERMAL ANALYSIS
E.1
E.2

103
104

MATERIALS ALTERNATIVES .....................................
SELECTION OF OVERPACK MATERIAL SPECIFICATION ...............
COST EFFECTIVENESS ........................................

D.3.2
D.4

103
103
103

.....................

146
....................

149

INTRODUCTION ............
...................................
REPOSITORY THERMAL MODEL .......
............................

149
149

xx

TABLE OF CONTENTS
(Continued)

EPa
E.3
E.4
E.5
E.6
E.7

INITIAL CONDITIONS AND BOUNDARY CONDITIONS .................
REPOSITORY MODEL MATERIAL PROPERTIES .......................
WASTE FORM DECAY HEAT DATA *
................................
WASTE PACKAGE THERMAL MODELS ...............................
REFERENCES .......................................... *...

APPENDIX F - BRINE MIGRATION MODELS ....
F.1
F.2
F.3

*.........,.................

LIQUID BRINE INCLUSION MIGRATION MODELING ..................
VAPOR MIGRATION MODEL .........................
REFERENCES *,*.................

APPENDIX G - CORROSION ANALYSIS ..................
G.1
G.2
G.3

163
163
164
169
171

SUMMARY .......... *.*.*.*
.................................
INTRODUCTION .... *
................................ *....
GENERAL CONSIDERATIONS .....
...............................

171
172
172

6.3.1

Thermodynamic Factors
..............................
Thermochemical Environment ......
.
...................
.
Stoichiometric Considerations .......................

172
173
174

G.3.3.1
G.3.3.2

Corrosion Reactions ........................
Limited Water ..............................

174
175

Local Corrosion Processes ...........................
Radiolysis ...........................
...............

185
187

G.3.2
G.3.3

G.3.4

G.3.5
G.4

151
151
155
155
160

KINETICS OF CORROSION ..........................

188

G.4.1
G.4.2
G.4.3
G.4.4

Introduction .........................................
Influence of Temperature and Oxygen Concentration ...
Influence of Time ....... .......
... .. .... .......... ..
Local Corrosion ............... ......... *..........

188
189
192
196

CORROSION CALCULATION PROCEDURE ............................
GEOLOGY/CANISTER/WASTE FORM INTERACTIONS ...................
SYNOPSIS ........................................
REFERENCES .................................................

200
200
202
203

APPENDIX H - STRUCTURAL PARAMETRIC STUDIES ............................

207

G.5
G.6
G.7
G.8

H.1
H.2

H.3

INTRODUCTION ...............................................
ANALYSIS
...................................................

207
207

H.2.1
H.2.2

207
209

Cylinders ....................................................
Heads
...............................................

DISCUSSION .........

*...

.
xxi

..................................

209

LIST OF TABLES

Table

Title

Paqe

2-1.

Summary of Canistered Waste Form Characteristics ...............

10

2-2.

Summary of Geotechnical Parameters .............................

15

2-3.

Reference Repository Characteristics ...........................

16

2-4.

Comparison of Low Carbon Steel Specifications ..................

20

2-5.

Drop Requirement Design Heights ................................

23

3-1.

Borehole

3-2.

Cost Estimates .......................................................

37

4-1.

Overpack Peak Surface Radiation Limits .........................

52

5-1.

Nominal Fuel Assembly Data ......................

61

5-2.

Spent Fuel Assemblies Available for Disposal, Cumulative

Depths

....................

.....................

..... ....

.. .............

Calendar Years 1990-2015 .......................................

37

64

5-3.

Consolidated Spent Fuel Canister Sizes .................

6-1.

Test Matrix for Waste Form Leaching ............................

82

7-1.

Summary of Waste Package Design Features ...

....................

96

7-2.

Summary of Waste Package Performance ................

o..........

97

B-1.

U.S. Department of Energy Waste Package Performance Criteria ...

B-2.

Summary of Westinghouse Engineered Waste Package Requirements

B-3.

Correlation Between U.S. Department of Energy Criteria and
Westinghouse Requirements ......... o.... . .

B-4.

........

....................

69

106
..

108

..... .

110

Correlation Between Westinghouse Design Specifications, Office
of Nuclear Waste Isolation Performance Specifications, and U.S.
Department of Energy Criteria for Waste Packages

.....

..........

111

..................

143

D-1.

Comparison of Low Carbon Steel Specifications

0-2.

Ratio of Cost of Metal or Alloy to A 36 Mild Steel

0-3.

Steel Sidewall Thickness Allowances .............. ...... o

147

0-4.

Corrosion Cost Break-Even Ratio for Steel Designs ... o.........

147

E-1.

Material Properties Used in Repository Model

154

xxii

.....

...................

145

LIST OF TABLES
(Continued)
Page

Title

Table
E-2.

Thermal Conductivity of Salt, Crushed Salt, and Air ............

E-3.

Normalized

G-1.

Thermal Transport of Water to a Borehole Waste Package .........

177

G-2.

The Corrosion Behavior of Cast Iron and Steel in Brine and
Seawater .... *.... *.............................................

190

G-3.

Seawater Corrosion of Steels ...................................

193

H-i.

Analysis Summary of Defense High-Level Waste Overpacks .........

210

H-2.

Analysis Summary of Commercial High-Level Waste Overpacks ......

211

H-3.

Analysis Summary of Consolidated Spent Fuel Overpacks in Salt

212

Decay

154

Heat Levels ...................................

xxiii

155

.,

LIST OF FIGURES
Fiqure
1-1.

Title

Page

Overview of the Civilian Radioactive Waste Management
Package Program ......................................................

3

Normalized Waste Form Power Decay Characteristics

2-2.

Defense High-Level Waste Form ......... .... ...... ....... ....... .

13

2-3.

Commercial High-Level Waste Form ...............................

14

3-1.

Conceptual Waste Package Assembly

27

3-2.

Typical Consolidated Spent Fuel Canister Cross Section

3-3.

Waste Package Dimensions .......................................

3-4.

Consolidated Spent Fuel Canister Assembly Preparation

3-5.

Emplacement Criteria for Reference Conceptual Waste Packages

4-1.

Defense High-Level Waste Package Performance

4-2.

Commercial High-Level Waste Package Performance

4-3.

Consolidated Spent Fuel Waste Package Performance

4-4.

Commercial High-Level Waste Overpack Pressure Resistance

4-5.

Consolidated Spent Fuel Overpack Pressure Resistance

...........

48

4-6.

Tunnel Floor Peak Radiation Levels as a Function of Crushed
Salt Depth .........................................................

53

Comparison of Canister Peripheral Envelopes Tangent to
Outer Rod, and Adjusted ...................................

68

5-1.

..............

11

2-1.

..............................
.........

29
..........
...

................

41

..............

43

.......

.....

C-1.

Assembly - Nuclear Waste Disposal Packages Reference Conceptual
*..
Designs - Salt .....................................

C-3.
C-4.

-

-

....................

Nuclear Waste Disposal Packages Reference Conceptual
Salt .................................................

Subassembly - Nuclear Waste Disposal Packages Reference
Conceptual Designs - Salt . ...............................

......

Supplementary Material Requirements for Nuclear Waste Disposal
.......
Packages - Reference Conceptual Designs - Salt ..........

xxiv

36
40

Consolidated Spent Fuel Canister Dimensions

Details
Designs

34

...................

5-2.

C-2.

28

47

71
122
123
125
126

LIST OF FIGURES
(Continued)
Figure

Title

Page

E-1.

Finite Element Repository Model ...............

E-2.

Thermal Model Boundaries ..

E-3.

Tunnel and Borehole Dimensions .................................

E-4.

One-Dimensional Waste Package Thermal Model

E-5.

Waste Package Thermal Models ...................................

158

E-6.

Effective Spent Fuel Thermal Conductivity ......................

159

E-7.

Consolidated Spent Fuel Waste Form Configuration and Partial
Section Thermal Model ..........................................

161

Calculated Concentration of MgCl2 in Equilibrium with NaCl at
Various Temperatures ...........................................

166

Vapor Pressure of NaCl and MgCl2 Solutions at Various
Temperatures ........................................................

167

Vapor Pressure as a Function of Water Evaporated from Brine in
Salt Initially Containing Two Molal MgCl2 ......................

168

G-1.

Eh-pH Diagram for Iron ........................................

173

G-2.

Vapor Transport of Liquid Water to a Commercial High-Level Waste
Borehole Canister
........... O.*.*. .

178

Temperature Dependence of the Corrosion of Cast Iron and Carbon
Steel in Brine and Seawater ..
9.......................
..

191

Corrosion of Cast Steels in Oxic Seawater, Showing 95%
Confidence Band .................................................

195

Comparison of Pitting Versus General Corrosion: Carbon Steels
in Saline Waters
....................
*.*.0
........ .********e*

198

Carbon Steel in Saline Water: Pitting Factor as a Function
of Time ........................................................

199

F-1.
F-2.
F-3.

G-3.
G-4.
G-5.
G-6.

..... .......

**.*.**.........................

xxv

.... .

... ... ........

150
152
153

....................

156

1.0

INTRODUCTION

This report describes reference conceptual waste package designs for the
disposal of defense high-level waste (DHLW), commercial high-level waste
(CHLW), and consolidated spent fuel (CSF), which consists of closely packed
rods from spent fuel assemblies, in a repository in salt. The designs in this
report have been developed from designs prepared by Westinghouse in 1982
(subsequently published as Westinghouse, 1983a) at the request of the Office
of Nuclear Waste Isolation (ONWI). ONWI has program management responsibility
for the Civilian Radioactive Waste Management Program (CRWM), formerly the
National Waste Terminal Storage Program, in a salt geology.
There are four reasons for issuing this report in addition to the
Westinghouse (1983a) conceptual design report prior to beginning preliminary
design activities:
e

Selection of an all-steel overpack waste package reference design
for disposal in vertical boreholes in the salt repository

* Optimization of the waste forms for CHLW and CSF
e

Revised geotechnical properties necessitating reevaluation of
waste package performance details

*

Revised repository parameters.

The geotechnical and repository parameter modifications resulted from
ongoing salt repository studies directed by ONWI. This report provides design
and performance information for the all-steel overpack waste package concepts.
The information is presented in sufficient detail to permit the designs to be
baselined by ONWI, and thereby establish the configuration and interface controls necessary, within the CRWM Program, to proceed in an orderly fashion
with preliminary design.
The waste package designs presented in this report have been developed as
an engineered part of a waste isolation system. Other parts of the system
include the repository and the host rock. The waste isolation system uses a
combination of engineered and natural barriers to isolate radionuclides from
the biosphere for long periods of time. The engineered waste package includes
the waste form and all components between the waste form and the host rock.
Waste package functions are summarized below:
e

Provide waste containment throughout the operational phase, the
retrieval contingency period, and the waste containment period

*

Limit radionuclide mobility from the engineered waste package
over long periods of time following the containment period

* Protect operating personnel involved in the handling, emplacement, and possible retrieval of waste
a

Provide the capability for handling, transporting, emplacing, and
if necessary, retrieving the waste within the repository system
1

o Prevent nuclear criticality within a given package.

1.1 WASTE PACKAGE PROGRAM OBJECTIVE
The objective of the waste package program is to translate the functional
requirements outlined above into designs for practical, easy-to-handle, and
effective waste packages. Thus, the program includes development of the
following:
e Engineered waste package design specifications
* Waste package conceptual designs
* Waste package design baselines.
Waste package design is only a portion of the CRWM Program (Figure 1-1).
The full program also includes site selection, repository development, field
testing, and licensing programs. Each of these programs interfaces with and
will ultimately affect the waste package design.
1.2 WASTE PACKAGE CONCEPTUAL DESIGNS
The major waste package concerns, with regard to the containment of
radionuclides in a repository in salt, are corrosion by brine and collapse by
in situ lithostatic pressure. Multiple design approaches were considered by
Westinghouse in 1982 (subsequently published as Westinghouse, 1983a) for
accommodating these factors, resulting in presentation of several designs for
each waste form. This provided a basis for evaluation of these several
alternatives to waste containment and selection of a preferred concept.
This preferred concept provides the waste form with a single, carbon
steel containment barrier that is sized to accommodate expected crushing loads
with sufficient added thickness to allow for corrosion. After emplacement of
the waste packages in boreholes drilled in the repository emplacement tunnels,
radiation shielding is provided by the host geology.
This report includes sufficient detailed information to allow placement
of the designs under formal design control within the CRWM Program. This
activity is referred to as "baselining' and implies formal acceptance of the
design compatibility with interfacing system components.- Once baselined, the
waste package design will be fixed until such time that documented changes,
mutually agreeable to all affected design entities, are made.
The following design information, which is contained in this report, has
been identified by ONWI as necessary for baselining:
*
*
*
a
*
*
e
*

Geotechnical and repository parameters
Waste form parameters
Thermal and structural design limits
Other package design specifications
Component drawings with dimensions and tolerances
Component and package weights
Materials specification
Closure weld design
2

PACKAGE
PERFORMANCE
MODEL

WASTE
FORM
DEFINITION

(

-

WASTE
PACKAGE
DESIGN

PACKAGE
ENVIRONMENT
DEFINITION

CRITERIA
DEVELOPMENT
I

.

i

r

MATERIALS
SELECTION

r

_

PACKAGE
DEVELOPMENT
TESTING
_

-

Figure 1-1.

1

I -

WASTE
PACKAGES
FABRICATED
FOR
REPOSITORY
OPERATION

Overview of the Civilian Radioactive Waste !Man:-ement Packaoe Proaram

3

* Thermal analysis
* Structural analysis
* Radiation analysis

*

Corrosion analysis

*

Brine migration analysis
Preliminary specification of codes and standards
* Component cost analysis
* Spent fuel population and size distribution analysis
a Development and test program needs.
e

1.3

REPORT CONTENTS

Chapter 2.0 provides the design requirements, interface parameters,
design guidelines, and assumptions used as design bases.
Chapter 3.0 describes the waste package designs, addresses fabrication
techniques and emplacement features important to package performance, and
provides the cost estimates.
Chapter 4.0 provides the results of the package performance analyses.
Assessments of design margins are included together with brief descriptions of
the methods and procedures used for the thermal, corrosion, structural, and
radiological analyses.
Chapter 5.0 provides a discussion of the standardization of CSF waste
package sizes. Chapter 6.0 provides a discussion of required development
programs. These are divided into those programs required prior to the
completion of preliminary design and those required to aid in providing
"reasonable assurance that design performance predictions are accurate.
Chapter 7.0 is a summary of the results. Chapter 8.0 lists conclusions
reached. Chapter 9.0 lists the references used in preparation of the report.
Appendixes are included which provide backup information for material
selection and the thermal, structural, corrosion, and brine migration analyses.
Additional appendixes are attached which list documents applicable to the
designs. Also included is an appendix containing the drawings and
specifications.
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2.0 REQUIREMENTS, CONSIDERATIONS, AND ASSUMPTIONS
The waste package design specification prepared by Westinghouse in 1982
(subsequently published as Westinghouse, 1983b) was used to guide the waste
package conceptual design effort presented by Westinghouse in 1982 (subsequently published as Westinghouse, 1983a) in a direction which was responsive
to the overall U.S. Department of Energy (DOE) program criteria and objectives. The criteria, discussed in detail by DOE (1982), are consistent with
DOE's responsibility to provide for the development and implementation of
acceptable and practical waste disposal technology in a manner consistent with
Federal regulations.
The following sections present the principal design requirements,
extracted from the Waste Package Design Specifications (Westinghouse, 1983b),
and from the Office of Nuclear Waste Isolation (ONWI) Waste Package Specification prepared in 1982 and subsesquently published (ONWI, 1983). This is
followed by a discussion of interface data and revised generic site information. Assumptions made regarding the design requirements presented in this
report and their application to the designs are given in Section 2.6.
2.1

REGULATORY REQUIREMENTS

Federal rules to regulate the disposal of high-level nuclear wastes in
mined geologic repositories are in various stage of development. These
Federal rules have been incorporated into the waste package design specifications (Westinghouse, 1983b) as design requirements. These design requirements
and a discussion of the effect of the requirement on waste package design are
provided in the following paragraphs.
2.1.1

Containment
The engineered waste package must provide reasonable assurance that radionuclides will be contained for at least
1,000 years after decommissioning under expected repository
conditions.

This requirement is based on the decay characteristics of nuclear wastes.
It is related to the time when the thermal output of the waste is dominated by
the decay of relatively short-lived fission and activation products. By the
end of this period, waste temperatures are well below peak values and are
approaching the temperature of the undisturbed salt. During this period, the
radionuclide content and, hence, the toxicity of the waste decreases by several orders of magnitude, thereby mitigating to a significant extent the
hazard to humans which would result if the waste radionuclides were transported to the accessible environment. The engineered waste package components
must provide reasonable assurance of containment of radionuclides during this
period of time (the containment period).
The regulations state that only expected events and processes need be
considered in evaluating the containment capability and that human intrusion
effects need not be considered.

5

2.1.2

Isolation
The engineered waste package must provide reasonable assurance that, after the containment period, annual radionuclide
releases to the geologic setting do not exceed [a predetermined level, currently defined as] one part in 105 per year
of the maximum postcontainment inventory of any nuclide
which is in excess of 0.1% of the total annual curie
release.

The currently proposed regulatory definition of the engineered system is
the waste package (includes the waste form) and the underground structure
(includes openings and backfill materials but excludes shafts, exploration
holes, and their seals).
2.1.3

Retrievability
That portion of the engineered waste package containing the
waste form (referred to as retrievable package) shall be
retrievable, intact, for a period after initial emplacement.

The requirement for retrievability recognizes that some period of time
will be required to confirm that the repository and the engineered system are
functioning together as expected and to reach a decision to permanently close
the repository.
Assumptions made regarding retrievability for a salt repository are
(1) the period of time for which the package must remain retrievable will be
no more than 76 years, and (2) the length of time for retrieval will not
exceed that for emplacement operations.
2.1.4

Radiation Safety
The engineered waste package, in conjunction with waste
package handling equipment and the design of the geologic
repository operations area, shall reduce radiation levels
sufficiently to assure worker radiation exposures are in
compliance with the exposure limits of 10 CFR Part 20.

This requirement protects repository workers from hazardous levels of
radiation. As a minimum, this requirement means that wastes must be enclosed
in a shielded container during handling and emplacement operations with operating personnel in the vicinity. In addition, package and repository design
must be such that radiation from the emplaced waste is attenuated sufficiently
to permit personnel occupancy of the emplacement tunnels for the time required
to perform normal repository operations without exceeding prescribed exposure
limits.
Specification of acceptable dose rates will be the responsibility of the
repository designer. Allocation of postemplacement radiation safety requirements between the repository and the waste package will be based on tradeoffs
during preliminary design.
6

2.1.5

Criticality Safety
The engineered waste package and repository designs must
assure that keff <0.95 and that no nuclear criticality
accident can occur unless at least two unlikely, independent, and concurrent or sequential changes have occurred.

This requirement is intended to protect against the consequences of a
criticality accident during the repository operating period and to reduce the
probability of criticality thereafter to a very low level.
Criticality safety is evaluated as part of the waste package design; prevention of criticality within a package is the responsibility of the package
designer. Prevention of criticality among arrays of packages is the responsibility of the repository designer.
2.1.6

Fire and Explosion Safety
The waste package shall not be capable of initiating or
sustaining combustion nor shall it be capable of creating
explosions under reasonably expected conditions. It shall
also be capable of maintaining containment during exposure
to a fire of specified temperature and duration.

This requirement is intended to assure that the waste package will not
cause or contribute to-a fire or explosi6n, and to protect repository personnel by precluding the loss of containment of radioactive material as a
result of a fire or an explosion.
2.1.7

Handling Safety
The waste package and the retrievable package (as defined
under retrievability) shall be suitable for lifting, transferring, and orienting both on and off the geologic repository site. In addition, the waste package and the retrievable package shall be capable of free vertical fall into the
borehole without release of radionuclides or loss
of retrieval capability.

This requirement is intended to preclude loss of containment during
normal handling operations, including possible accidental drops. This
requirement has been resolved to mean that waste forms need to be in a container having sufficient structural integrity to withstand expected handling
operations plus plausible handling accidents.
2.1.8 Transportation Safety
The waste package and the retrievable package shall be
capable of transportation by conventional rail and truck
systems in conjunction with suitable shipping containers.
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This requirement is intended to assure that, in case retrieval is necessary, the retrieved waste, regardless of package configuration, can be shipped
from the repository.
2.1.9 Accountability
The canisterized waste, the waste package, and retrievable
package shall have a unique marking for identification to
assure traceability of the package contents from first fabrication until repository decommissioning.
This requirement is intended to provide a means of identifying and tracing each waste package and its contents during the repository operating
period. It involves incorporating into the design a long life identification
system in such a way that it does not compromise the 1,000-year containment
integrity of the waste package components.
2.1.10 Quality Assurance
In addition to stated design requirements, a quality assurance program is
necessary for waste packages. The DOE has specified that the application of
American National Standards Institute (ANSI, 1979) NQA-1-1979 will provide the
appropriate quality assurance.
2.2

OTHER REQUIREMENTS

Other requirements are imposed on the waste package to induce usable
design configurations which are cost-effective and which, in conjunction with
a repository, can be licensed and implemented within a reasonable period of
time. (See Appendix A for listing of documents applicable to waste package
component and assembly requirements.)
2.2.1

Materials, Parts, and Processes

Requirements on materials, parts, and processes are intended to serve
several purposes:
* Avoid creating an underground deposit of materials which may,
someday, be attractive for salvage reasons
* Avoid depleting supplies of critical strategic materials
e

Reduce the need for prolonged and expensive research and development programs which may delay implementation

* Take advantage of historical performance experience with those
technologies which might be incorporated into repository performance models

8

* Use production and fabrication processes which have been proven
to be amenable to inspection and control from a quality assurance
standpoint.
2.2.2

Cost

Specific cost criteria for waste packages have not been specified; however, cost considerations are a design variable. Thus, careful consideration
must be given to tradeoffs between cost and design approaches in meeting the
requirements for engineered waste package design.
2.2.3

Interfaces

Interface requirements have not all been defined. To develop these waste
package designs, references were either established or assumed. Interface
information established for waste forms, host rock, and repository characteristics is discussed in detail in Section 2.4, and assumptions related to waste
package processing and repository geophysical interfaces are discussed in
Section 2.6.
2.3

COORDINATION OF REQUIREMENTS AND SPECIFICATIONS

Subsequent to the development by Westinghouse in 1982 of the generic
waste package design specification for conceptual design (published as
Westinghouse, 1983b), ONWI in 1982 developed a waste package interim
performance specification document for nuclear waste disposal in salt
(published as ONWI, 1983). Both of these specifications are based on nine
top-level criteria established by DOE (Sections 2.1.1 through 2.1.9).
Correlation between DOE criteria, ONWI specifications, and Westinghouse
requirements is presented in Appendix B so that longer performance can be
related to those documents.
2.4

DATA

The following summarizes the information used in formulation of the
reference conceptual designs of waste packages for disposal of defense highlevel waste (DHLW), commercial high-level waste (CHLW), and consolidated spent
fuel (CSF) in this report. Three major areas are discussed: the waste forms,
the site-specific geotechnical parameters, and the repository configuration.
2.4.1 Waste Forms
Designs for three waste forms are considered in this report. These are
DHLW from the Savannah River Laboratory (SRL), CHLW resulting from the
reprocessing of domestic commercial power reactor fuels, and CSF consisting of
individual fuel rods consolidated into a close-packed array. Key design parameters are summarized in Table 2-1 and Figure 2-1.
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Table 2-1.

Summary of Canistered Waste Form Characteristics

CSF(a)

Characteristic

I-&

CD

DHLW

Canister diameter, cm
Canister length, m
Net waste weight, kg
Gross waste form weight, kg
Waste density, g/cm 3
Thermal conductivity, W/(mwk)
Specific heat, J/(kg-k)
Power output, (initial), W
Limiting temperature during
package design life, C
Limiting temperature after
package design life, C
Radioactivity content, C
Leach rate, g/cm2/d
Canister Surface Radiation Levels:
Neutrons (reflected), rem/hr
Gamma, mrem/hr
Total, mrem/hr

CHLW

PWR

BWR

61
3.0
1,470
1,94)
2.74(C)
0.972
992
423

56
4.09
2,560
3,425
3.1
0.8-1.3(d)
700-800
9,500

62
4.00
5,532(b)
8,390
NS
5.5
264
6,600

62
4.35
5,670(b)
8,810
NS
5.5
264
5,700

500

500

375

375

100
1.5 x 1Q5
1 x -l(e)

100
6.58x
2 x 10-(f)

NS
4 x 106
0-5

NS
1.4 x 106
5

7.28 x 101
2.56 x 17
2.56 x 107

1.44 x 104
1.51 x 108
1.51 x 108

6.05 x 103
2.85 x 107
2.85 x 107

6.0 x 103
2.8 x 107
2.8 x 107

NS = Not Specified.

(a)Based on the characteristics of the most populous pressurized-water reactor (PWR) and boiling-water reactor
(BWR) assemblies. PWR packages contain the rods from 12 assemblies; BWR packages contain the rods from
30 assemblies.
(b)Expressed as kgU for spent fuel.
(c)At 100'C.
(d)0 to 500'C.
(e)Nominal value. Leach rate isexjpected to go to 2 x 10-9 g/cm 2/d after 400 days (Baxter, 1981).
(f)24-day value. Leach rate isexp.acted to go to 2 x 10-9 g/cm 2/d after 400 days (Baxter, 1981).
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2.4.1.1

Defense High-Lavel Waste

DHLW, as considered in this report, is the reference SRL waste form
(Baxter, 1981) which is shown in Figure 2-2. It is borosilicate glass which
is poured, while molten, into a stainless steel canister, 61 cm in diameter
and 3 m long. The canister is filled to 85% capacity to preclude overfilling.
Maximum thermal output from this waste form is 423 Wper canister. The stainless steel canister is suitable for DHLW handling and short-term surface
storage.
2.4.1.2

Commercial High-Level Waste

CHLW is borosilicate glass which is poured, while molten, into stainless
steel canisters which are 56 cm in diameter and 4.09 m long, as shown in
Figure 2-3. These canisters, having a larger diameter than the DHLW canisters, are filled to about 85% capacity to preclude overfilling. The stainless
steel canister was chosen to facilitate handling and interim storage which,
for CHLW, may include a period of water cooling.
2.4.1.3

Consolidated Spent Fuel

CSF consists of spent fuel rods which have been removed from commercial
light-water reactor fuel assemblies and consolidated into a close-packed
array. The number of rods per waste package depends on the type of fuel
assembly. Waste packages for pressurized-water reactor (PWR) spent fuel contain the rods from 12 fuel assemblies while most boiling-water reactor (WR)
spent fuel waste packages contain the rods from 30 fuel assemblies.
2.4.2

Geotechnical Parameters

A summary of geotechnical parameters is given in Table 2-2. The information in this table was estimated by ONWI for development of the reference conceptual designs.
2.4.3 Repository Characteristics
Repository characteristics are summarized in Table 2-3. The information
in this table was provided by ONWI for development of the reference conceptual
designs.
2.5

DESIGN CONSIDERATIONS

In addition to the requirements and interfaces discussed previously, the
waste package designs presented in this report are based on a number of design
considerations. These are discussed in the succeeding paragraphs.
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Defense High-Level Waste Form
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Commercial High-Level Waste Form
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Table 2-2.

Summary of Geotechnical Parameters

Value

Parameters
Design basis earthquake, g

0.3

Lithostatic pressure at repository level, MPa

15.4

Maximum design pressure, MPa(a)

15.4
C

Salt decrepitation temperature,

250

Density, g/cm 3

2.19

Porosity (volumetric)

TBD

Moisture content, wt%

0.75

Permeability, lid

50

Brine constituents

TBD

Thermal conductivity at 25:C, W(mok)

3.99

Thermal expansion

TBD

Specific heat capacity,

/(kg-k)

TBD

Creep at 25°C
TBD

912

To be determined.

(a) The maximum design pressure may be the sum of the lithostatic pressure and a thermally induced pressure transient. Determination of this latter pressure is under
study by ONWI.
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Table 2-3.

Reference Repository Characteristics

Characteristic

DHLW

CHLW

CSF

Depth below surface, m

<600

<600

<600

Maximum allowable local areal
loading, kW/acre

120

120

60

Maximum salt temperature,

250

250

250

Tunnel width, m

5.79

4.57

4.57

Tunnel height, m

5.18

5.79

6.40

Tunnel spacing, m

19.8

26.2

20.1

Tunnel length, m

152.4

152.4

152.4

Minimum borehole spacing, m

2.13

2.13

2.13

Number of rows/tunnel

2

1

1

34

34

34

Initial temperature,

2.5.1

C

C

Waste Form Characteristics

The physical, thermal, and radiological attributes of the waste forms
were described in Section 2.4.1. Both the DHLW and CHLW waste forms are
contained in partially filled stainless steel canisters. While these canisters are suitable for handling and intended for short-term surface storage,
they are considered inadequate for disposal from three standpoints. First,
the stainless steel canister is subject to stresses as introduced by differential thermal contraction during cooling of the canister relative to the
waste glass. Second, the waste processing results in sensitization (Baxter,
1981), or increased corrosion susceptibility, of the stainless steel canister
material. Third, the unfilled upper portion of the canister cannot support
the lithostatic pressure of the repository environment. Thus, both of these
waste forms are considered to need an overpack to provide the containment
required by the regulations.
For.CSF, no physical limitation was placed on the size of the waste form.
As a result of thermal and spatial studies, it was determined that the CSF
waste packages could contain the CSF rods from 12 PWR or 30 PWR assemblies. A
discussion of consolidation techniques is beyond the scope of this document,
except to say that techniques have been demonstrated which can transform the
open, square, fuel assembly rod array into a close-packed triangular rod array
for storage. To date, consolidation operations have been conducted with one
16

fuel assembly at a time. Although the collection of the -fuel rods from multiple assemblies in the consolidation machinery should be feasible, it is doubtful that it would be desirable to handle the rods from 12 to 30 assemblies
simultaneously. The canisters provided for CSF in the waste package designs
presented in this report are segmented into six congruent compartments. Each
compartment will hold the rods from either two PWR or five BWR assemblies.
The compartment dividers not only serve as walls to facilitate incremental
filling of the canister, but are effective heat conduction paths which prevent
excessive temperature buildup in the interior-of the canisters. Like the
high-level waste canisters, the CSF canisters have not been designed for
direct repository emplacement and are considered to require overpacking.
2.5.2

Spent Fuel Comparisons

Spent fuel from both PWR and BWR comprise the CSF waste forms. However,
because of many factors, including the physical size of the rods, their
initial loading, and the degree of burnup, the PWR spent fuel presents the
more limiting performance situation.
CSF waste packages with the rods from 12 PWR assemblies have an initial
heat generation rate of 6,600 W, while those containing the fuel from 30 BWR
assemblies generate 5,700 Wat 10 years out-of-reactor. In general, the BWR
waste packages are longer than the PWR packages. This longer length, combined
with the lower BWR package thermal power level, results in a significantly
lower heat flux at the interface between the BWR packages and the salt than
that for the PWR packages. In addition, ONWI has indicated that, for operational purposes, the WR packages would be emplaced at the same package pitch
as that required for the PWR packages. This will produce a lower emplacement
areal load. Both the lower interface heat flux and the lower emplacement
areal load will result in cooler operation of the packages containing BWR
spent fuel. Consequently, performance discussions pertaining to CSF focus on
spent PWR fuel.
2.5.3

Waste Package Sizes

Several facets of the repository operations can be simplified if the
waste package sizes are similar to one another. Most importantly, package
diameter similarities should allow transfer casks and borehole drilling
machinery designs to be simplified. With package diameters as nearly compatible as practical, length and thermal output variations could be handled by
making the transfer casks long enough for the longest package and by the depth
and spacing of the boreholes. This consideration is particularly pertinent to
CSF waste packages. Chapter 5.0 presents the details of a sizing study which
was conducted in conjunction with the development of the waste package designs
presented in this report.
2.5.4 Overpack Material
There are no a priori requirements to be met for waste package materials.
However, a number of qualitative and semiqualitative material criteria were
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considered for the waste package designs presented in this report.
siderations may be summarized as follows:

These con-

1. Technologically Supportable Production and Fabrication Processes While the use of technical innovation is not to be discouraged, it
is nevertheless a fact that the use of a proven technology over
unproven technologies is to be preferred, given the choice of
alternatives.
2. Cost and Availability - While cost and availability had to be
secondary to the functional performance requirements, it is clear
these two factors play an important role in the design process. Any
design that is inordinately expensive or requires the use of
materials in scarce supply will probably be rejected on those
grounds, and such designs were not pursued.
The application of these considerations to the waste package design process ultimately led to the selection of low carbon steel as the generic
material choice for the overpack. Many grades of steel fall into the general
category of low carbon,' so further considerations were necessary to arrive
at the tentative selection of a specific grade of low carbon steel for the
waste package designs presented in this report.
Low carbon steel is a plentiful, easily formed material that is readily
weldable and reasonably strong. A major concern in the selection of low
carbon steel is the carbon content. For waste package application, the desirability of making the final closure weld remotely and without a stressrelieving, postweld, heat treatment drives the selection toward minimizing the
carbon content. However, in general, as the carbon content of the steel is
reduced, the malting temperature increases and strength decreases. Both of
these factors increase cost, because:
1. Melting temperature increases require additional energy usage and
reduce the life of furnace refractory linings.
2. Lower strength materials require thicker walls to resist lithostatic
pressure.
Processing and fabrication techniques also are considered in the material
selection process. Because of the sizes of the components and their basic
geometric symmetry, casting is considered as one of the most desirable fabrication methods. Thus, the material selected should be compatible with commercial casting techniques. The American Society for Testing and Materials
(ASTM) standard A 216, Carbon-Steel Castings Suitable for Fusion Welding for
High-Temperature Service (sea Appendix A), covers three grades of steel
castings. Of these, Grade WCA has chemical and physical requirements very
close to those desired for the waste package overpack components. In partic-ular, it is believed that Grade WCA, which is similar to American Iron and
Steel Institute (AISI) Type 1021 steel, can be obtained with a sufficient
reduction of carbon content to conform to AISI Type 1018 chemistry, without
sacrificing its mechanical attributes. This modest reduction in carbon content is expected to be desirable, pending the results of the weld development
program to enhance final closure welding capability. ASTM A 216 lists minimum
yield strengths in multiples of 5 MPa, so the 206.9-MPa minimum yield strength
18

equivalent of 30.000 psi is listed in ASTM A 216 as 205 MPa. Table 2-4 lists
the chemical and physical attributes of the low carbon steel presently specifled for the waste package overpacks together with those of AISI Type 1018 and
ASTM A 216 Grade WCA.
2.5.5 Radiation Safety
Radiation emissions from the waste forms must be attenuated for the
safety of workers throughout disposal system operations. In general, this can
be accomplished through the use of shielded shipping and transfer casks, or by
performing operations remotely, in a hot cell. Shielding to provide for these
activities is considered to be beyond the scope of the waste package design.
However, because the overpack provides some attenuation, radiation levels at
the overpack surface are reported in Section 4.4 for the guidance of the
handling equipment designer.
2.5.6 Design Margins
Design margins encompass virtually all aspects of waste package performance. Some, such as structural margins, are built into' the design bases.
Others, such as thermal and corrosion margins, must be subjected to
rationalization through the use of design guidelines.
2.5.6.1

Structural

For want of a design basis responsive to the essentially noncyclic nature
of the waste package application, the methods and rules of an existing nuclear
pressure vessel design basis, the ASME Boiler and Pressure Vessel Code,
Section III, Division I (see Appendix A), were used to determine the structural thickness of the overpack components. Proper application of those rules
and methods results in a pressure vessel design which can be operated safely
at the specified design conditions. Design margins are included in the structural design parameters, such as the allowable stress levels for the material
being considered, so that the resulting vessel design includes margins against
failure. The magnitude of the margin varies according to the type of loading
and the difficulty of modeling the loading in design equations. For the waste
packages, the margin is larger than that normally associated with pressure
vessels because of the noncyclic nature of the loading and because buckling,
per se, does not constitute failure. Failure can only be considered to have
occurred when the overpack becomes breached.
2.5.6.2

Thermal

Temperature limits have been established for the waste forms and for the
salt. One of the salient parameters determining the thermal performance of an
emplaced waste package is the creep rate of the salt. The timing of borehole
closure around the waste package is affected by this parameter. With an open
annulus between the waste package and the borehole wall, waste package heat
must be transferred to the salt by convection and radiation. Once the salt is
in contact with the waste package, heat is transferred by conduction, which is
19

Table 2-4.

Comparison of Low Carbon Steel Specifications

AISI

Overpack
Material

Type 1018

ASTM A 216
Grade WCA

Carbon, range

0.15-0.20(a)

0.15-0.20

0.25 (max)

Manganese, range

0.90(a) (max)

0.60-0.90

0.70 (max)

Phosphorus, max

0.04

0.04

0.04

Silicon, max

0.60

NS

0.60

Sulfur, max

0.045

0.05

0.045

Chromium, max

TBD

NS

0.40

Copper, max

TBD

NS

0.50

Molybdenum, max

TBO

NS

0.25

Nickel, max

TBD

NS

0.50

Vanadium, max

TBD

NS

0.03

Total of these residual
elements, max

(a)

NS

1.00

Chemicals, %

Residual Elements

Physicals
Ultimate strength, MPa

415-585

NS

Yield point, min, MPa

205

NS

205(c)

415 to

585(b)

Elongation in 2 in,

22

NS

24

Reduction of area,

30

NS

35

NS
Not specified.
TBD
To be determined.
(a)The total of these elements shall satisfy the following:

0.40 < C + Mn + Cr + Mo

V + Ni

Cu

(b)Rounded from 413.8 MPa (60,000 psi) and 586.2 MPa (85,000 psi).
(c)Rounded from 206.9 MPa (30,000 psi).
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much more efficient. Thus, for waste packages exhibiting peak temperatures
early in emplacement life, a guideline was imposed to limit the maximum calculated temperatures to at least 201C below the stated limit for that temperature. This margin was imposed because the waste package thermal model
assumes that the salt is in contact with the overpack throughout the waste
package lifetime; but, earlier calculations which explicitly modeled the
annular gap showed a temperature drop of 15 to 201C for packages of similar
size and power. Details of the thermal analyses are presented in
Section 4.1.1 and Appendix E.
2.5.6.3

Corrosion

The waste package corrosion allowance is based on the depth of corrosion
attributable to kinetic corrosion in unlimited anoxic brine. This guideline
was established because it is difficult to quantify the amount of brine which
will actually reach a waste package under worst case brine migration conditions. The expected amount of brine is only a fraction of that required to
support a kinetic corrosion reaction. Therefore, this guideline provides a
conservative design basis. Details of the corrosion considerations are
presented in Appendix G and the corrosion performance is discussed in
Section 4.1.2.
2.5.7

Isolation

The engineered waste package, in addition to providing for the 1,000-year
containment period, must be evaluated against the presently specified U.S.
Nuclear Regulatory Commission requirement that the radionuclide release rate
to the geologic medium be limited to one part in 105 per year (for certain
isotopes) after the containment period ends. The combination of the unique
environment expected in a salt repository and the barrier properties of the
waste forms themselves will provide the postcon ainment period isolation
needed to meet a release rate of one part in 103 per year. Consequently,
there are no additional engineered barriers, such as a tailored backfill,
included in these waste package designs. Section 4.2 elaborates on this
position and provides the backup for it. Information is given on the expected
waste form performance and on the possible effect of overpack materials and
their corrosion products on waste form performance.
2.6 ASSUMPTIONS
To permit the development of the waste package designs presented in this
report, some assumptions were required. Some involved processing scenarios
which will be resolved as interfacing designs mature and some involved processes which will require demonstration or development. Assumptions were also
made relative to anticipated interface requirements. These are discussed more
fully in Chapter 6.0.
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2.6.1

Processing

The assumptions relative to processing are expected to be resolved as
interfacing designs mature. Resolutions of these assumptions are expected to
have minimal affect on the waste package designs.
2.6.1.1

Waste Package Assembly

The waste package components are expected to be fabricated at diverse
locations, then shipped to the repository. Final assembly of the waste package at the repository has been assumed. This assumption leads to the further
assumption that the waste package components will be warehoused at the repository prior to assembly. Warehousing for the waste forms is assumed to involve
shielded storage.

Another assumption associated with waste package assembly is that the
final closure weld can be made satisfactorily on a repetitive, production
basis. Because of the radioactivity levels at the overpack surface, the final
closure weld must be made remotely. This technique has been used in the past,
but the welds involved were smaller. It is believed that the process can be
developed for these waste package closure welds, and a program for closure
weld process development is described in Section 6.1.3.
2.6.1.2 Waste Form Processing
It has been assumed that the vitrified CHLW and DHLW waste forms will
arrive at the repository in their canisters, ready for assembly into their
overpacks. For CSF, it has been assumed that the spent fuel will be shipped
to the repository as intact fuel assemblies and that the fuel rod consolidation operations will be performed in a repository hot call. The repository
spent fuel consolidation hot cell is not necessarily part of, or directly connected to, the waste package assembly hot call.
2.6.1.3 Waste Package Handling
Two assumptions have been made relative to transporting and handling the
waste packages at the repository:
1. Repository transporting and handling systems will be designed to
accommodate the waste packages.
2. The waste package will be required to withstand some level of
plausible accident beyond normal handling criteria.
To quantify this latter assumption, a free fall of the borehole depth
plus one third of the package length was assumed. The resulting drop distances are shown in Table 2-5.
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Table 2-5.

Drop Requirement Design-Heights

Length,
cm

Borehole
Depth,
cm

Drop
Distance,
cm

DHLW

338.5

448.5

562.0

CHLW

446.8

636.8

786.0

CSF PWR

446.5

586.5

736.0

CSF BWR

481.5

621.5

782.0

Package
Design

2.6.1.4

Emplacement

Two assumptions relative to the waste package emplacement process have
direct bearing on the performance of the waste package. The first is that a
large number of waste packages will be emplaced essentially simultaneously so
that adiabatic symmetry boundaries can be used in the thermal calculation
model. If this assumption is not valid, it does at least provide an upper
bound for the waste package temperatures. The second emplacement assumption
affects both the thermal and radiological calculations. This assumption is
that the waste package will be covered immediately after emplacement, using
crushed salt.
Immediate covering is assumed both from a radiological safety viewpoint,
to attenuate radiation emanating from the waste package, and from an industrial safety viewpoint, to keep personnel and foreign material from falling
into the hole. To be consistent with the radiation safety regulations, a
radiation level of 2 mrem/hr or less was assumed to be required in the
emplacement tunnels after covering the packages. The use of crushed salt for
the cover material was assumed because of its ready availability.
2.6.1.5 Retrieval
Waste retrieval capability is a regulatory requirement. Therefore, the
retrieval discussions in this report are based on the assumption that the
repository access and emplacement tunnels will have been maintained open, or
reopened to sufficient size to accommodate the retrieval machinery. Furthermore, because of the creep characteristics of salt, it has been assumed that
the waste package will be bound into its emplacement site. Thus, recovery of
just the waste form, in its canister, is assumed to be the most probable
retrieval method. Finally, it has been assumed that the location of the waste
package to be retrieved can be established within acceptable limits for the
retrieval process involved.
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2.6.2 Containment Period Performance
A number of assumptions ware made to permit evaluation of the waste package containment period performance. Chapter 6.0 addresses programs directed
toward verifying or refining these assumptions. The assumptions are summarized in the following paragraphs for each performance category evaluated in
Chapter 4.0; because of the interdependence of the waste package performance
categories, some of the assumptions listed below may appear in more than one
performance category.
2.6.2.1

Thermal

The following assumptions ware made in the evaluation of the waste package thermal performance:
1. Given waste package power levels are maxima.
2. Many waste packages are installed concurrently.
3. Waste packages are covered and tunnels are backfilled with crushed
salt soon after package emplacement.
4. Relative to undisturbed solid salt, crushed salt has a density of
70% and a thermal conductivity of 10%.
5. At repository depth, initial temperature is 341C while the surface
temperature of the earth is a constant 15°C.
6. No air gap exists between emplaced package and borehole wall.
7. For CSF the BWR packages will be emplaced at the same pitch as the
PWR packages.
2.6.2.2

Corrosion

In evaluating corrosion performance, the following assumptions were made:
1. Stoichiometric reactions would limit corrosion damage and would
"use" all of the liquid available at any package site.
2. Kinetic corrosion analyses, based on presently available data and
employing the assumption of unlimited water access, would be supported by ongoing and future studies.
3. Anoxic brine conditions exist.
2.6.2.3 Structural
The structural performance evaluation of the waste package overpacks were
predicated on these assumptions:
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1. A corrosion allowance will be added to the structural thickness
required to support the lithostatic pressure at the overpack
temperature conditions at the end of the containment period
2. The rules and methods of the ASME Boiler and Pressure Vessel Code,
Section III, Nuclear Vesselt, Division 1 (see Appendix A), provide
the most appropriate design basis presently available. (For the
loadings considered in this evaluation, vessel sizing rules and
methods are independent of vessel class.)
3. Possible pressure excursion due to thermal expansion of salt may be
mitigated by closure of the gap between the borehole and the package
and, because it will occur early in package life, may be accommodated by the extra overpack thickness then available as the corrosion allowance.
4. The maximum load would be uniform. (Stresses from nonuniform loads
were assumed to be lower than the stresses from the full lithostatic
load because the nonuniform loads should occur early in the borehole
closure process, long before the full lithostatic loads would be
imposed.)
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3.0 DESIGN DESCRIPTIONS
Waste package designs have been developed to contain and isolate each of
the three waste forms addressed in this report. The following describes those
waste packages, the fabrication procedures, the emplacement designs, and stimated costs. All of the waste packages are generically identical, differing
only in physical size as dictated by the waste form.
3.1

PHYSICAL DESCRIPTION

Each waste package consists of two major components, the waste form in
its canister (hereafter referred to as the "waste form") and the overpack.
The three waste forms, described in Section 2.4.1, are defense high-level
waste (HLW), commercial high-level waste (CHLW), and consolidated spent fuel
(CSF). Regardless of the waste form, the overpack comprises a cylindrical
body with two flat heads as shown schematically in Figure 3-1. The physical
size of the waste packages is a function of the overpack material chosen to
meet the containment requirements and the waste form size.
3.1.1

Overpack Material

The material chosen for the overpack is a cast steel, equivalent to
American Iron and Steel Institute (AISI) 1018, described in Westinghouse
Purchasing Department Specification (PDS) 30305 (see Appendix C). This low
carbon steel has adequate corrosion resistance and strength while being
plentiful, easily formed, and weldable. It is also compatible with the
canister materials during the containment period. The rationale leading to
the selection of this steel was presented in Section 2.5.4 and is further
described in Appendix D.
3.1.2

Dimensions

The waste package dimensions are predicated on the dimensions of the
various waste forms described in Chapter 2.0. These dimensions and the
rationale contributing to them are discussed in the following sections.
3.1.2.1

Consolidated Spent Fuel Waste Form

A cross section of a typical canister provided for CSF in the waste package designs presented in this report is shown in Figure 3-2. The canister is
segmented into six congruent compartments. Each compartment will hold the
rods from either two pressurized-water reactor (PWR) or five boiling-water
reactor (BWR) assemblies. The compartment dividers not only serve as walls to
facilitate incremental filling of the canister, but are effective heatconduction paths which prevent excessive temperature buildup in the interior
of the canisters.
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Figure 3-1.

Conceptual Waste Package Assembly
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DIMENSIONS IN CENTIMETERS
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Figure 3-2.

Typical Consolidated Spent Fuel
Canister Cross Section

The vacant space at the center of the canister cross section accommodates
a bar which extends from the canister baseplate for handling purposes. This
region is not particularly useful for fuel rod occupancy.
The canister dimensions shown in Figure 3-2 are representative dimensions
for a canister containing the spent fuel rods from 12 pressurized-water reactor (PWR) assemblies. They are shown here for illustrative purposes and to
provide a basis for the development of illustrative CSF waste package dimensions. A complete discussion of CSF canister sizes, designed for explicit
boiling-water reactor (BWR) and PWR spent fuel rods, is presented in
Chapter 5.0.
3.1.2.2 Waste Package
The waste package physical dimensions are shown in Figure 3-3, and on
Westinghouse drawings (Appendix C). The dimensions were established by the
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Figure 3-3.

Waste Package Dimensions

spatial requirements of the waste form canisters. A 2.5-cm diametral clearance and a 5.0-cm longitudinal clearance were allowed to provide assembly
clearances. Thus, the overpack cavity dimensions are 2.5 cm larger indiameter and 5 cm longer than the corresponding nominal dimensions of the contained waste form. The wall and head thicknesses were established as the sum
of the structural thickness required to resist the lithostatic pressure plus
the calculated 1,000-year general corrosion penetration. The rationale supporting this approach is provided inSections 4.1 and 4.2.
Other dimensions of interest are those involving the weld areas. Pitting
corrosion is expected to be less than two times as deep as general corrosion.
To assure that corrosion pits do not penetrate the overpack, the welds have
been designed to be twice as deep as anticipated general corrosion.
The top head weld joint configuration provides for a narrow-groove, gas
metal arc weld (GMAW). The centerline radius of the weld groove is the same
for all waste packages, which should facilitate weld development. The weld
joint design is intended to provide a full-penetration-type weld because the
completed weld will not have a 'crack" at its root. A relief groove isprovided below the weld for potential use if retrieval of the waste is necessary.
Since this weld must be made remotely, the final weld preparation configuration will be developed on the basis of the results of the weld development
programs.
The bottom head weld joint is,like the top head weld joint, designed to
produce a full-penetration-typa weld. However, since this weld can be performed under normal weld shop conditions, a "U-groove" joint conforming to
American Society of Mechanical Engineert (ASME) weld requirements has been
specified.
The threaded hole in the top head provides for attachment of the waste
package handling device. A pintle, designed to mate with the repository grapple, is shown in many illustrations. However, this is only one of many concepts that could be used to handle the waste package. The threaded hole will
accommodate most alternative handling devices. It should be noted that whatever waste package handling device ispreferred by the repository designer,
that device will be permanently attached to the waste package unless otherwise
specified.
3.1.3 Waste Package Weight
Waste package weights have been developed on the basis of the waste form
weights and overpack dimensions shown in Figure 3-3. A density of 7.8 g/cm3
was used for the carbon steel components. The calculated weights are also
shown in Figure 3-3.
3.2 FABRICATION DESCRIPTION
Fabrication techniques for all of the waste packages described in this
report are essentially the same, regardless of the waste form contained.
Fabrication of the high-level waste forms and production canisters has been
described by Baxter (1981) (DHLW), and Slate et al. (1981) (CHLW), and isnot
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repeated here. Fabrication of the CSF canisters, since they are unique to
this waste package concept, will be described in Section 3.2.3.
3.2.1 Manufacturing Process for Overpacks

;

In the discussion of overpack material selection, Section 2.5.4, it was
noted that the size and geometric symmetry of the overpack components suggested that castings could be used to good advantage in the fabrication of the
overpack components. It is expected that the overpack cylindrical bodies will
be centrifugally cast while the heads will be static castings. Use of these
foundry techniques is expected to minimize the amount of excess metal needed
for initial component forming.
Once the overpack body castings have cooled, it is expected that the
inside will be bored to remove the slag and unsound metal that collects near
this surface, which is the last to freeze. The outside surface will be machined as necessary to permit visual and volumetric inspection of the casting.
An ultrasonic scan per American Society for Testing and Materials (ASTM)
Standard A 609 is the most likely volumetric inspection technique. Radiography per ASTM E 94, with ASTM E 186 and ASTM E 280 (see Appendix A), would
be used to supplement ultrasonic testing where defect indications are difficult to resolve. Magnetic particle tests are not expected to be used for
material testing because the depth range of this technique is insufficient in
this application.
For the -overpack head castings, the gates and risers will be removed
after the castings have cooled, and the flat face(s) will be machined to the
extent necessary to permit the same level of material inspection as is applied
to the cylinders.
Once the castings have passed inspection, they will be machined in preparation for welding. This will also involve machining the cylindrical bodies
to length and providing the threaded hole in the top head.
3.2.2

Assembly Processes for Overpacks

Overpack assembly occurs in two stages. The first stage is shop assembly, expected to be done prior to shipment of the components to the repository. The second stage will be performed in the repository packaging
facility.
3.2.2.1

Shop Assembly

Shop assembly for the waste package overpacks consists of the preparation
of two subassemblies, the overpack body and the top head. The overpack body
subassembly consists of the cylindrical body casting plus the bottom head.
The top head subassembly consists of the machined top head casting plus the
repository handling device (pintle).
For the overpack body, the two components (cylindrical body and bottom
head), will be mated with the proper gap at the root of the weld. A root pass
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GMAW will be made, followed by a visual examination at 5X magnification. This
level of inspection is adequate because it will reveal any significant problems in the root weld. It is also noted that subsequent weld passes will
remelt the surface of the root pass, thus healing any minor imperfections
which were not detectable at the 5X visual magnification. Following successful completion of the root pass examination, the weld will be completed using
the semiautomatic submerged arc weld (SAW) process.
The completed weld and surrounding base metal will be examined by magnetic particle testing per ASTM E 709 with ASTM E 125 (see Appendix A). More
sophisticated weld inspection techniques such as ultrasonic testing or radiographic testing are not warranted because the weld, sized for corrosion
resistance, is far deeper than required for handling considerations. The
inspection technique is expected to detect any flaws that are of a size which
could be expected to propogate due to structural loading or provide sites for
accelerated corrosion. Flaws below the detection limit are not expected to
propogate and contribute to containment loss. Once this weld has been
inspected and found acceptable, the overpack body subassembly is ready for
shipment to the repository.
The top head subassembly will be made by mounting the repository handling
device (pintle) in the threaded hole in the head, then securing the two together with a fillet weld bead. This weld will be large enough to preclude
corrosion penetration into the threaded region, at least through the retrieval
period, thus obviating crevice corrosion at this vital handling point. Once
this weld has been examined and accepted, the top head subassembly is ready
for shipment to the repository.
3.2.2.2

Repository Assembly

Waste package final assembly will occur at the repository, according to
the present disposal operations scenario. Because of the radioactivity associated with the waste forms, all assembly operations must be performed
remotely in a hot call. Warehousing of incoming overpack components and
shielded lag storage of incoming waste forms will probably be necessary
because it is doubtful that repository processing of the waste packages can be
matched exactly with waste and overpack component shipments.
Assembly operations at the repository will commence outside the hot cell
where the overpack subassemblies will be inspected and cleaned. It is also
anticipated that the waste package identification tag will be attached to the
top head at this time. The overpack body will be moved into the hot call,
positioned, and held for installation of the waste form. The waste form will
be brought from lag storage and inserted into the overpack body. The top head
subassembly will then be installed, and its identification number will be correlated with that of the waste form as directed by regulatory requirements.
The final closure weld will then be made.
The final closure weld has been designed as a narrow-groove GMAW which
can be controlled automatically by visually aided robotics. The groove width
is 0.95 cm and the groove depth is, like the bottom head weld, slightly
greater than the calculated pitting corrosion to avoid bypassing of the weld
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by corrosion. Since postweld inspection is expected to be extremely difficult
due to the high radiation field in the vicinity of the package and because the
weld structural loading is low (like the bottom head weld), the quality of
this weld will be assured by monitoring the weld parameters as the weld is
being made and assuring that these parameters stay within bounds established
during weld process development and qualification. By recording the monitored
data, a permanent history of the welding process will be available for each
waste package. When this weld is completed, the waste package can be removed
from the hot cell, decontaminated as necessary, and moved to shielded lag
storage or directly to its emplacement site.
3.2.3

Fabrication and Assembly of Consolidated
Spent Fuel Canisters

The CSF canisters comprise four basic elements: a baseplate, a handling
stem, six identical canister segments, and a cover plate. Fabrication of the
baseplate and cover plate will consist of cutting plate stock to size and
machining the attachment appurtenances. Similarly, the handling stem will be
cut, provided with a handling configuration (interface geometry to be determined) at its upper end, and threaded for attachment to the baseplate at the
lower end.
The canister segments are presently designed to be made of 1.91 mm
(US 14 gage) thick carbon steel. Since these components are symmetrical about
their radial centerline, several fabrication options are available. They
could be roll-formed in one piece from tubing or seam-welded continuous strip.
The trough portion could be roll-formed, or die-formed, with the outer, circumferential wall welded to the trough. Finally, especially for small quantities, the trough portion could be formed on a press brake with the circumferential wall welded to the trough. For consistent sizing, the preferred method
would involve roll- or die-forming; the ultimate choice may depend on the
quantities involved. Regardless of the canister segment fabrication techniques, canister assembly operations would be the same.
The canisters would be prepared in the following manner (illustrated in
Figure 3-4). Three canister segments would be assembled into a semicircle by
welding them together along their interior and exterior seams. Meanwhile the
handling stem will have been assembled to the baseplate. Two of the canister
segment subassemblies would then be mounted on the baseplate subassembly and
welded along their external seams and to the baseplate. This would complete
the preparation of the CSF canisters.
After the prepared canister is filled with spent fuel rods, the cover
plate (omitted from Figure 3-4 for clarity) will be installed. This installation will include remotely welding the cover plate to the circumferential
walls of the canister segments and to the handling stem to seal the canister.
Remote welding is necessary because of the high radiation field in the vicinity of the filled canister.
3.3 EMPLACEMENT DESCRIPTION
The final step in nuclear waste package design is the determination of
the emplacement criteria. The emplacement criteria ultimately affect package
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performance and are governed by both repository constraints and waste form
constraints. The waste form and repository constraints were presented in
Tables 2.1 and 2.3, respectively. The waste package emplacement criteria are
shown in Figure 3-5. For the waste package designs presented in this report,
emplacement of each waste form is governed by a different repository
constraint:

* DHLW - minimum borehole pitch (2.13 m)
a CHLW - maximum salt temperature (2501C)
* CSF - maximum local areal loading (14.83 Wm 2).

*

After the waste package has been emplaced, it will be covered. The
cover, expected to be crushed salt because it is readily available, will serve
as shielding to limit radiation levels in the emplacement tunnel to those
acceptable and consistent with 10 CFR Part 20 regulations, and will prevent
personnel, tools, and machinery from falling into the borehole. Present
radiological safety guidelines indicate that a level of 2 mrem/hr or less
should exist at the tunnel floor after the waste package has been covered.
The depth of the crushed salt required to achieve this level is 100 cm for
DHLW, 190 cm for CHLW, and 140 cm for CSF. Total borehole depths, which are
the sums of the crushed salt cover depth and package length are shown in
Table 3-1. Further discussion of the cover depth is presented in Section 4.4.
3.4

COST ESTIMATES

Estimated costs for the overpack components, based on quotations from
commercial vendors, are presented in Table 3-2. Fabrication costs include:
*

Material costs

*

Boring and turning of overpack cylinder

*

Ultrasonic tests of materials and other quality assurance costs

*

Machining of components per Drawing 103E508 (except full
machining of a pintle configuration has been assumed) (see
Appendix C)

e

Subassembly, welding, and inspection er Drawing 103E509 (see
appendix C)

s

Heat treatment, blasting, and painting

.e Manufacturer's normal fees.
On this basis, the fabrication costs shown in Table 3-2 are the costs
free on board (FOB) fabricator. To this cost, shipping fees based on a
2,500-km shipment at $O.068/tonne-km have been added, as has a repository
receiving inspection cost, estimated at 10% of the fabrication cost. Thus,
the total shown in Table 3-2 is an estimate of the overpack cost, as received,
and ready for use at the repository. The estimates do not include costs
associated with repository operations such as packaging, final assembly,
handling, or disposal.
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Table 3-1.

Borehole Depths

CSF
DHLW

CHLW

Cover depth, cm

110

190

140

140

Package length, cm

338.5

446.8

446.5

481.5

Total depth, cm

448.5

636.8

586.5

621.5

Table 3-2.

PWR

BWR

Cost Estimates (mid-1983 dollars)

CSF
Item

DHLW

CHLW

PWR

BWR

13,460

16,650

19,790

21,090

Shipping

1,000

1,280

1,560

1,670

Buyer QA

1,350

1,670

1,980

2,110

158 10

19,600

23,300

24,870

Fabrication

Total

Cost per
unit of waste

11/kg

2.0/kgU
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4.2/kgU

4.4/kgU

4.0

PERFORMANCE DESCRIPTIONS

This chapter presents performance of the waste package designs described
in Chapter 3.0 and discusses the performance relative.to requirements and criteria presented in Chapter 2.0. Performance during the containment period is
presented first, followed by a presentation of anticipated isolation period
performance. These sections are followed by discussions of performance relative to regulatory and other criteria.
4.1

CONTAINMENT PERIOD

The waste package must be designed to provide reasonable assurance that
radionuclides will be contained for at least 1,000 years, following decommissioning of the repository, under expected conditions. The expected conditions
are (1) an immediate temperature rise followed by a long period of temperature
decline, (2) corrosion of the overpack, and (3) an early imposition of an
external pressure due to creep of the salt. The timing of this latter event
depends on the borehole-to-package clearance and the salt temperature. Lithostatic pressure is assumed to be imposed on the waste package immediately
after package emplacement. Potential thermally induced pressure loads from
expansion of the salt after emplacement of the waste package and nonuniform
loads are being considered by the Office of Nuclear Waste Isolation (ONWI),
and could necessitate a package wall thickness increase.
Because waste package temperature has a direct affect on both the corrosion rate and structural capability of the overpack, the thermal performance
of the waste packages is discussed and provides a background for the ensuing
discussions of corrosion and structural performance.
4.1.1

Thermal Performance

Calculation of the waste package thermal performance is conducted in two
steps. Initially, a three-dimensional finite element model of the repository,
including the emplaced waste package, is used. This model is capable of transient analysis and provides temperatures within the repository and at the
interface between the salt and the waste package at specified time intervals
after waste package emplacement. The interface temperatures are then used as
boundary conditions in steady-state, planar models of the waste package cross
sections to calculate waste package internal temperatures.
While all of the thermal models are more fully discussed in Appendix E,
some salient features are noted here for convenience. The repository modal
was developed with the conservative assumption that the waste package is
within a field of concurrently emplaced identical packages. Therefore,
quarter symmetry is assumed and adiabatic boundary conditions are applied to
all vertical faces of the repository model. For defense high-level waste
(DHLW) and commercial high-level waste (CHLW), the package model is a onedimensional, radial representation of the waste package. Waste centerline and
canister surface temperatures are calculated as functions of overpack temperature and waste form thermal output. The design of the consolidated spent fuel
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(CSF) canisters necessitates the use of a two-dimensional, finite element
model to enable representation of the radial canister dividers.
The waste package must enable heat to be transferred from the waste form
into the host rock in such a way that material temperature limits are not
exceeded. These limits (see Tables 2-1 and 2-2) were taken to be 2501C for
the salt, 3751C for CSF, and 5001C for DHLW and CHLW. The limiting temperature for carbon steel is significantly greater than the allowable salt temperature and was therefore not considered. Furthermore, since the waste form
canisters will not be exposed to the repository environment, under expected
conditions during the containment period, canister temperatures are not of
importance. The following paragraphs discuss the thermal performance of each
of the waste forms.
4.1.1.1

Defense High-Level Waste

The DHLW is a low power waste form which can be emplaced at the repository spatial limit of 2.13 meters between package centerlines. The emplacement description was presented in Section 3.3. From Figure 3-5, it can be
determined that the local areal thermal loading of 20 W/md, or 80.9 W/acre, is
below the repository limit of 120 kW/acre for this waste form. Figure 4-1
shows the thermal performance of the DHLW waste package during the containment
period. The temperature at the interface between the salt and the overpack
peaks at approximately 98'C between 20 and 25 years after emplacement. The
waste centerline temperature reaches a maximum of approximately 1101C at
15 years after emplacement. These temperatures are well below their respective 2501C and 5001C limits. By the end of the containment period, the
temperatures throughout the waste package have decayed to about 451C, which is
only slightly above the natural salt temperature of 341C at the repository
level, and is well below the 1001C limit stipulated for leach resistance.
4.1.1.2

*

i

Commercial High-Level Waste

The CHLW waste form develops the highest power at the time of emplacement, 9,500 W of the three generic types described in this report. As a
consequence, even at the relatively low emplacement power density of
60.7 kW/acre (15 W/m2), which is just over half of the allowable level of
120 kW/acre, the peak temperatures associated with CHLW are quite high. The
salt temperature reaches a maximum of 2301C approximately 1 year after
emplacement and stays at that level for about 2 years as shown in Figure 4-2.
The waste centerline temperature peaks at just over 4801C within the first
year. Limits for CHLW and DHLW are 2501C and 500'C, respectively. The rapid
decline in heat generation by this waste form is reflected by the sharp drop
in temperatures between 10 and 100 years after emplacement. At the end of the
containment period, temperatures are about 60'C, which is well below the 100'C
limit based on leach resistance.
4.1.1.3 Consolidated Spent Fuel
CHLW.

The heat generation rate of CSF decays more slowly than that of DHLW or
Consequently, the allowable power emplacement density for CSF is only
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50% of that of the high-level wastes, or 60 kW/acre. The CSF waste packages
with the rods from 12 pressurized-water reactor (PWR) assemblies have an
initial heat generation rate of 6,600 W while those containing the rods from
30 boiling-water reactor (BWR) assemblies generate 5,700 W at 10 years out-ofreactor.
Figure 4-3 shows the calculated thermal performance of the 6,600-W, PWR
spent fuel packages during the containment period when mplaced at the
limiting repository areal load of 60 kW/acre (14.83 W/m ) as described in
Section 3.3. At the interface between the package and the salt, the temperature peak is approximately 1751C about 7 years after emplacement; this is well
below the 2501C limit for salt. The fuel rod temperature peaks at just under
3501C late in the first year after emplacement. The present limit on this
temperature is 3751C, based on long-term fuel cladding creep. At the end of
the containment period, the overpack temperature has declined to about 80@C
while the fuel temperature is just under 1001C. Temperature limits for CSF,
based on leach resistance, have not been established.
The effect of the slow thermal decay of CSF relative to CHLW can be discerned by some comparisons between Figures 4-2 (CHLW) and 4-3 (CSF). One of
the most obvious differences is that of the slopes of the temperature curves
in the 10- to 100-year time span; the CSF temperatures decline much more
slowly. Two things are of interest at the and of the containment period,
1,000 years after emplacement. Even though both waste forms are emplaced at
very nearly the same areal load, the CHLW interface temperature is below 601C
with less than a 1C rise to the waste centerline; however, for CSF, the
interface temperature is about 801C and the temperature rise through the fuel
rods is almost 201C. These comparisons illustrate the effect of the higher
CSF integrated heat load and its affect on the host rock, which is the reason
for limiting the CSF emplacement thermal loading to less than that allowed for
the high-level wastes.
4.1.2

Corrosion

The corrosion performance of the waste packages will be explored from two
aspects: first, on the expected basis of limited brine availability, and
second, on the more conservative basis of unexpected, unlimited brine availability. Limited availability of brine is the expected condition because of
the limited amount of water in salt; however, to assure against an infusion of
a significant quantity of brine in the unforeseen future, the effect of
unlimited brine is addressed also. All of the rationale discussed in the
following paragraphs is more fully developed in Apendixes F and G.
4.1.2.1

Expected Conditions

Under expected conditions of limited brine availability, the amount of
brine available for corrosion is very small, and according to present information, a function of the temperature of the waste package. This is because of
the phenomenon of brine migration (discussed in Appendix F). For the CHLW
waste package, which has the highest operating temperature, the amount of
fluid expected to be drawn to the waste packages is 30 liters. If fully reacted, uniformly over the entire overpack surface on a stoichiometric basis,
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this amount of fluid would consume 1.4 mm of steel. If the attack
is localized, the minimum expected area would be the top or bottom head.
Here,
the
limiting depth of attack would be approximately 1.9 cm.
For DHLW and CSF waste packages, which have much lower
tures, the uniform corrosion depth under expected conditions,overpack temperafluid availability, would be 0.04 and 0.07 cm, respectively. with limited
were limited to the top or bottom head, the depth of corrosion If the attack
penetration
would be 0.46 cm for DHLW and 0.95 cm for CSF overpacks.
Therefore,
these are
conservative values for the expected limited brine conditions.
4.1.2.2

Unexpected Conditions

A more conservative basis for corrosion depth analysis
the unexpected condition of unlimited brine over the entire is to evaluate for
containment period. This is considered prudent because of the 1,000-year
limited
corrosion
data base and because of the possibility, however remote, that
the repository
could become flooded from some aquifer at some time in the future.
The total
corrosion penetration under these conditions is based on the
kinetics
of ferrous corrosion in saline, anoxic water, and the overpack
surface
temperature
history. An additional degree of conservatism is represented
by the use of
the calculated overpack temperatures: if the salt were to
contain
sufficient
moisture to support kinetic corrosion, that moisture would
contribute
to
increasing both the heat capacity and the thermal conductivity
of
the
surrounding the waste package, thus lowering the surface temperature salt
of the
waste package and reducing the rate of corrosion attack.
Using the equation for kinetic ferrous corrosion (Appendix G) and
the
overpack temperatures from Figures 4-1, 4-2, and 4-3, corrosion
depths
of
-0.95 cm, 1.92 cm, and 2.30 cm were calculated for DHLW, CHLW, and
CSF, respectively, and the results are shown in the figures.
Since the depth of corrosion attack calculated
the kinetic basis of
unlimited brine is significantly greater than that ofon the
metric) brine basis and because the corrosion data base islimited (stoichiothe kinetic corrosion values have been used to establish relatively limited,
the corrosion allowances for the waste package designs presented in this report.
Local corrosion effects, except for pitting, are not expected.
Studies
of the relationship of pitting penetration to general
corrosion
penetration
in
saline waters lead to the conclusion that their ratio, the
pitting
factor,
will not exceed 2 over the containment period, a value which can
be easily
accommodated by the component structural thickness and which
was
used to
determine the depth of the overpack welds.
In summary, the limited amount of transported brine was calculated
to
cause minimal attack. In the interest of conservatism, the
effect
of
an
unlimited amount of brine was calculated, using an in-depth
rosion kinetics, to arrive at a corrosion depth allowance foranalysis of corExpected pitting attack will not penetrate the overall design design purposes.
overpack thickness. Therefore, the limited data base available for these
calculations
is
compensated for by the conservative approach, especially the
use
of
an
unlimited brine condition instead of the expected limited brine
condition, to
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determine the corrosion allowance. Thus, the corrosion allowance added to the
required structural wall thicknesses is, for DHLW, 0.95 cm; for CHLW, 1.92 cm;
and for CSF, 2.30 cm.
4.1.3 Structural Performance

*-

The overpack design thicknesses are the sum of the structural thickness
required to sustain the repository lithostatic pressure at the end of the containment period and the cumulative kinetic general corrosion penetration calculated for the first 1,000 years after emplacement. With this thickness
established, a check was made to assure that pitting corrosion was less than
the total thickness. The net structural capability of the overpack, i.e.,
buckling resistance, as a function of temperature and cumulative corrosion
damage, was assessed throughout the containment period. The results of these
assessments are compared to the results of the studies of thermally induced
repository pressure transients. The results of those comparisons may require
adjustment of the overpack thicknesses, as discussed in Section 2.6.2.
Appendix H presents more detail relative to the structural design basis and
the structural analysis results.
4.1.3.1

Defense High-Level Waste

The cavity diameter of the overpack for the DHLW waste form is 63.5 cm.
A cylindrical wall thickness of 7.68 cm and a flat head thickness of 15.75 cm
are required to sustain the 15.4-MPa lithostatic design pressure. The calculated kinetic corrosion is 0.95 cm during the containment period. This leads
to design thicknesses of 8.63 cm for the cylinder and 16.70 cm for the heads.
The uppermost curves in Figure 4-1 show the pressure-sustaining capabilities
of the overpack cylinder and heads during the containment period. Note that,
at the time of emplacement, the cylinder can support approximately 18 MPa and
the heads 17.25 MPa. As corrosion progresses, these values slowly decline to
15.4 MPa at the end of the containment period. Structural capability of the
overpack material is not temperature-dependent at temperatures below 1501C, as
can be deduced from the American Society of Mechanical Engineers (ASME) Boiler
and Pressure Vessel Code (see Appendix A).
4.1.3.2

Commercial High-Level Waste

The overpack thicknesses required to sustain lithostatic pressure are
7.00 cm for the cylinder walls and 14.48 cm for the heads. A corrosion depth
of 1.92 cm was calculated using the kinetic equation discussed in Section
4.1.2. Thus, the design thicknesses for the CHLW overpack are: cylinder,
8.92 cm, and heads, 16.40 cm. The buckling resistance of the overpack
cylinder wall material degrades as the temperature rises above 1501C.
Figure 4-2 showed that the CHLW overpack temperature would reach 230'C.
Therefore, temperature effects must be considered when assessing the lifetime
structural capability of the overpack. This effect was not noticed in the
DHLW design because the temperatures of that waste package did not reach
150'C. In addition, the structural design basis does not require consideration of thermally induced structural capability degradation for the heads
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until the material temperature reaches 370 0C, as can be deduced from the ASME
Boiler and Pressure Vessel Code.
For the CHLW overpack, Figure 4-4 shows the external pressure-sustaining
capability, as a function of material thickness and temperature, in the thickness range of interest. A trace of overpack thickness, calculated as corrosion progresses, is superimposed on the figure. The affect of temperature on
the cylinder capability is readily apparent in this figure. This trace shows
that the pressure-sustaining capability of the cylinder actually increases
slightly as the overpack temperature cools between 200 and 1501C. This effect
takes place over a 20-year time span starting about 18 years after emplacement. This information is also shown in Figure 4-2 where the structural
performance during the containment period is shown. The slight rise in
cylinder structural capability between 18 and 38 years after emplacement is
evident in this figure, too. This is the time frame in which the overpack
temperature decays from 200 to 1501C.
Figure 4-2 also shows that, as corrosion proceeds and temperature
changes, the limiting overpack component changes from the cylinder to the
heads at about 28 years after emplacement. After about 650 years after
emplacement, both components reach and maintain the same pressure-sustaining
capability through the balance of the containment period.
One other factor should be noted with respect to the CHLW overpack. At a
temperature of 1501C or lss, the 8.92-cm cylinder wall design thickness will
support an external pressure of 20.75 MPa. This is shown in Figure 4-4, which
also shows that for this thickness, at 200'C, the external pressure rating is
only 19.6 MPa, which is the value shown for the cylinder at 0.1 year in
Figure 4-2.
4.1.3.3

Consolidated Spent Fuel

Overpacks for CSF have the largest cavity diameter, 64.5 cm, of the three
waste package designs presented in this report. The cylinder walls must be
7.7 cm thick at temperatures up to 150'C to resist buckling at 15.4 MPa. The
heads must be 16.0 cm thick. The design thicknesses of 10.0 cm for the
cylinder and 18.3 cm for the heads include a 2.3-cm corrosion allowance, which
was determined as discussed in Section 4.1.2. As shown in Figure 4-3, the
temperature of the CSF overpack exceeds 1501C for about the first 37 years
after emplacement. This has a slight effect on the cylinder structural capability, as shown in Figure 4-5. However, because the CSF waste form thermal
output does not decay as fast as the CHLW thermal output and because the overpack peak temperature is lower than that associated with CHLW, the CSF overpack cylinder does not exhibit a gain in pressura-sustaining capability during
containment life as the CHLW overpack cylinder did.
In Figure 4-3, the uppermost curves show the prassure-sustaining capability throughout the containment period. The effect of cylinder cooldown,
during the 25-year period starting about 10 years after emplacement, can be
discerned by the slight leveling of the slope of the cylinder capability
curve, particularly relative to the curve for the heads, in the 10- to 40-year
after emplacement interval. One other item to note is that the initial
pressure-resistance capability of the CSF overpack is the highest of the three
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overpack designs presented herein. This is primarily due to the greater corrosion allowance required for the CSF overpack design.
4.2

ISOLATION

The engineered waste package, in addition to providing the 1,000-year
containment, must be evaluated against the presently specified U.S. Nuclear
Regulatory Commission (NRC) requirement that the radionuclide release rate to
the geologic medium be limited to one part in 105 per year (for certain
isotopes) after the containment period ends. The following sections discuss
this in more detail.
*

4.2.1

Waste Form Leaching

The primary barrier to the release of retained radionuclides during the
postcontainment period is the waste form, as discussed in Section 2.5.7. Each
of the three prime waste forms (DHLW, CHLW, and CSF) differ somewhat from each
other and they each experience somewhat different temperature transients.
4.2.1.1 Defense High-Level Waste Glass
DHLW has the lowest heat rating and, consequently, the lowest temperature
of any of the waste forms. At the end of the containment period, the peak
waste form temperature is well below 501C. Tests conducted and in progress at
the Savannah River Laboratory (SRL) indicate that the glass log design for
DHLW should meet the proposed NRC release rate criterion easily at these low
temperatures, even if there would be enough fluid available for leaching to
occur. It is very unlikely that there will be enough fluid to permit leaching
(see Appendixes F and G). Using the short-term (28-day) release rate of
1 x 10- g/cm4/d-1 of Westinghouse in 1982 (subsequently published as
Westinghouse, 1983b), the annual fractional release rate for the given waste
form geometry is about 1.4 x 10-6 y.
In addition, longer term data from SRL
(Baxter, 1981) indicate a release rate that sharply decreases with time.
4.2.1.2 Commercial High-Level Waste Glass
The heat load of the proposed CHLW form is considerably above that of
DHLW, although the peak temperature is well below 1001C after 1,000 years.
Consequently, there is more concern about CHLW meeting the release rate
criterion. Based on short-term (28-day) release rate data of 2 x 10-0 g/cm2/d
of Westinghouse in 1982 (subsequently published as Westinghouse, 1983b), the
annual fractional release rate for the given waste form geometry is 3 x 10-5
y
which is marginal. However, longer term (400-day) data from SRL (Baxter,
1981) indicate sharply decreasing leach rate values as time goes on. The
expected drop in leach rate with time and the expected lack of fluids to
effect leaching lead to the expectation that CHLW in a salt repository will
meet the one part in 10 per year release rate criterion.
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4.2.1.3

Consolidated Spent Fuel

CSF, because it contains a larger fraction of long-lived isotopes than
the DHLW and CHLW waste forms, maintains a much longer thermal spike and is
still at approximately 1001C after 1,000 years. Fortunately, the leach rate
of CSF is rather insensitive to temperature (McVay et al., 1981), so temperature is not a serious concern in itself. However, the measured short-term
leach resistance of CSF in toxic distilled water (10-3 g/cmz/d) results in a
fractional release rate of about 8 x 10-3 and 5 x 10-3 -1 for PWR and BWR
spent fuel, respectively, from Westinghouse in 1982 (subsequently published as
Westinghouse, 1983a). On this basis, CSF would not meet the long-term release
rate criterion.
There are a number of considerations which could provide a basis to
believe that the release rate of the CSF package design will be shown to be
adequate:
1. The notably lower solubility of uranium oxide (U02) in anoxic water;
salt repository fluids are expected to be anoxic.
2. The small quantity of stagnant fluids expected; this should favor
exceeding the solubility limits of the waste form in the fluid.
3. The corrosion reactions between the steel overpack and the limited
brine will consume most, if not all, of the available fluid.
4. The flow barrier produced by the corrosion products and any
remaining sections of the metallic components such as the canister
and overpack will limit fluid availability to the waste.
5. No credit is taken for the containment period by the Zircaloye cladding which encases the fuel pellets because it is impractical to
prove that the cladding is intact on all fuel rods. However, it is
likely that the cladding will protect the fuel for thousands of
years considering the very limited amount of fluid expected to reach
the waste form.
If suitable experimentation on long-term leaching of U02 fuel under the
expected repository conditions is undertaken, there is good reason to expect
that the leach rate of U02 will be shown to be adequate.
4.2.2 Corrosion Products
The influences that overpack and canister corrosion might have on the
contained-waste form, assuming that a substantial corrosion defect in the
overpack leads to free influx of brine, geologic residues, and metal corrosion
products are assessed (Appendix G). From a consideration of the prospective
inventory of the possible corrosion products and their physical form, the picture of corrosion residues which emerges is that of a mixture of stable oxides
and brine components in a solid, but possibly hydrous and gel-like state,
whose individual species are stable and, except for possible absorbed brine
components, almost insoluble. There is some indication that an interaction
between iron and silica species in solution, by precipitating the latter, may
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promote further silica solubilization from glasses, thereby enhancing the
leach rate. Other than this possibility, it is judged that this mixture, primarily because of its stability but also because of its insolubility, will not
interact with the waste to accelerate the disintegrative processes brought
about by the introduction of brine alone. Moreover, effective chemical interaction with the waste is inhibited by the inability of an insoluble material
to create suitably dispersed and mobile molecular fragments. Therefore, in
general, corrosion products can be assumed to be inert to the designated waste
form.
d

4.3

RETRIEVABILITY

Waste retrieval capability is mandated by regulatory requirements as a
safety precaution to be exercised in the event of a disposal system deficiency. Because of the creep characteristics of salt, it is expected that the
waste packages will be bound into the repository at the time retrieval would
be accomplished. A full discussion of the waste retrieval scenario is beyond
the scope of this report. However, a presentation of the waste packagerelated events is made to show how waste retrieval is accommodated in these
waste package designs. As discussed in Section 2.6.1, it is assumed that
access and emplacement tunnels have been maintained open or reopened to sufficient size to accommodate the retrieval machinery, and that the location of
the waste package to be retrieved has been established.
Two retrieval options are available for the waste package designs presented in this report; both require semiremote operations due to the radiation
levels of the waste. The entire waste package can be overcored and removed
intact, or the upper end of the waste package can be exposed to allow the top
head to be cut off and the waste form canister to be retrieved. Retrieval of
the entire waste package involves a significant amount of drilling and entails
the risk that the package handling device (pintle) will have corroded sufficiently to be unusable. Thus, recovery of just the waste form canister is
considered to be a highly probable retrieval method.
For retrieval of just the waste form canister, the waste package overburden would be removed using core bits, at least when nearing the top of the
waste package. Once the top of the waste package has been exposed, the weld
securing the handling device to the head will be removed with the handling
device to provide access to the threaded hole in the head. This hole is then
used for attachment of a cutting machine. The cutting machine will rotate
around the waste package head making a trepan groove inside the weld and into
a relief undercut in the head below the weld. Once the trepanning is complete, the cutting machine and the overpack top head will be removed, exposing
the waste form canister. The overpack was designed to resist buckling even
with the top head removed; therefore, there will be no restraint to lifting
the waste form canister out of the remaining overpack components. In addition, since the waste form canister has not been exposed to the repository
environment, its handling device will not have been degraded.
With the waste form canister exposed, it can be withdrawn into a shielded
transfer cask and transported to a shielded storage facility to await further
disposition. The overpack components can remain in the repository or be
removed by conventional methods, as desired.
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4.4

RADIATION SAFETY

Operating personnel working in the vicinity of high-level nuclear waste
and spent nuclear fuel must be protected from radiation emanating from the
waste. During shipping, repository transport, emplacement, and most handling
operations, this is accomplished through the use of shielded casks and equipment. During packaging and the associated handling, operations will be conducted in a hot cell to provide radiological safety. Shielding requirements
and designs for those operations are beyond the scope of this report. However, estimates of the radiation levels both at the waste form canister and
overpack surfaces have been developed for the use of the respective design
entities.
The peak radiation levels at the surfaces of the overpacks are shown in
Table 4-1. The overpack surface radiation levels were obtained by hand calculations using carbon steel attenuation coefficients obtained from ANISN (SAI,
1981) computer code calculations of neutron and gamma levels as a function of
distance through steel around a PWR spent fuel assembly.
Table 4-1.

Waste
Form

Overpack Peak Surface Radiation Levels

Neutrons
(reflected),
mrem/hr

Gamma,
mrem/hr

Total,
mrem/hr

DHLW

4.00 x 101

3.29 x 105

3.29 x 105

CHLW

7.73 x 103

1.55 x 106

1.56 x 106

CSF (12 PWR)

2.72 x 103

1.84 x 105

1.87 x 105

The waste packages are designed for disposal in vertical boreholes. Once
the packages have been emplaced, they will be covered. Because of its ready
availability and adequate attentuation characteristics, crushed salt is used.
The crushed salt cover will serve as the radiological shielding between the
waste package and the emplacement tunnel.
Present radiological safety guidelines indicate that the radiation level
at the floor of the tunnel should be no more than 2 mrem/hr after package
emplacement has been completed. Figure 4-6 shows the tunnel floor peak radiation levels as a function of crushed salt depth for the waste packages
described in this report. There, it may be noted that depths of 109 cm for
DHLW, 137 cm for CSF (12 PWR), and 183 cm for CHLW are required to reduce the
tunnel floor radiation levels to 2 mrem/hr. To be conservative, the design
depths are 110, 140, and 190 cm for DHLW, CSF, and CHLW, respectively. The
attentuated radiation at the tunnel floor above the HLW is almost entirely
gamma radiation, while that above the CSF and CHLW packages is predominantly
due to neutrons.
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Although no crushed salt was assumed to have been in the annulus between
the waste package and the borehole wall, this has minimal effect on the radiological calculations because streaming from the annulus has been shown to be
less than 1% of the total radiation level at the tunnel floor above the
annulus. Finally, radiation levels associated with the BWR spent fuel have
not been calculated, but they will be less than those associated with the PWR
spent fuel because both the fuel burnup and the waste package power level are
lower. The foregoing discussion has shown that radiation safety can be
achieved with proper ancillary devices and administrative controls.
4.5 CRITICALITY SAFETY
Neither CHLW nor DHLW contain sufficient fissionable material to constitute a criticality hazard. CSF will remain subcritical in the dry state.
Consolidation operations are expected to be performed under dry conditions, as
is the installation of the loaded CSF canister into the overpack. In the
unlikely event that the overpack cavity becomes filled with water, it is
estimated, although confirming calculations have not been made as part of this
early design phase, that the close-packed fuel rod array will be sufficiently
undermoderated to prevent achieving a critical condition. Based on this
information, CSF should not constitute a criticality hazard during either the
repository operating or containment periods.
During the isolation period, after the overpack is assumed to have
failed, it is expected that creep of the salt will maintain, or possibly
further consolidate, the geometric configuration of the fuel rods so that a
critical array cannot be achieved even if a moderator were present. Furthermore, as discussed in Sections 4.1.2 and 4.2.1, it is expected that very
little brine will be available to act as a moderator even if the rod array
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could expand. Thus, it is expected that no criticality hazard will exist
during the isolation period.
4.6

FIRE AND EXPLOSION SAFETY

None of the waste package designs presented herein contains combustible
or explosive materials. Although hydrogen may evolve from the corrosion process or by radiolysis in the vicinity of the waste package, the rate is
expected to be low enough that the free hydrogen will diffuse into the salt.
Under expected repository conditions, this free hydrogen would not constitute
any hazard in the repository. However, it would be prudent to monitor for its
presence during any retrieval operations.
The waste package is also expected to satisfy the requirement related to
exposure to fires without loss of containment. While a design basis fire has
yet to be specified, the expected package behavior can be illustrated by considering the U.S. Department of Transportation design basis fire used in
qualifying shipping casks (1,4751F for 30 minutes). With this fire, the
maximum internal pressures should be less than 0.4 MPa for DHLW and CHLW and
3 MPa for CSF, assuming all rods have cladding failure. The CSF vessel is
expected to be capable of withstanding at least 10 MPa at 1,4751F without
rupture using the ultimate steel strength. Since the requirement is for containment, substantial plastic flow is acceptable.
4.7

HANDLING SAFETY

The emplacement package must be capable of sustaining a free vertical
fall as described in Sections 2.1.7 and 2.6.1 without loss of radionuclide
containment. Although specific calculations and verification tests to prove
handling safety are beyond the scope of the conceptual design effort, it is
expected that the waste package designs presented in this report will meet the
requirements. This expectation is based on the ductile nature of the carbon
steel overpack material, actual drop tests of similarly sized vessels, and the
fact that the weld depths are far deeper than required for just handling
structural considerations. As a precaution, full-penetration-type welds were
specified to reduce the possibility of crack propagation in the event of a
handling mishap. As a further precaution, it is expected that, during assembly operations in the hot cell, transfer into and out of lag storage facilities and emplacement operations, administrative controls will be exercised
through the use of personnel trained and qualified in the handling procedures
and on the equipment involved.
4.8

TRANSPORTATION SAFETY

The transportation safety requirement for DHLW, CHLW, and spent fuel
being shipped to the repository is assumed to be satisfied by the transportation system and is not considered in this report. Transportation safety, with
respect to the retrievable portions of the waste packages, is considered. The
basic approach for the retrievable package is that, if the waste is shippable
to the repository, it should also be shippable away from the repository. The
shipping casks may have to be larger to accommodate the increased size of the
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retrievable package; however, a basic reason does not exist for any difficulties with respect to transportation safety. Proof of compliance with the
transportation safety requirements will be part of the preliminary design
effort.
4.9

ACCOUNTABILITY

The content of each waste package must be traceable to its source at
least through the retrieval period. Because the calculated corrosion of both
the CHLW and CSF overpacks exceeds 1 cm under kinetic corrosion conditions
during the first 30 years, no method of marking directly on the overpack is
deemed feasible at this time. Consequently, an identification plate made of
thin, highly corrosion-resistant material such as TiCode-12, Zircaloy-4 or
Inconel 600 will be embossed with the identification marking(s) and attached
to the overpack top cover in such a way as to preclude galvanic corrosion.
The identification plate will have a large hole so that it can be installed
around the repository handling device (pintle). Thus, after emplacement, even
if the attachment fails, the plate will not become separated from its waste
package.
4.10 QUALITY ASSURANCE
A quality assurance program fulfilling all applicable requirements of
ANSI (1979) NQA-1 will apply to the waste packages.
-From a design standpoint, baselining will define interface parameters.
Changes to any of these will require the documented concurrence of all
affected parties. Records of that concurrence will be kept as part of the
waste package design file.
The quality assurance effort associated with the fabrication and assembly
of the waste packages naturally falls into three categories: component fabrication, component subassembly, and waste package final assembly.
4.10.1

Component Fabrication

Quality assurance at the component fabrication level will consist of two
inspection facets. The first will be to monitor the chemical and physical
characteristics of the material while the second will be to inspect the castings. Records of these inspections will be kept according to programmatic
requirements for traceability. It is anticipated that the inspection records
will be kept not only by the producer, but that copies will accompany each
shipment of castings from the foundry to the subassembly contractor, and
thence to the repository.
4.10.1.1

Material Quality

Material quality is essentially a function of material chemistry and heat
treatment history. Heat and product chemical analyses and tensile tests of
the material will be performed as required by the material specification (see
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Section 3.1.1). At present, the material is expected to be produced in general accordance with ASTM A 216, Grade WCA (Appendix A), with supplementary
requirements per Westinghouse Package Design Specification (PDS) 30305
(Appendix C). Each casting will be identified to heat number for record
purposes.
4.10.1.2

Casting Quality

Each casting will be dimensionally inspected to assure that it can be
machined to the desired finished size. In addition, because of the sensitivity of the design to buckling due to external pressure, a volumetric inspection of each casting will be performed. Although the proposed processes
should produce sound castings, the presence of internal defects could promote
accelerated corrosion penetration and/or early collapse of the structure. The
parent material specification, ASTM A 216 (Appendix A), recognizes radiography
and magnetic particle inspection. However, it is anticipated that full radiography will be unwarranted. Conversely, the castings are too thick for meaningful magnetic particle examination. Thus, the proposed casting volumetric
inspection will be an ultrasonic scan, with radiography used only if necessary
to reconcile any anomalies in the ultrasonic test results.
Finally, if heat treatment of the castings is necessary, furnace charts
will be required. It should be noted that the normalizing heat treatment
usually required by ASTM A 216 has been deleted by Westinghouse PS 30305
(Appendix C) with the expectation that if heat treatment becomes necessary, it
can be done concurrently with postweld heat treatment (see Section 3.1.1).
4.10.2

Component Processing and Subassembly

Component processing quality assurance, except for the welds, is expected
to consist of both visual and dimensional inspections. It is expected that
records will be made and maintained of the overpack cylinder inside diameter,
length, and wall thickness, of the head thicknesses, and of dimensions associated with the weld preparations.
The subassembly of the overpack cylinder with the bottom head involves a
relatively massive weld. It is expected that records will be made and maintained of the results of the visual inspection of the root pass and of the
magnetic particle inspection of the final pass. In addition, a record will be
required of any weld preheat. Although not anticipated at this time, a postweld stress relief heat treatment of this weld may be performed. If it is,
furnace charts will be required. The subassembly of the overpack top head and
the repository handling device (pintle) requires a seal weld. A record of the
magnetic particle test of this weld will be required.
Copies of all quality-related processing and subassembly records, plus
copies of the component fabrication records, will accompany the shipment of
the overpack subassemblies to the repository, per ANSI (1979) NQA-1 requirements.
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4.10.3

Repository Processing

Quality assurance at the repository will include not only inspections of
the waste package assembly and emplacement operations, but repository monitoring and maintenance of repository records as well. The requirements outlined
here are limited to the quality assurance functions related to the waste
packages.
Incoming overpack components will be inventoried and correlated with the
accompanying records. Full dimensional inspection is not expected, but spotchecking against the recorded supplier inspection data will probably be performed before the shipment is warehoused. Similarly, incoming waste forms
will be correlated against the data records accompanying them before they are
placed in lag storage. For the waste, incoming inspection will also include
logging of the lag storage vault address of each waste form or spent fuel
assembly.
For spent fuel, consolidation operations are required to transform the
fuel rods from assembly arrays to canisterized CSF waste forms. Quality
assurance associated with the consolidation operation will include verification that the consolidation machinery is appropriate for the fuel assemblies
being dismantled. It will also include correlation of the fuel assembly
identities with the canister identification. Finally, it will include
monitoring of canister closure operations and, if the CSF canister is
transferred to lag storage, logging of the vault storage address.
Waste package assembly operations will have quality assurance surveillance commencing prior to transporting the components into the assembly hot
cell. The overpack body and top head subassemblies will be taken from the
warehouse and cleaned, with special attention to the weld preparation areas.
Inspections start at this point; assurance of the cleanliness of the weld
preparation is essential to successfully performing this remote weld. Inspectors will record the waste form identity and assure that it is properly
correlated to the waste package identity.
4.10.4

Quality Assurance Records

All of the inspection records generated at the repository will be collected for each waste package and assembled with the waste package fabrication
and assembly inspection records. The assembled records will be filed and
maintained per the records requirements of ANSI (1979) NQA-1.
4.11 MATERIALS, PARTS, AND PROCESSES
£

The final selection of materials and process specifications will not be
accomplished until the preliminary design process and any necessary design
verification programs are completed. Because of the well-developed state of
steel technology, however, it is possible to provide recommendations for the
basic materials and processes. These recommendations, which are subject to
future confirmation through design review and development verification, are
summarized as follows:
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1. Overpack component fabrication - Centrifugal casting of the main
cylindrical component is the choice although formed and welded plate
and seamless roll forged pipe were considered. Centrifugal casting
is known to produce consistently high quality, thick-walled cylindrical components. The yield of starting metal is very high and
dimensional control of the product is excellent. The top and bottom
end pieces may be cast or forged; the final selection may be based
on weld and heat-affected-zone metallographic considerations. A
steel basically equivalent to American Iron and Steel Institute
(AISI) 1018 has been recommended. Depending on the fabrication
processes finally selected, this designation will probably have to
be converted to a more appropriate specification, possibly similar
to ASTM A 216 (Appendix A).
2. Closure - Welding by the gas metal arc weld (GMAW) method is the
recommended reference closure process although this issue is open to
further study. GMAW is judged to be amenable. to remote control,
does not require the use of slags, does not require inordinately
high heat inputs, and is a well-developed welding method. The final
selection of a welding process, however, should be made after completion of the development program.
In summary, the selection of low carbon steel as an overpack material is
fully supported from the aspects of materials and processes. The material is
cost-effective and requires a minimum of process development for design verification. Viable choices for fabrication and closure (welding) are readily
available from existing commercial practices. The one apparent performance
drawback, relatively low corrosion resistance (Section 4.1.2), has been accommodated by choosing proper thickness allowances.
4.12

COST

Waste package cost performance ultimately must be evaluated within the
context of the entire waste disposal system. Pending more complete development of the interfacing components of the system, the cost-effectiveness of
the waste package design as an entity unto itself is summarized.
-The generic waste package design, described in Chapter 3.0, is a simple,
right-circular cylinder, fabricated of cast low carbon steel components. With
the exception of the final closure weld, fabrication processes are known,
straightforward and, therefore, cost-effective in these applications. In
general terms, the final closure weld process is a known process, requiring
development only in terms of its application to repetitive, remote application. This, too, should prove to be cost-effective. The weld development
process has some impact upon the specific choice, but the generic material,
low carbon steel, is wall known. The cost-effectiveness of this material is
shown in Appendix D for the waste package application.

4.13

INTERFACES

The foregoing sections of this report have shown that these waste package
designs will meet all established interface requirements, and have the
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capability to meet interface requirements yet to be developed.
latter are the following:

Among these

1. The package handling device (pintle) design can be adapted to
essentially any grappling system.
2. Radiation Safety - Acceptable radiation levels can be attained by
the use of properly designed shielded casks and properly installed
crushed salt cover over emplaced packages.
3. Retrievability - Retrievability is feasible, but not necessarily
easy. This is acceptable because of the low probability of
retrieval.
4.14

COMPUTER CODE VERIFICATION AND VALIDATION

The computer codes used were verified to the extent necessary for this
conceptual design effort. The shielding code, ANISN (SAI, 1981) and the
repository thermal code, WECAN, have been used for many years in the nuclear
industry. Additionally, the results computed by WECAN have been compared with
those generated by independent organizations using other computer codes (see
Appendix E). The package thermal code was checked by comparison with closed
form analytical solutions.
Complete verification should be part of the next design step. Code validation for this application must be accomplished before the licensing process
can be completed. It is understood that publicly available codes must be used
for any licensed design.
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5.0 STANDARDIZATION OF SPENT FUEL PACKAGES
Earlier reports (e.g., on the work done by Westinghouse in 1982, subsequently published as Westinghouse, 1983a) have indicated that there are many
different fuel assembly designs in existence, and that there would be differences in the waste packages designed to accommodate the consolidated spent
fuel (CSF) derived from these assemblies. Consequently, one portion of the
design effort involved in preparing the waste package designs presented in
this report was to try to minimize the number of waste package size variations. In this context, "size" means diameter," since diametral variations
affect overpack processing and repository costs significantly more than length
variations.
The task of attempting to standardize the CSF waste package designs
involved three steps. These were characterization of fuel rods, development
of a generalized waste canister design, and diameter analysis. Each of these
stops will be discussed in this section of the report.
5.1

CHARACTERIZATION OF FUEL RODS

The task of characterizing the fuel rods expected to be available for
disposal has been completed to the extent that published information permits.
Significant details of specific fuel rod and assembly designs are regarded as
proprietary information by the reactor fuel designers. However, enough general information is available through the U.S. Department of Energy (DOE) and
industry/utility sources to permit at least a general characterization of fuel
rods to be developed. The information reported here must be regarded as survey information. For detailed design purposes, more explicit information must
be obtained.
The first task addressed in characterizing fuel rods was to establish
nominal fuel assembly data. This information, compiled in Table 5-1, was
obtained from Westinghouse in 1980 (subsequently published as Westinghouse,
1981) and Hanford Engineering Development Laboratory (1978). In Table 5-1,
six manufacturers are identified. Of these, Exxon Nuclear Corporation (Exxon)
produces only reload assemblies which essentially duplicate the fuel assembly
designs of three of the primary reactor designers. Table 5-1 does not indicate variations in basic assembly types such as the Westinghouse Electric (WE)
15 x 15 family of fuel assemblies (e.g., Type I, Type II, Type III, etc.).
The extent of the detailed design variations for any given fuel type is not
known.
The next task addressed in characterizing fuel rods was quantifying the
numbers of assemblies expected to be available for disposal. The results of a
DOE survey (DOE, 1983) of the utilities provided the basis for this determination. The survey was conducted in 1980 and projects fuel assembly discharges
for operating and projected reactors through the year 2004. Since the repository operations probably will not commence before 1990 and the design point
for disposal of spent fuel is 10 years out-of-reactor, the information from
the DOE survey has been summarized as spent fuel available for disposal in
calendar years 1990 through 2015.
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Table 5-1.

oM

Nominal Fuel Assembly Data
(Page 1 of 2)

Fuel Rod
Dimension, cm
Rod
Length

Number
per
Assembly

Dia.

AC 10 x 10

100

1.02

232.4

BW 14 x 14(C)
15 x 15
17 x 17

208
264

1.09
1.01

CE 14 x 14
15 x 15
16 x 16

160-176
208-216
236

Assembly Mfgr.
and Array

Exxon/CE 14
15
GE 7
8
8
WE 15
17

x
x
x
x
x
x
x

14
15
7
8
8
15
17

GE 6 x 6 (1955)
7 x 7 (1966)
7 x 7 (1968)

I

Uranium/
AsseTbjy,
k a

Power/
Assejly,
WI

210.1

107

100

388.9

365.8
363.2

470
470

550
550

1.12
1.05
0.97

347.2-373.8
360.7
410.6

320.0-330.0
335.3
381.0

395
390
438

465
460
515

176
216
48
60
63
204
264

1.12
1.05
1.45
1.27
1.23
1.08
0.91

372.1
354.3
402.3
401.8
401.8-419.1
386.1
386.1

347.2
334.8
365.8
365.8
365.8-381.0
365.8
365.8

385
390
185
185
185
450
450

450
460
180
180
180
530
530

36
49
49

1.43
1.43
1.45

301.2
401.6
413.4

274.3
265.8365.8

99
197
197

365.8
365.8-375.9
365.8-381.0

95
190
190

197
200
200

190

177.8

135

130

7 x 7R (1972)
8 x 8 (1973)
8 x 8R (1977)

49
63
62

9 x 9 (-1960)

81

1.43
1.25
1.23

1.43

-

-

204.5

FuelLength

190
190

Table 5-1.

Assembly Mfgr.
and Array
WE 14
15
17
17

CM
")

AC:
OW:
CE:

GE:
WE:

x
x
x
x

14
15
17
17 long

Number
per
Assembly
179
204
264
264

(Page 2 of 2)

Dia.

Fuel Rod
Dimension, cm
Rod
Length

Fuel
Length

Uranium/
Asse bly,
kga)

Power/
Assej ly,
Wb1

1.07
1.07
0.91
0.91

387.0
385.6-387.0
385.1-386.8
-434.4

304.8-365.8
309.9-365.8
365.8
426.7

385
466
468
520

450
550
550
610

Allis Chalmers
Babcock and Wilcox
Combustion Engineering
General Electric
Westinghouse Electric

(a)Variable on a plant design-specific basis.
(b)Variable on a plant design-specific basis. Power is for 10-year-out-of-reactor fuel, 30,000 MWd/MTU burnup
pressurized-water reactor (PWR) and 27,000 MWd/MTU boiling water reactor (BWR).
(c)All reprocessed.
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Finally, the reactor fuel assembly information was matched to specific
reactor plants so the reactor fuel assembly discharges could be quantified on
an assembly design basis. The results are presented in Table 5-2. Four notes
of caution relative to the information in Table 5-2 are as follows:
1. There is no information relative to. the use of Exxon reloads; i.e.,
which reactor plant used them, when they were installed, etc.
2. While it is known that boiling-water reactor (BWR) plants designed
for early General Electric (GE) 7 x 7 assemblies have been refueled
with later 7 x 7 designs and/or 8 x 8 designs, the changeover dates
and number of assemblies involved are not clear.
3. All GE 7 x 7 and 8 x 8 assembly availabilities listed in Table 5-2
are based on the type of assembly originally installed in a given
plant. All variations of 7 x 7 or 8 x 8 assemblies are combined, as
indicated.
4. In the available reactor fuel data, some of the pertinent information was not available. To make characterization of fuel rods as
complete as possible, the following assumptions were made:
a. Smaller arrays are earlier designs (except for GE BWR 9 x 9
assemblies).

b. All future reactors contain the latest design generation of
fuel assembly (no new fuel assembly design assumed).
c. Reactors of the same type, manufacture, and age with approximately the same power have the same fuel array.
5.2 DEVELOPMENT OF GENERALIZED CANISTER DESIGN
The development of a generalized canister design for CSF was undertaken
on the premise that, if a generic canister design were feasible, other canister and waste package design aspects could be simplified. Several ground
rules and assumptions guided the development of the generalized canister
design.
5.2.1

Ground Rules
The salient ground rules for this task included the following:
1. The feasibility of reducing the number of different overpack
diameters will be investigated.
2. All spent fuel from various sources will be included.
3. Investigations will be limited to waste packages containing CSF from
integral multiples of fuel assemblies.
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Spent Fuel Assemblies Available for Disposal,
Cumulative Calendar Years 1990-2015(a)
(Page 1 of 2)

Table 5-2.

Assembly
Manufacturer
and Array

1990

%

End of Calendar Year
2000
2005

1995

2010

2015

Total

A. From Operating (1980) Reactor Plants
(PWR)

PWR

0)

BW 15 x 15

1,533

3,277

5,378

7,202

9,059

11,002

17 x 17

-

-

-

-

-

-

0.0

1,588
341
0
1,814
3,881
557

3,044
548
260
3,021
7,133
2,038

4,536
824
520
4,284
10,415
3,636

6,016
1,031
780
5,487
13,669
5,242

7,432
1,238
1,040
4,746
17,173
6,753

8,933
1,486
1,300
7,951
20,563
8,398

15.00
2.5
2.2
13.3
34.5
14.1

CE 14
15
16
WE 14
15
17

x
x
x
x
x
x

14
15
16
14
15
17

BWR

18.4

(BWR)

AC 10 x 10
GE 6 x 6
7 x 7

166
1,195
14,871

268
1,195
28,670

406
1,520
44,831

526
1,845
57,173

646
2,170
72,846

766
2,495
85,396

0.9
2.8
95.3

8 x 8

-

-

-

-

-

-

0.0

9 x 9

378

488

598

752

818

928

1.0

B. From Operating Plus Projected Reactor Plants
PWR
BW 15
17
CE 14
15
16

(PWR)
x
x
x
x
x

15
17
14
15
16

1,533
0
1,588
341
0

3,326
0
3,235
548
1,290

I

,V

I

5,909
476
5,837
824
4,599

,

.

I

8,205
1,396
8,462
1,031
9,810

I

I

.

10,534
2,316
11,023
1,238
15,781

.

I

12,919
3,236
13,670
1,486
22,680

.

I

10.0
2.5
10.6
1.2
17.6

I

.

~~~~~~~~~~~~-

I

%

-

--
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Assembly
Manufacturer
and Array

1990

1995

I-

.
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End of Calendar Year
2000
2005

2010

2015

%
Total

6,746
18,161
34,340

7,951
21,811
45,305

6.2
16.9
35.1

B. From Operating Plus Projected Reactor Plants (Continued)
WE 14 x 14
15 x 15
17 x 17

1,814
3,881
557

3,021
7,341
3,862

4,284
10,883
12,861

5,487
14,397
23,540

BWR

at
08

(BWR)

AC 10
6
7
8
9
AC:
BW:
CE:
GE:
WE:

x
x
x
x
x

10
6
7
8
9

166
1,195
14,871
0
378

286
1,195
31,297
1,905
488

406
1,520
54,386
9,529
598

526
1,845
79,585
23,769
752

646
2,170
105,761
40,104
818

Allis Chalmers
Babcock and Wilcox
Combustion Engineering
General Electric
Westinghouse Electric

(a) Compiled from results of 1980 survey of utilities by DOE (published as DOE, 1983).

766
2,495
129,530
57,846
928

0.4
1.3
67.6
30.2
0.5

4. Waste packages will be sized to hold the CSF from 12 PWR or 30 PWR
assemblies.
5. The canisters will have internal thermal fins.
5.2.2 Assumptions
The following assumptions guided the development of a generalized canister design:
1. Consolidation equipment can be developed to accommodate the curved
perimeter of a circular canister outer envelope.
2. Because of the quantity of fuel rods to be held in a canister, it
will not be practical to install the full package complement into
the canister in one operation. Thus, it has been assumed that the
canisters will be segmented and that each canister segment will hold
the fuel rods from an integral multiple of fuel assemblies.
5.2.3

Generalized Canister Design

Based on the ground rules and assumptions stated, a general canister
design having six geometrically identical segments evolved. The segment
dividers will be oriented radially, at 60-degree intervals, yielding segments
which are compatible with the natural geometry of close-packed circular fuel
rods. Since all canister segments are identical for a given fuel rod design,
only one geometry will be needed for the consolidation equipment for that fuel
assembly type. The radial segment dividers also provide an effective conduction path, enhancing heat dissipation from the interior of the canister.
Sizes of the canister segments will depend on the results of the sizing
studies. The thickness of the canister dividers will be dependent on the heat
conduction area required and/or structural requirements yet to be determined.
The generalized canister design also includes a baseplate to support the
fuel rods, an upper cover plate to seal the canister and to assure handling
safety, and a central bar for handling capability. A typical canister cross
section was shown in Figure 3-3. The canister assembly scenario was discussed
in Section 3.2.3.
5.3

SIZE AND DIAMETER ANALYSIS
Prior to initiating diameter analyses for CSF, several assumptions were

made:
1. Reactor operation will result in an average 0.08 mm growth in fuel
rod diameter due to changes in roundness of the rods, corrosion
buildup, and crud accumulation.
2. All fuel rods within the canisters are touching, line to line.
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3. Rods on the plane surfaces (sides and inner boundary of the canister
segment) are in line contact with the inside of the canister wall.
In addition, to account for manufacturing variations, an 0.08-mm allowance was
added to the canister fin thickness.
The initial calculations for the minimum canister envelope were performed
on the basis that the inside surface of the canister circumferential outer
boundary would be tangent to the outermost rod in the trapezoidal portion of
the canister as shown in Figure 5-1. Later, as the envelope determinations
progressed, it became obvious that if the outer radius were adjusted slightly,
relative to that point of tangency, the space for CSF in the outer portion of
the canister would be affected significantly. This fact was used for calculations of the "minimum size" GE 7 x 7, 8 x 8, and 9 x 9 CSF canisters and for
all "standardized" canisters. The canister sizes are listed in Table 5-3 with
the requisite overpack inside diameters. It should be noted that canisters
for GE 9 x 9 spent fuel will hold the rods from only 18'assemblies in lieu of
the 30 assemblies for the other WR fuel rod types. This is because of the
large number of large-diameter fuel rods in the 9 x 9 fuel assembly. Also, as
noted in Section 5.1, there is no indication in the available information as
to the use of Exxon reload fuel assemblies or transitions from one to another
of the GE 7 x 7 or 8 x 8 assemblies. For this reason, the Exxon assemblies
were grouped with their prototype designs and the minimum canister sizes
reported in Table 5-3 are based on the larger size required (Exxon reload or
prototype). Similarly, the largest canister size required for the various GE
7 x 7 or 8 x 8 assemblies is the one listed.
Waste packages designed to the minimum dimensions would use the least
material, but the overpack components would require extensive inventory control and, possibly, a development program for any nonstandard size final
closure welds. These items, plus variations in required hot cell fixturing,
shielded transfer casks, and borehole diameters, could offset the material
cost savings. Other fabrication, assembly, and repository costs should be
essentially independent of the envelope diameter. Thus, there is no cost
incentive favoring the use of the minimum canister sizes. Therefore, the
waste package designs presented in this report are based on the standardized
canister diameter concept.
The information in Table 5-3 suggests that the canisters are identical in
the standardized concept; however, as shown in Figure 5-2, this is not the
case. In fact, no two canisters are exactly alike because of differences in
fuel rod dimensions, or number of rods per fuel assembly. Although the crosssectional dimensions of the canisters for the GE 7 x 7 and 9 x 9 assemblies
are the same, there is a length difference which, for these fuel rods, is
almost a factor of two. It is anticipated that more canister variations will
be needed to accommodate the variations in fuel assembly types within the
basic design arrays. The difference in the CSF canister designs has been
delineated to show that standardized diametral envelope dimensions are attainable in spite of the differences in CSF detail design.
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Assembly Mfgr.
and Airray

Can.
Dia.,
cm

Minimum Size Canister
Overpack
Number
ID,
of
cm
Assem.

Can.
Dia.,
cm

Standardized Canister
Overpack
ClearID,
ance,
cm
cm

Ro4
Dia.,%A)
cm

PWR
OW 15 x 15

61.31

63.85

12

61.96

64.50

2.54

1.10

17 x 17

61.96

64.50

12

61.96

64.50

2.54

0.97

CE 14 x 14 (E)(b)

58.18

60.72

12

61.96

64.50

2.54

1.125

15 x 15 (E)(b)

61.35

63.89

12

61.96

64.50

2.54

1.062

16 x 16

60.49

63.03

12

61.96

64.50

2.54

0.978

WE 14 x 14

55.89

58.43

12

61.96

64.50

2.54

1.080

15 x 15 (E)(b)

60.48

63.02

12

61.96

64.50

2.54

1.080

17 x 17

61.19

63.73

12

61.96

64.50

2.54

0.958

AC 10 x 10

61.60

64.14

30

61.96

64.50

2.54

1.024

GE 6 x 6

53.92

56.46

30

61.96

64.50

2.54

1.438

7x 7

61.96

64.50

30

61.96

64.50

2.54

1.455

o

BWR

%

I

Table 5-3.

Can.
Dia.,
cm

Assen lMfgr.
anG Array

AC:
BW:
CE:
GE:
WE:
CD

(Page 2 of 2)

Minimum Size Canister
Uverpack
Number
of
ID,
cm
Assam,

Can.
Dia.,

cm

Standardized Canister
Overpack
Clearance,
ID,

cm

cm

Ro
Dia.,la)

cm

8 x 9

61.96

64.50

30

61.96

64.50

2.54

1.260

9x 9

61.96

64.50

18

61.96

64.50

2.54

1.438

Allis Chalmers
Babcock and Wilcox
Combustion Engineering
General Electric
Westinghouse Electric

(a) Including 0.08-mm growth allowance.
(b) (E) indicates that the sizing is predicated on the Exxon reload assembly parameters.
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A

C

0
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I

I

F
'

CAVITY

~~~~~~LENGTH

PWR
aw

tS

F0.1

TYP

, (U.S. 14 GA)

ALL DIMENSIONS

17X 1
14 X 14

30.99

.ss

417

416

394.0

4.16

7.60

30.99

0.49

532

529

397.0

5.95

10.70

30.99

0.56

360

352

379 0

is X 1s

4S6

B.29

30.96

0.53

434

432

366.0

16X 16

4.19

7.66

30.98

0.49

520

512

416.0

14 X 14

733

13.10

30.99

0.4

363

360

392.0

IS X 15

4.63

.42

30.96

0.54

416

416

392.0

l7X17

4.59

834

30.99

0.48

532

S28

392.0

AC

lOX o

1.3

3.S7

3099

o.s1

601

s6o

2375

GE

6X6

.32

14A1

30.98

0.72

1S

16O
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119661

7X7

267

4.65

30.9

0.72

246

245

406.5

119681

7XK

IAS

2.38

3099

0.73

245

245

419.0

11973

8XKe

3.51

.48

30.9

0.63

315

315

4166

419771

aKX

4.65

8.49
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0.62

316

310
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257
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Figure 5-2.

Consolidated Spent Fuel Canister Dimensions

6.0

REQUIRED DEVELOPMENT PROGRAMS

A part of the conceptual design effort is to review the conceptual waste
package designs and to define any areas where the design bases are inadequate
or manufacturing feasibility is not proven. To this end, programs judged
essential for the satisfactory conversion of these concepts to preliminary
designs are the subject of this section. Deficiencies can be divided into two
categories:
o Those items which require resolution to enable development of the
preliminary design
*

Those items which may be resolved later by preliminary design
verification tests and/or analyses.

Consistent with the U.S. Department of Energy 1980 National Waste
Terminal Storage (NWTS)* Waste Package Program Plan (subsequently published
as DOE, 1981), some of the tests and programs described herein should produce
initial results, either to demonstrate feasibility or to provide missing
design parameters, in support of preliminary design development. Some tests
and programs must provide short-term results, within 6 to 9 months as an
initial assessment. As a minimum, these results should include an estimate
of the risk involved in proceeding with design prior to total resolution of
design questions. Beyond the short-term results, other tests and programs are
needed to
e

Incorporate longer term tests designed to resolve design questions left open by the short-term test results

*

Provide definitive verification data to support licensing
activities.

No attempt has been made to integrate the tests and programs described,
but a logical sequence can be developed to interconnect the tests so that the
testing programs are responsive to design needs and timely, but are also costeffective. To this end, high priorities should be assigned to tests that can
provide definitive site-specific design data and, in particular, estimates of
the amount of brine expected. If brine quantities are insignificant, many of
the corrosion-related tests and programs may not be needed. Likewise, tests
to demonstrate feasibility, such as closure weld development, should be
assigned a high priority since a negative result could lead to major design
changes.
In many cases, the tests and programs proposed herein can be accomplished
within the framework of the current DOE testing programs with some modifications to existing test scope and redirection of test efforts.

* Subsequently renamed the Civilian Radioactive Waste Management (CRWM)

Program.
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In the following sections, the format used will b the same. Each recommended program will be briefly described and then amplified by Background and
Status, Justification, and Recommended Scope sections. No attempt is made in
this report to design the experimental programs.
6.1

PRELIMINARY DESIGN PROGRAMS

The programs described are those judged to be needed to support the preliminary design phase directly. As such, they should be either completed or
far enough along at the end of preliminary design so that their impact on the
efficacy of the completed preliminary design(s) can be evaluated with a high
degree of confidence.
6.1.1

Brine Migration

The corrosion performance of the waste package overpack will clearly be
related to the quantity and nature of the corrosive agents impinging on the
package during its intended life. In salt, these agents may be brines of
various compositions and, at least initially, water vapor. Current estimates
of the volumes of brine and/or vapor deliverable to each package range in
value (see Figure G-1). A program is needed to fix realistic upper bounds on
the expected amounts of water and brine deliverable to the waste package so
that unnecessarily conservative corrosion allowances can be avoided.
6.1.1.1 Background and Status
In salt, migration toward the waste package is presently being estimated
by use of two models. The first assumes that brine, as liquid brine inclusions found within salt crystals, will migrate under the influence of a
thermal gradient by a solution/precipitation mechanism. The second, broadly
termed vapor transport, assumes that motion of water can occur by movement of
water vapor through pore spaces in the salt. In the second case, the transport is due to pressure differences (Darcy or Knudsen flow).

*

In the case of brine migration, transport is assumed to be independent of
pressure; the quantity delivered is a function of the included brine content
of the surrounding salt, the temperature drop leading away from the hot waste
package, and the absolute temperature along the temperature gradient. For
water vapor transport, the quantity delivered is fixed by the water content,
the relative pressure gradients, the thermal gradients, temperatures, and the
availability of migration paths through the salt (e.g., cracks, grain boundaries, connected porosity or permeability).
Thus, the quantity of water vapor delivered by the vapor transport mechanism is directly determined by the hole closure scenario assumed for the
emplaced waste package since this will determine the pressure gradient transient. Conversely, the quantity of brine delivered via the brine migration
mechanism is not affected by hole closure although water could be lost from
intruding brine as long as there is a path open for vapor transport.
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For an assumed water content of 0.75 weight percent (Table 3-2), the
brine inclusion mechanism was calculated by Westinghouse in 1982 to deliver a
relatively low amount (on the order of tens of liters per package) for a very
hot waste package (published in Westinghouse, 1983a). On the other hand, the
vapor transport mechanism predicted very large amounts of water (well over
1,000 liters per package) when long times to hole closure were assumed.
Whether the brine inclusion mechanism and the vapor transport mechanism operate independently or cooperatively, i.e., whether the amount of water or brine
delivered by one mechanism is affected by the amount delivered by another, is
not known. Current practice is to assume they operate independently. It is
assumed that this should be conservative.
The consequences of whether water is delivered as brine or as water vapor
to a low carbon steel overpack are different. In the former case, the
expected corrosion rate would be much higher than the case where only water
vapor is contacting the steel. However, quantities on the order of
1,000 liters, as calculated for the vapor transport mechanism, approach the
amount needed to react stoichiometrically with the entire steel overpack,
whereas, the few liters of brine calculated for brine inclusion migration
could at worst consume a relatively small fraction of the overpack.
6.1.1.2

Justification

The "expected" conditions in the repository should determine the waste
package design requirements. If it can be shown with a high degree of confidence that only a few liters of water or brine could actually reach the
waste package, then the margin of safety in the preliminary design could be
demonstrated to be quite high or the thickness of the overpack could be
correspondingly reduced.
The corrosion performance of the overpack is not the only waste package
component that would benefit from the demonstration of limited amounts of
brine. The long-term performance of the package and, in particular, the
leaching of exposed waste forms could be regarded as negligible, leading to
increased confidence in the overall repository performance and to easier
licensability.
6.1.1.3

Recommended Scope

Work under this program can be broken down into the three general areas
listed below. Care should be taken to make sure that any data obtained are
defensible and relatable to candidate sites.
1. Improved Models and Computer Programs - Current models and computer
programs should be further refined and fitted with the best constants available based on laboratory and/or field test data.
2. Field Test Measurements - A number of field test brine migration
programs are known to be in progress worldwide. These programs
should be monitored and any appropriate data fed into the models and
programs discussed above. Longer range field test programs are also
recommended as part of the verification programs.
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3. Salt Parameters - The wide range of values for permeability, porosity, and water content of salt expressed in the literature needs to
be critically evaluated and realistic design values provided. Consideration should be given to performing additional laboratory and
field experiments, particularly on candidate repository site salt
deposits. This information should also be fed into the modeling and
computer programs discussed in the first item.
6.1.2 Short-Term Corrosion Testing
Corrosion tests designed for up to 1 year duration should be initiated to
study the effects of temperature, brine chemistry, welding microstructures,
and gamma irradiation on the corrosion rate of the waste package material.
The intent of this program is to assure that the corrosion performance of the
steel composition specified for use in overpacks falls within the limits of
the existing data base, and to provide refined values of the parameters used
in calculating corrosion wastage. The possible need for extension of one or
more of these tests into the verification period should be considered during
test design. Moreover, the design and initiation of the long-term tests
specifically assigned to the verification group should be addressed and evaluated in the present context to avoid unnecessary duplication, e.g., one or
more of the long-term tests could be arranged as continuation of short-term
tests; all that might be necessary is provision for a large inventory of
specimens.
6.1.2.1 Background and Status
The data base used for projection of corrosion behavior of steel in a
repository in salt is fully described in Appendix G. Penetration versus time
projections, both for general corrosion and for pitting, were formulated by
extrapolating data for carbon steels which had been exposed to tropical seawater for various periods up to 16 years. It was assumed that the aerated
seawater data are conservative with respect to brine (Uhlig, 1967). The
activation factor in the Arrhenius equation, which gives the effect of the
absolute temperature on the penetration rate, was determined from data on
short-term corrosion in oxic brine and assumed applicable to anoxic brine.
Comparison of rate data for comparable times and temperatures in oxic and
anoxic brines permitted an estimate of the ratio of the other constants in the
Arrhenius equation for both conditions. This approximate data base permitted
estimation of corrosion penetration, both by general corrosion and by pitting,
of an overpack throughout any assumed temperature/time scenario and, therefore, of the corrosion allowance necessary to retain waste package integrity.
The foregoing analysis required the following specific assumptions, which
must be superseded by explicit data:
1. Brine expected in a repository will not corrode carbon steel faster
than tropical seawater.
2. The temperature activation factor for oxic brine is the same as that
for anoxic brine.
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3. The corrosion rate in anoxic brine is less than that in oxic brine
by a factor of about seven.
4. Brine corrosion aggressiveness is unaffected by gamma radiolysis (it
is uncertain whether radiolytic oxidizers will tend to passivat or
deteriorate metal surfaces).
5. Weld-generated microstructures will have a negligible effect on

corrosion rates.

6. Corrosion isaffected only weakly, if at all, by changes inpH and
inbrine composition within the range expected for salt repository
brines.
6.1.2.2 Justification
Corrosion is the prime mechanism for degradation of waste containment in
any geologic repository. Accordingly, it isessential that the calculation of
corrosion penetration into the overpack material be carried out using data
specifically applicable to the expected environmental circumstances, and to
the specific overpack material. The data needed fall into these categories:
o Corrosion penetration into the specified material, both by general and local corrosion as a function of time and temperature,
over a long enough experimental period and with sufficient replication to permit credible projection to 1,000 years and beyond
o Effects of specified welding process, site-specific brine composition(s), and effects of Eh, pH, and gamma irradiation on
corrosion penetration.
These data are essential to replace the assumptions described in the previous section, which were undertaken only because of the limited data base
presently available, and which could not be reasonably defended for licensing
purposes.
6.1.2.3 Recommended Scope
The test matrix must deal with the following variables: temperature;
exposure time; p, or oxygen concentration (or Eh); gamma irradiation; brine
composition; and metal microstructure. It is obvious that the first two
variables differ in that a quantitative result is immediately desirable for
them, while mere detection of the presence or absence of a relative affect
would be a satisfactory outcome for the rest, at least initially. Therefore,
the first two variables ought to be studied separately, in conventional corrosion tests, hile the last five, and least initially, might be made part of
a replicated 2 factorial experiment, for one weight change period. Extended
testing could be undertaken on one or another of these five variables only if
the factorial experiment showed it to be responsible for significant effects
or interactions.
1. Temperature Effects - The affect of temperature should be determined
by comparing the weight changes experienced by metal coupons exposed
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to standard-fluid conditions, identical except for temperature.
Weight changes should be measured by quantitative descaling; there
should be a sufficient initial inventory of specimens to assure sufficient replication at each time point. Several temperatures in the
range 100 to 3001C should be studied. The study should be designed
so that results from early time steps are available to designers;
but so that the early results are constantly improved as data are
reworked to include later time steps. These tests should be coordinated with the exposure time tests to ensure reciprocal use of the
data; indeed some of the tests could be made common to the study of
both parameters.
2. Exposure Time Effects - These are the essential long time period
tests discussed among the verification tests which must be started
as early as possible to achieve the many-year exposure time necessary for responsible extrapolation. The tests must be run using the
same standard conditions, and at fixed temperatures corresponding to
those used for the temperature tests. It is essential that these
tests be started with a large specimen inventory to satisfy replication requirements over the course of many time steps. The time
steps should be longer than those for the other tests, in the expectation that a period of years will be covered. A large number of
specimens per time step ought to be provided to ensure high quality
data. At least two tests, each at a different temperature, should
be conducted.
3. Effects of Brine Chemistry - This portion of the matrix requires two
levels of pH, two levels of Eh, and two significantly different
brine compositions. The pH can be set by use of appropriate buffers, perhaps NaHC03/Na2CO3. The two brine compositions should
correspond to extremes of variability measured at the repository
site. Eh may be more difficult to control. A low value of oxygen
concentration, however, can be assured by periodic introduction of
small amounts of hydrazine; a high value can be maintained by periodic injection of aerated water. Both methods require autoclave
refreshment, or recirculation, and will, therefore, rule out static
autoclave tests for this matrix.
4. Effects of Radiation - Two levels of radiation should be used, a
higher level to provide a dose rate of several hundred grays per
hour, corresponding to high-level waste a few years out of a reactor, and a lower level, perhaps tens of grays per hour, corresponding to spent fuel after 100 years or so. These levels can be
compared with the zero level in other parts of the factorial matrix
and the relative linearity of the radiation effect thereby established. It may be important to add crushed salt to the experimental
autoclaves so that the effect of the large amount of surface, if
any, on the radiolysis products is effectively simulated under
realistic repository conditions. If this is done, the presence of
solid salt may have to become a blocking variable, present in the
entire matrix.
5. Effects of Weldin - Welded specimens spanning the heat affected
zone as wel as specimens cut parallel to the weld so as to include
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material only from discrete temperature intervals in the heat

affected zone, should be included among the various short-term tests
of the factorial matrix; in addition, some can be added to the
exposure time tests of the preceding section.
6.1.3 Overpack Closure Welds
The objective of this program is to demonstrate the feasibility of reliably performing high quality welds (1 to 10 cm) in low carbon steel configurations prototypical of nuclear waste overpacks. The processes and equipment
used must be capable of remote operation. Because of uncertainties in the
ability to verify weld quality by postweld and nondestructive means, the
reproducibility of the process must also be assessed in anticipation of a need
to apply process control as a quality verification method. The corrosion rate
of the weld proper and the heat-affected zone must not be materially different
than the base metal.
6.1.3.1 Background and Status
Aside from favorable cost considerations, low carbon steel was picked as
the prime overpack materials candidate because of its relative ease of weldability. This attribute is offset somewhat, however, by the need to use
relatively thick sections (up to 10 cm) in a salt repository to provide adequate corrosion resistance and to withstand the ambient lithostatic pressure.
Welding of steel sections of such thicknesses is a common practice. However,
because of the high radiation levels on the surface of the overpack, these
welds cannot be performed hands-on." Hence, the welding process used must be
capable of completely remote operation. Welding such thick sections remotely
is not a standard practice, and thus the feasibility of remotely performing
this weld must be confirmed.

Because of the large mass of the overpack and the remote nature of the
operations required, a welding process requiring little or-no pre- or postweld
heat treatments is preferred. Speed of welding isalso a consideration; the
slower the rate, the more welding stations and supporting hot cell facilities
that are required.
There is some flexibility inthe weld joint design, but the preferred
concept isa vertical circumferential weld (see Figure 3-1). The welding
program should be based on this concept. The weld taper will depend on the
welding process used, but will be very steep for narrow gap processes included
in the present designs.
Many welding processes are successfully used to join thick steel sections. Selection of a preferred process for the initial study should be part
of the definition of the welding program, but a few guidelines for process
selection may be helpful:
1. The process should probably use filler metal since the weld is deep
and tight tolerancing of the weld joint is undesirable. The filler
metal should have a composition as nearly identical to that of the
base metal as possible to prevent galvanic corrosion.
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2. A gas-shielded process is preferred since use of slags in remote
operations may be complicated and, with the gas-shielded process,
the weld can be seen as it is made.
3. Processes amenable to narrow gap geometries should minimize the
heat-affected zone, be faster, and minimize any need for postweld
heat treatments.
Adaptations of the gas metal arc weld (GMAW) process are generally consistent with these guidelines, but no in-depth study of competing weld processes has been made.
6.1.3.2 Justification
The performance of the all-steel overpack is dependent on the formation
of a deep, corrosion-resistant closure between the cylindrical body and the
top. The feasibility of making this joint remotely and reliably must be confirmed or the feasibility of the whole concept is in question.
Since there is no practical alternative to making the closure weld
remotely, this issue needs to be resolved well before the preliminary design
is completed. If this is not done, there will be some risk that this design
concept will be disqualified after the preliminary design work is completed.
6.1.3.3 Recommended Scope
The details of what effort is needed to meet the objectives of this program are not in the scope of this document. However, it should be apparent
that full-scale welding equipment and "large" weld samples will be needed.
Demonstration of remote capabilities either directly or in some reasonably
qualified manner is mandatory.
Optimized weld process parameters need not be part of the objective, but
some measure of the reproducibility of the process is required since this is
an integral part of feasibility. A follow-on weld process verification program is described in Section 6.2.4 that addresses process optimization and
quality control. Evaluation and verification of weld quality by destructive
means is anticipated for this program, although use of nondestructive test
methods as auxiliary means should be encouraged.
One criterion which will be used to evaluate'the welding process is corrosion resistance of the weld affected area; it must not corrode appreciably
faster than the base metal; consequently, selected samples of welding area
need to be input from this program to the short-term corrosion program to
assure that the corrosion performance of the heat affected material and molten
zone are acceptable.
6.1.4 Waste Form Leaching
The objectives of this program are to extend the currently available data
base on waste form leaching to obtain more representative data under expected
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brine conditions and to ascertain the probable effect of ferrous overpack
materials and their degradation products on leaching.
6.1.4.1

Background and Status

The design concepts in this report use three principal components of the
waste disposal system to meet radionuclide release rate requirements after the
repository is sealed. These components are the waste package overpack, the
waste form itself, and the host rock. The overpack is designed to provide
containment of the waste form for 1,000 years and is not reguired to function
actively over suceeding years in meeting the one part in 10> maximum annual
release rate requirement. However, the overpack material and its degradation
products must not adversely alter the behavior of the waste form during the
postcontainment period to the extent that the waste form cannot perform
properly. Similarly, the salt geology itself must not accelerate degradation
of the waste form beyond acceptable limits.
Studies of waste form performance have been under way for some time in
the United States and in many foreign countries, notably France, England,
Canada, Japan, and Germany. Much of this work has focused on elucidating
leaching mechanisms using distilled water, so the results are often not
directly applicable to salt brines. Further, extensive efforts have been
expended in studies of fluids representative of nonsalt geologies such as
basalt and granite, again not directly applicable to salt brines. As a
result, characterization of waste form leaching performance under representative brine conditions is not considered adequate.
Useful summaries of the status of waste form leaching performance may be
found (McVay at al., 1981; PNL, 1982). Both reviews indicate waste form leach
rates generally go down in ground water as compared to distilled or deionized
waters, although some exceptions have been noted for specific radionuclides
under certain conditions such as high carbonate waters or where HNO 3 has
formed as a result of radiolysis of aerated water containing nitrogen. Salt
brines should be particularly benign to waste forms because (1)the quantities
of brine are small and flow rates are virtually nil (favoring leaching reductions due to solubility limits); (2) there is a general lack of complexing
ions such as C 3; and (3) the expected anoxic character of the brines will
favor the less soluble, lower oxidation states of species leachable from the
glass. Pacific Northwest Laboratory (PNL), however, reports that the presence
of iron accelerates glass leaching when added to deionized tuff and basalt
waters (PNL, 1982). No similar experiments in salt brines are known to have
bean performed, nor is any comparable work on spent fuel apparent.
6.1.4.2 Justification
The need for both short-term and long-term waste form leaching studies is
well recognized by the DOE and the Office of Nuclear Waste Isolation, and many
diverse programs responsive to this need are known to be in progress under
their respective auspices. However, the selection of an all-steel overpack
design without a backfill requires more specific data on the effect of ferrous
materials on waste form performance in representative salt brines. This
information is needed prior to completion of preliminary design to assure with
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high confidence that the expected waste form performance inherent in the
design concept can be achieved. Longer term testing (verification) will also
be needed.
6.1.4.3 Recommended Scope
A statistically designed experiment is recommended to minimize the
testing needed. A preliminary list of test variables is given in Table 6-1.
The program should include test combinations of waste forms with steel, with
Fe3O4, with both steel and Fe3O4, and only brine.
These tests and those recommended for waste postcontainment performance
should be planned together so that optimum use of both programs can be made.
For example, it is likely that some tests set up for this program could be
extended for longer periods to meet the needs of the Section 6.2.5 program.
In designing these experiments, particular attention should be paid to
the expectation that a salt repository will contain a limited amount of water.
6.1.5 Salt Thermal Expansion and Creep Effects on Waste Packages
This program is needed to establish the design basis for transient structural loads on the waste packages and to provide vital design information
for waste package corrosion assessment.
6.1.5.1

Background and Status

The structural designs for the waste package concepts are based solely on
the lithostatic pressure of the salt. However, there is analytical evidence,
based on calculations reported in Westinghouse, by Westinghouse in 1982 (subsequently published as Westinghouse, 1983c) that the ambient lithostatic pressure may be augmented by local, transient, thermally induced pressure due to
heating of the salt. An increase in maximum pressure was reported in one
scenario developed for a proposed brine migration test in the Asse Mine in
West Germany. While the magnitude of such a pressure peak in a waste repository will depend on many factors (e.g., local heat Injection rate, creep rate
of salt, and geometry of repository excavations), the magnitude of the pressure increase calculated by D'Appolonia, RE/SPEC, and others (Westinghouse,
1983c) raises serious questions about the use of lithostatic pressure as the
sole basis for structural design. In addition, the progress of salt deformation has a strong effect on brine transport and therefore influences overpack
corrosion.
6.1.5.2

Justification

The external pressure acting on the waste package was assumed to be the
uniform lithostatic pressure expected to develop after complete borehole and
tunnel closure. This is the long-term condition expected in a salt repository. For the design to proceed, more detailed information is needed on
how this pressure builds up.
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Table 6--1.

Test Matrix for Waste Form Leaching

Item

Range

Comments

Materials

Simulated waste glass,
spent fuel,
cast steel,
simulated steal corrosion
products (e.g., Fe304)

Some tests should be run in
absence of steel and its
corrosion products for
reference

Temperature

As anticipated

Time

Months to years

Surface/Volume

As needed

Brine Chemistry

As needed

Flow

Stagnant

Salt brines should be
virtually stagnant

Eh

Anoxic

(see radiation, however)

pH

As determined by
experimental conditions

pH should be measured
and reported

Radiation

Q,3 to 30 Gy/hr

In lieu of radiation could
run some tests under oxic
conditions

OUCo or equivalent
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The magnitude of the external pressure acting on a borehole waste package
is a transient function; it will vary with time. Because of salt creep characteristics, it will also vary in location. The hole closure phenomenon and
the resulting pressure it exerts on the waste package are functions of the
overburden pressure, augmented by thermally induced creep and expansion.
While it is known that salt creeps more rapidly as its temperature
increases, this effect has not been quantified on a repository basis. The
progress of closure of the borehole and tunnel may impact both the structural
design of the waste package and, due to its influence on the transport of
water vapor, the corrosion environment. The following paragraphs describe
these effects in more detail.

+

In the conceptual designs presented in this report, it was assumed that
the thermal fields were axisymmetric around the waste packages and that the
salt would creep uniformly into contact with the waste package, thus creating
an essentially hydrostatic loading on the package structure. In reality, the
thermal field will not be axisymmetric about any waste package because none is
completely thermally isolated from others, due to differing emplacement times
and the emplacement geometry. These considerations suggest that the salt may
impinge locally and preferentially, rather than uniformly on the whole package
circumference. Similarly, there could be some preferential axial contact
because of thermal gradients along the package length. It is doubtful that
the salt will develop full lithostatic pressure on the waste package prior to
the time full package envelopment occurs, but the more that can be done to
characterize the loading processes, the higher the confidence will be in the
structural capability of the overpack.
Once the salt has completely enveloped the waste package, and possibly
sooner if local impingment occurs, thermal expansion of the salt may impose an
additional load on the waste package. Again, because of the emplacement geometry, the temperature in the salt is not expected to be axisymmetric about the
waste package. This could create a nonuniform loading on the package which
must be characterized to assure that all potential overpack structural failure
modes are adequately assessed in the preliminary design of the waste packages.
Furthermore, the maximum pressure that the salt can exert on the package due
to thermal expansion, assuming full axisymmetric contact, must be determined.
Characterization of salt creep as a function of temperature is also
important to the assessment of potential corrosion damage which, in turn, is
dependent on the presence of water (brine). In Appendix F, it is noted that
one of the possible water transport mechanisms involves steam being created in
the vicinity of the waste package and rising into the emplacement tunnel
region through the relatively porous crushed salt backfill above the emplaced
package ad in the tunnel. Once in the cooler tunnel region, the steam would
condense to water again. The steam-water interface would follow a saturation
isotherm, depending on the local hydrostatic pressure, probably moving first
away from and then back toward the emplaced package. The movement of this
isotherm, the local isobars, and the characteristics of the water and brine
which follow them are a strong function of the time it take for the tunnel to
close. Also, since the process originates in the borehole, borehole closure
influences the quantity of steam which can rise initially. In this way, borehole and tunnel closure will affect waste package corrosion by influencing the
availability and transport of vapor, water, and brine.
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6.1.5.3 Recommended Scope
The foregoing discussion has presented the rationale supporting the need
for more explicit characterization of local salt movements in a waste repository. An analytic modal(s) should be developed for application to the waste
package/repository interface which relate(s) creep, temperature, thermal
expansion, and time. This model could then be used to characterize the several transient conditions affecting waste package design as described in the
succeeding paragraphs. The model should be qualified and verified by confirmatory in situ data obtained from a test program, perhaps extending into the
design verification phase of the program.
1. Package Loading Pattern and Magnitude - The pattern of impingement
of the salt on the waste package as the borehole closes is needed,
as is the magnitude of the loads imposed on the waste package and
the variation in the load at the salt-waste package interface,
particularly if it is not isostatic during the borehole closure
process. There is a high probability that the impingement of the
salt on the waste package will be neither axisymmetric, relative to
the waste package, nor axially uniform.
2. Maximum Load on Waste Package - A definition of the loading on the
waste package, which includes thermal expansion of the salt, is
needed. This loading, like the impingement loading, may be nonaxisymmetric due to the emplacement geometry. This definition will
obviously involve both the thermal expansion coefficient and Young's
modulus of salt as functions of temperature. It should also involve
the ultimate compressive and shear strengths of the salt, because
fracturing and displacement of the salt into the emplacement tunnel
is a potential load-limiting mechanism.
3. Borehole and Tunnel Backfill Reconsolidation - It is anticipated
that the crushed salt used to backfill the emplacement tunnel and
cover the waste package will eventually be reconsolidated to a condition approaching that of the undisturbed host salt rock. These
events must be characterized as functions of salt temperature,
lithostatic pressure, and creep characteristics and time. The
results should establish the time sequence of borehole and tunnel
backfill reconsolidation events needed to characterize the brine
transport scenario.
6.1.6

Spent Fuel Heat Transfer

A program must be initiated to identify the heat transfer mechanisms
acting within a bundle of dry, consolidated spent fuel (CSF) rods. The program should quantify the heat transfer parameters associated with the various
mechanisms and should explore the efficacy of synthesizing the overall heat
transfer process through the use of a single, equivalent mechanism.
6.1.6.1 Background and Status
In the CSF waste package concepts, the fuel rods are close-packed in
segmented compartments in circular canisters. The rods are arranged on an
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approximately triangular pitch with individual rods assumed to touch each
other and the container walls. Peak fuel rod temperatures are presently
calculated using a method which considers only radiation heat transfer between
the rods and canister, taking no credit for convection or for conduction
between the rods in contact, for bundle periphery effects such as contact
between the rods and box walls. However, the present analysis does account
for the fin effect produced within the rod bundle by the box or canister compartment walls.
The peak fuel rod temperatures calculated using this method are viewed as
being conservative because, within a bundle of close-packed fuel rods, heat
transfer occurs by a combination of radiation, convection, and conduction.
However, no known data exist to confirm that the method is conservative.
6.1.6.2 Justification
The present heat transfer models for predicting the peak fuel rod temperature within a spent fuel bundle are judged to be conservative, as outlined in
the preceding discussion. There is limited empirical support for this judgment. Thus, a program is needed to remove what is judged to be excessive
conservatism in the design with regard to the transfer mechanismts) within a
bundle of CSF rods.
The spent fuel heat transfer tests will probably demonstrate that the
combinations of heat transfer mechanisms acting within the fuel rod bundle are
adequately represented by the present calculational model. If the accuracy of
the model is found to be good, it would be good evidence that the model is
well qualified. More likely, it will be found that the peak fuel rod temperatures will be lower than those presently calculated. In this case, it may be
possible to simplify the canister design. In the unlikely event that hotter
temperatures result, it may be necessary to reduce the waste package loading.
6.1.6.3

Recommended Scope

A two-stage program is envisioned. Stage one would be performed using
well-instrumented, electrically heated tubes to simulate the spent fuel rods.
With this mockup, most of the heat transfer information could be obtained.
-Stage two would be a final verification, using actual CSF rods.
For the stage one tests, it would be desirable to simulate the fuel rods
as closely as possible. For example, heaters could be installed inside
Zircaloy tubes obtained as rejects" from a fuel assembly manufacturer. These
tubes could be "aged" to approximate end of life corrosion film. This would
effectively simulate some (but not all) of the thermal properties of the fuel
rods, and probably would be sufficiently accurate for the present needs.
6.2 PRELIMINARY DESIGN VERIFICATION
The programs discussed in the preceding sections addressed areas where
information or data were judged necessary to support the preliminary design
activity. In this section, programs are presented which would not be required
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before preliminary design is completed, but which must be completed before
licensing and final design. The programs are listed here, in general, for one
or more of the following reasons:
1. They produce long-term data of a confirmatory nature needed to
assure that materials performance models are mechanistically and
quantitatively correct for long time periods (e.g., corrosion).
2. They could not be realistically performed until the preliminary
design(s) is completed (e.g., drop tests, retrievability, etc.).
3. They were not considered major feasibility issues but will be needed
for licensing approvals (e.g., thermal analysis verification tests,
brine migration model verification, etc.).
4. They are basically optimization programs useful to remedy any overly
conservative design features and thus reduce costs (e.g., structural
design criteria development, improved thermal limit definition,
etc.).
Some of the programs described, such as salt property verification, may
fall more properly under repository' programs, but are listed here since
final licensing will involve the complete system.
6.2.1

Brine Migration

Brine migration rates and amounts should ultimately be measured in designated repository sites as confirmation of the design bases developed for conceptual design. This program represents an extension of the work described in
Section 6.1.1.
6.2.1.1

Background and Status

Brine migration in salt has been studied rather extensively both in the
laboratory and in the field. Among the more notable field test experiments
attempted are those by (1)Oak Ridge National Laboratory at the Project Salt
Vault (Bradshaw and McClain, 1971); and (2)RE/SPEC Inc. in 1979 at Avery
Island, recently published as Krause (1985). A sophisticated field test using
radiation sources was planned by Westinghouse in 1981 for the Asse Mine in the
Federal Republic of Germany starting in 1983 (subsequently published as
Westinghouse, 1983c). Notwithstanding the performance of these tests, it is
highly probable that actual measurements will have to be made in a given
repository site to provide verification.
6.2.1.2 Justification
In spite of many studies which convincingly demonstrate that deep burial
of nuclear wastes in salt formations would lead to very low risks to the
public, past experience with licensing nuclear activities indicates that
nuclear waste disposal will be subjected to extreme safety standards because
of the prevailing political and social attitudes regarding. perceived risks
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associated with nuclear technology in general. This subject was rather
thoroughly explored in a recent report by Claiborne (1982).
In view of this situation, total fluid availability will have very high
visibility because of the effect on overpack failure mechanisms (corrosion)
and ultimately on waste form performance (leaching and subsequent transport of
liberated radionuclides). It is, therefore, likely that final confirmation of
the deliverable water to waste packages will have to be obtained before a
repository in salt can be implemented; long-range planning should reflect this
expectation.
Recommended Scope

6.2.1.3

The number and type of experiments required for this program are difficult to judge at this time. It will depend heavily on the final assessments
made of prior and current experiments and on the number and nature of the
sites ultimately selected for licensing. In the long run, it may be possible
to combine these tests with waste package demonstration tests which, in all
probability, will be required as part of final site implementation plans. In
the interim, however, it would be prudent to assume that two to three tests
per candidate site would be required as a minimum. The type of equipment
developed by Westinghouse in 1981 for the Asse test program (subsequently
published as Westinghouse, 1983c) provides a reasonable model for-the scale
and cost of the test equipment likely to be required.
Long-Term Corrosion Testing

6.2.2

After materials and weld process selection, corrosion test for up to
20 years duration should be initiated to verify that the corrosion models
previously developed (see Section 6.1.2) are suitably conservative. Test
parameters should include temperature, exposure time, and those variables of
Section 6.1.2 not eliminated as unimportant by the short-term tests proposed.
For example, studies of irradiation effects may no longer be needed if earlier
testing shows only a secondary effect or if irradiation effects can be simulated by control of the Eh of the test solution.
6.2.2.1

Background and Status

The status of short-term corrosion testing of steel was discussed in
Section 6.1.2. It was noted that provision to continue some short-term tests
over a longer term should be considered. This is appropriate providing the
materials and welding procedures finally selected are consistent with the same
materials and processes selected for the earlier test series.
6.2.2.2 Justification
The unprecedented length of time that the metallic overpack is intended
to function (1,000 years) requires that an unusually long extrapolation be
made to predict corrosion performance. The prediction error band of this
extrapolation will be greatly reduced if a solid data base of 10 to 20 years
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exposure (under realistic or slightly overtest conditions) is available to
verify corrosion models. This program will provide that data base.
6.2.2.3 Recommended Scope
With the obvious exception of longer test times, the scope of the longrange corrosion test program and recommended approach would be similar to that
described for the short-term corrosion test program (Section 6.1.2). In this
case, however, it may be possible to narrow the list or range of test variables as was indicated earlier.
6.2.3

Field Testing

In Section 6.1, it was recommended that the planning for verification
field tests in salt begin during the preliminary design stage. This section
continues with a more detailed description of the recommended waste packagerelated field test program.
6.2.3.1

Background and Status

Regardless of the progress made during the conceptual design phase in
improving the data base on salt and brine properties, in situ measurements on
some items will be needed for preliminary design verification. The most probable of the parameters needing verification are the Eh and pH of brines.
Depending on the size and purity of salt horizons found in the candidate
repository site, additional measurements of brine composition and thermal conductivity of the bulk salt may be needed. The affect of radiation on brine
properties also could be an issue and may require further study.
6.2.3.2 Justification
From the standpoints of cost and time, it is preferred to measure everything possible in the laboratory rather than in the field. However, the very
act of taking samples and transporting them into the laboratory can affect the
measurements of many salt and brine parameters. Gases and fluids could be
lost or added, cracks resulting from relaxation of stresses could lead to
errors in determination of bulk thermal conductivity, and there is always some
question about the representativity of a given set of samples. These types of
concerns can, to some degree, be circumvented, but not totally eliminated, by
performing certain measurements in situ as is proposed here.
The question as to the effective Eh of the brine contained in salt is
quite important to the corrosion performance predictions of the steel design
in salt, as noted in Section 4.1 and Appendix G. Unless the total quantity of
available brine can be shown to be so low that the Eh of the brine is of no
consequence, it is likely that this parameter will need to be verified.
Although there is less concern about pH being beyond the expected range, this
parameter should also be verified.
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6.2.3.3

Recommended Scope

A series of field tests in the actual designated repository site is
recommended. These would be electrically heated, sealed borehole tests, whose
principal objective would be the in situ measurements of salt and brine properties. Measurements of thermal conductivity could also be made by installing
an array of thermocouples around the principal test hole. A radiation source
could be installed in selected tests if there is still concern about its
effects on brine and salt properties.
Critical problems in conducting tests of this type include sealing of
test holes, avoidance of atmospheric contamination, and development of appropriate instrumentation for in situ measurements of Eh and pH. These problems
should be addressed as early as possible since their solution will determine
the feasibility of conducting this type of field test.
6.2.4 Weld Process Verification

.0

It is anticipated that the closure weld quality of the all-steel overpack
will have to be assured by process control rather than by volumetric inspection. A program is therefore needed to qualify the selected weld process and
weld joint configuration to this method of quality control. A secondary
objective of this program should be to develop a reliable assessment of
process times and costs of the welding procedures.

A

6.2.4.1

*

Background and Status

The issues relative to the overpack closure weld were covered in Section
6.1.3. It is presumed that the program described there will have resulted in
a convincing demonstration of the overall feasibility of making the required
weld closure in a remote facility. This program is an extension of that
program except that now the preliminary design will have been finalized, and
optimization and quality assurance procedure development are the principal
objectives.
6.2.4.2 Justification
The reproducibility and consistent quality of the closure weld process
will have to be verified. The expectation that process control rather than
nondestructive testing will have to be used as the quality control method
places additional importance on this program.
6.2.4.3

Recommended Scope

This effort differs significantly from the welding program described in
Section 6.1.3. In that program, feasibility was the major issue with reproducibility second, although the two issues are interrelated. The emphasis of
this program is on reproducibility, to demonstrate that process control is a
viable quality control method.
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To verify reproducibility, statistically significant numbers of welds
must be made. Thorough and reliable inspection methods must be implemented to
assess each weld so that the reproducibility statistic is unambiguous. Also,
process control limits must be established (current ranges, feed rates, voltages, etc.). There may also be some feedback to the established preliminary
design if it should prove necessary to modify the weld configuration or component tolerances. It is also important, during the course of this effort, to
assess the probable process times and costs of the proposed weld process.
If it is judged necessary because of earlier corrosion studies, it may
also be required that weld corrosion samples from this program be fed into the
long-range corrosion program described in Section 6.2.2. Even if there is no
demonstrated technical need for such testing, it is probably prudent to do so
in anticipation of downstream licensing questions.
6.2.5

Waste Postcontainment Performance

The principal objective of this program is to obtain long-term leach rate
and waste/overpack/geology interaction data to assure that valid, defensible
performance models are available for licensing purposes.
6.2.5.1 Background and Status
The general status of waste form performance with respect to leaching was
covered in Section 6.1.4. While the prognosis for acceptable waste form
leaching performance appears to be good, insufficient verification data are
available. The bulk of the available data is short term (months or a few
years) compared to the performance requirement (thousands of years). Obviously, testing for the latter length is impossible, but added confidence can
be realized by obtaining 10- to 20-year results. This time span should be
sufficient to ensure that leaching mechanisms and models are well-behaved and
understood. In this regard, it is encouraging to note that most data taken in
static or low flow systems (characteristic of salt) show decreasing leach
rates with time. This is not surprising since solubility considerations
should favor decreasing leach rates as the solubility limits are approached.
Colloidal suspension mechanisms or precipitation reactions could act, however,
to obviate the expected solubility limitations under some circumstances and
these should be Valuated. There is also the chance that diffusion control
(which favors t' kinetics) could be acting up to a point and then a coating
or surface structural breakdown would occur leading to a more rapid leach or
waste degradation mechanism. These long-term tests should show whether such
mechanism changes are operative.
It would not matter what leaching mechanism comes into play if solubility
saturation limit control takes over, as is expected in salt, due to the anticipated low fluid availability. Proof of this expectation is considered in
Sections 6.1.1 and 6.2.1 of this report.
6.2.5.2

Justification

With the current waste package design for salt, the burden for nuclide
release control falls to the waste form itself. Although the waste form is
90

expected to perform this function unaided, a program to provide data to
develop convincing waste form performance models for licensing purposes and
design verification is considered justified.
d

6.2.5.3

Recommended Scope

The recommended leach test program includes the same list of variables
shown in Table 6-1. However, if it is shown in the short-term testing program
that the effects of steel and its oxidation products or radiation are not
important, then these variables could be eliminated or de-emphasized for this
program. Obviously, the time factor should be greatly extended (10 to
20 years) and the test temperatures correspondingly reduced.
It should also be re-emphasized that this program and the Section 6.1.4
short-term leaching program should be planned together, with the long-term
program formulated as a logical extension of the short-term program based on
the results of that program.
6.2.6 Structural Design Criteria
The objective of this program is to develop more relevant (compared to
current practice), but still adequate, structural criteria for nuclear waste
package designs.
6.2.6.1

Background and Status

Waste packages are currently designed, structurally, to be consistent
with the ASME Boiler and Pressure Vessel Code (Appendix A) for externally
pressurized vessels. The ASME structural criteria provide conservative protection against ductile rupture, brittle failure, fatigue, creep, rachetting,
and buckling as well as plastic ,or excess elastic deformation. These rules
were developed for and are currently applied to commercial nuclear reactor
vessels as well as other nuclear plant components and piping systems. They
were used because they are presently accepted design rules; they preclude
failure.
6.2.6.2 Justification
It is economically attractive to develop explicit criteria for nuclear
waste package design because it appears that application of ASME Boiler and
Pressure Vessel Code, Section III, criteria are conservative (see Appendix A).
The packages are not subject to cyclic mechanical loading, severe temperatures
or temperature gradients, or rapid temperature transients and, since failure
definition can be limited to penetration or rupture of the package, neither
simple deformation nor buckling of the wall constitutes failure. Furthermore,
the loading is always expected to be inward.
It is virtually certain that an acceptable structural design basis could
be developed explicitly for waste package design, which would permit considerable thinning of the package walls. This in turn would lead to substantial
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cost-savings as a result of reduced material usage, lower borehole drilling
costs, and simplified package handling.
6.2.6.3

Recommended Scope

A multiphase program for development of structural criteria for waste
packages designed for geologic disposal is defined below:
Phase

1:

Phase

II:

Phase III:

6.2.7

Develop, analytically, the structural design criteria considering
the results of the program described in Section 6.1.5, the noncyclic nature of the external loading, the limited temperatures
and temperature transients, and the long duration of containment
required.
Experimentally demonstrate the validity of the design criteria
developed in Phase I.
Prepare the documentation necessary to prove to the U.S. Nuclear
Regulatory Commission (NRC) and code organizations (ASME) that
the criteria are acceptable. Prepare safety analysis reports;
obtain necessary approvals and licenses.

Design Basis Loads and Safety Compliance

The purpose of this program is to develop the primary and ancillary
design bases for nuclear waste package designs and to delineate the methods by
which compliance may be demonstrated.
6.2.7.1 Background and Status
The lithostatic pressure in salt can be determined. A program such as
that recommend in Section 6.1.5 can define the effects of thermal expansion
and creep in salt. Together, these factors will define the primary structural
design loads. The program described in Section 6.2.6 should provide the basis
for demonstration of compliance with regulatory requirements for these loads.
Ancillary design requirements include, but are not necessarily limited to
# Transportation and handling safety
a Seismic event protection
* Free-fall (drop) capability
e Fire and explosion safety
a Criticality performance
* Radiation safety (workers and public)
* Underground mine health and safety.
Existing or proposed Federal regulations and the U.S. Department of
Energy's (DOE) Civilian Radioactive Waste Management (CRWM) Program, formerly
the National Waste Terminal Storage Program, documents define the need to
consider these items, but do not delineate the criteria for demonstrating
compliance.
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6.2.7.2 Justification
This program is needed to define the design bases for nuclear waste
packages. It should combine the static emplacement criteria with the results
of the program delineated in Section 6.1.5 and the ancillary requirements of
the Federal regulations and DOE documents. The program would provide the
definition of the mechanical (structural) and safety-related criteria upon
which the waste package designs should be based.
6.2.7.3

Recommended Scope

This program should provide definite standards for judgment of design
compliance with structural and safety-related criteria. These standards could
consist of both analytical results and actual test demonstrations.
6.2.8

Verification of Retrievability

The purpose of this program is to demonstrate that emplaced waste can be
located and retrieved.
6.2.8.1

Background and Status

Nuclear waste packages, or at least the nuclear waste forms, are required
to be retrievable from the geologic medium in which they are emplaced for two
reasons. First, some packages are expected to be retrieved for inspection to
determine if they are performing as designed. Second, retrieval of all waste
is mandated in the event it is determined that the disposal system (waste
package plus repository) exhibits evidence of an unanticipated deficiency.
The waste package designs presented provide for retrieval by including an
undercut in the vicinity of the overpack closure head. The undercut provides
a site for relatively easy machining to allow the head to be removed after the
emplacement hole is overcored to the top of the package. Once the head is
removed, the waste form/canister can be extracted from the overpack. This
scenario assumes that the salt has bound the overpack into the borehole. In
the event that salt has not impinged on the overpack, the entire emplacement
package can be retrieved.
6.2.8.2 Justification
This program is required to demonstrate that the waste package can be
located and the waste retrieved as required by DOE/NRC regulations. The
program would entail mockups of the waste packages and the emplacement
environment with the requisite overpack cutting tool(s) and waste form
handling and transport apparatus. Fully developed locating and retrieval
procedures, with contingency plans, should be used in performance of the
retrieval verification demonstration(s).
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6.2.8.3

Recommended Scope

The verification of retrievability must result in a demonstration that
the portion of the waste package designed to be retrieved, as a minimum the
waste canister and its contents, can be retrieved as designed.
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7.0 RESULTS
This report presents waste package designs for three waste forms to be
emplaced in a repository in salt. The waste forms are defense high-level
waste (DHLW), commercial high-level waste (CHLW), and consolidated spent fuel
(CSF). The waste forms were described in Chapter 2.0. This chapter presents
summaries of the design-features and performance characteristics of the waste
packages.
7.1

,Ilo

DESIGN DESCRIPTIONS

The waste packages are generically identical, regardless of the waste
form. The sizes of the waste forms dictate the sizes of the overpack cavities. Cavity size plus the repository lithostatic pressure and overpack
kinetic corrosion provide the input to the design of the overpack component
thicknesses. The overpacks are right circular cylinders with flat heads. All
overpack components are designed to be fabricated of cast low carbon steel per
ASTM-A 216, Grade WCA (Appendix A), modified by Package Design Specification
(PST--30305 (Appendix C), to a chemistry equivalent to American Iron and Steel
Institute (AISI) Type 1018 steel. This modification, primarily a reduction of
cabin content, will provide improved weldability without sacrificing the
mechanical properties of the material.
Table .7-1 summarizes the design features and costs of the waste packages
described in this report. The costs include overpack material and fabrication
plus 2,500-km shipment to the repository and repository receiving inspection.
No waste form costs or repository operation costs are included.
7.2 PERFORMANCE DESCRIPTIONS
The performance of the waste packages is summarized in Table 7-2. All
packages perform within the design requirements and guidelines. Temperatures
are below their respective limits and the predicted general corrosion is a
small fraction of the overpack thickness. The DHLW pckage is emplaced at
20 W/mz, well below the repository limit of 29.67 W/mZ (120 kW/acre) due to
the 2.13-meter package pitch limitation. The CHLW package is emplaced at
15 W/mz to meet the salt temperature limit of 2501C. This emplacement is at
approximately half of the 120 kW/acre limit for CHLW. The 12 pressurizedwater reactor (PWR) CSF waste packages are emplaced at their repository limit
of-14.83 W/mz (60 kW/acre). The 30 boiling-water reactor (BWR) CSF waste
packages are expected to be emplaced at the same pitch in the tunnels as the
PWR packages. Since the BWR packages develop less power than the PWR packages; 5,700 W versus 6,600 W all aspects of the BWR spent fuel package performance will be more conservative than the PWR results. Consequently, BWR
spent fuel package performance is not included in Table 7-2.
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Table 7-1.

Summary of Waste Package Design Features

CSF
Design Feature

DHLW

CHLW

12 PWR

30 BWR

Waste Form
Canister diameter, cm
Canister length, cm
Weight, net, kg
Weight, net, kgU
Weight, gross, kg

61
300
1,470
N/A
1,940

56
409
2,560
9,810(a)
3,425

62
400
7,920
5,532
8,390

62
435
8,310
5,670
8,810

80.8
338.5
8.6
16.7
8.0

76.3
446.8
8.9
16.4
10.7

84.5
446.5
10.0
18.3
17.6

84.5
481.5
10.0
18.3
18.7

86
448.5
110
2
2.13 sq
19.8
5.18
5.79

82
636.8
190
1
24.17
26.2
5.79
4.57

90
586.5
140
1
22.14
20.1
6.40
4.57

90
621.5
140
1
22.14
20.1
6.40
4.57

15,810
11.00/kg

19,600
2.00/kgU

23,330
4.22/kgU

24,870
4.39/kgU

Waste Package Overpack
Overpack OD, cm
Overpack length, cm(b)
Cylinder wall thickness, cm
Head thickness, cm
Gross weight, tonnes
Emplacement
Borehole diameter, cm
Borehole depth, cm
Cover depth, cm
Rows/Tunnel
Package spacing, m
Tunnel spacing, m
Tunnel height, m
Tunnel width, m
Cost, 1983 (c)
Components,
Unit of waste,

(a)Waste form results from reprocessing this quantity of spent fuel.
(b) Exclusive of the pintel.
(c) Includes fabrication and shipping, excludes waste form and repository
costs.
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(1

Table 7-2.

Summary of Waste Package Performance

Performance Parameter

DHLW

CHLW

CSF(PWR)

Radiation Levels, mrem/hr
Package surface:
neutron (reflected)
gamma
Total
Tunnel floor, emplaced

4.0
3.3
3.3
1.9

Initial Heat Load, W

x 1o1
x 105
x 105
(gamma)

7.7
1.6
1.6
1.6

x 103
x 106
x 106
(neutron)

2.7
1.8
1.9
1.8

x 103
x 105
x 105
(neutron)

423

9,500

6,600

20

15

14.83

110

480

348

Overpack(b)

98

230

175

Salt ( )

98

230

175

Waste form at 1,000 yrs(d)

45

60

Expected brine

0.04

0.14

0.07

Unlimited brine

0.95

1.92

2.30

Corrosion Allowance, cm

0.95

1.92

2.30

Areal Load, W/m2
Temperature,

C

Waste form(a)

99

Corrosion Penetration at 1,000 yrs, cm

(a)Temperature limits are 500C for DHLW and CHLW, 3751C for CSF.
(b) Temperature limit is well above 2501C.
(C) Temperature limit is 250°C.
(d)Temperature limit is 100C for DHLW and CHLW, but has not been established
for CSF.
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8.0

CONCLUSIONS

The following conclusions can be drawn from the design and performance
descriptions of the reference conceptual waste package designs presented in
this report:
1. There is reasonable assurance that the design concept can satisfy
specified design requirements, subject to verification of
assumptions.
2. There is sufficient design maturity to form the basis for preliminary designs; the designs can be brought under configuration control
(baselined) and serve as the conceptual package designs for the salt
waste disposal system.
3. It appears economically feasible to standardize the waste package
diameter for all spent fuel types.
4. There is a necessity to complete the development programs described
in Chapter 6.0 to support the licensing process.
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10.0 GLOSSARY
Barrier

Any material or structure that prevents or substantially
delays the movement of water or radionuclides and prevents
access by human ntrusion.

Baselines

A baseline is a composite set of requirements or assumptions
which define a system. Baseline requirements reflect the
functional requirements of the system, or subsystem, and any
changes to the baseline are supported by technical rationale
and established through formal baseline management procedures.

Canister

The first material envelope surrounding the waste form, i.e.,
a processed waste form such as glass and/or reactor spent fuel
rods.

Closure

Final backfilling of the remaining open operational areas of
the underground facility.

Commercial
High-Level
Waste

High-level radioactive waste derived from any source other
than an atomic energy defense facility.

Conceptual

The formative stage in the design of a component or system.
It develops a concept to satisfy program needs, operating
needs, and statutory requirements.

Design
Containment

The confinement of radioactive waste within a designated
boundary.

Criticality

The condition of supporting a chain reaction that occurs when
the number of neutrons present in one generation cycle equals
the number generated in the previous cycle.

Defense
High-Level
Waste

Nuclear waste derived from manufacturing nuclear weapons and
operating naval reactors.

Isolation

The inhibiting of the transport of radioactive material so
that amounts and concentrations of this material entering the
accessible environment will be kept within the prescribed
limits.

keff

Neutron reproduction factor based on the effective lifetime
model for the behavior of neutrons.

-

Overpack

Additional container(s) added to the outside of the canister
for preclosure and postclosure requirements.

Repository

The system for providing surface and subsurface facilities
required for radioactive waste handling and disposal
activities.
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GLOSSARY (Continued)
Repository

The material used to fill the underground portion of the
repository after emplacement of waste.

Stabilizer

Material or structure used to provide mechanical integrity
and/or chemical stability to the waste or waste package.

Waste Form

The radioactive waste materials and any encapsulating or
stabilizing matrix.

Waste
Package

The waste form, overpack, and any packing, shielding, etc.,
immediately surrounding/covering the overpack.

Triangular
Pitch

Orientation/configuration of centers of shapes that form a
triangle.

Blocking
Variable

Dummy factors which are supposed to interact with each other,
but not with the real factors.

Surface/

For leaching test, the exposed surface of the waste form
versus the volume of fluid available around the package.
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APPENDIX A - APPLICABLE DOCUMENTS
A.1

INTRODUCTION

The following documents are applicable to the waste package overpack components and waste package assemblies described in this report.
A.2 DRAWINGS BY WESTINGHOUSE
Westinghouse Drawings, see Appendix C
Figure C-1. Assembly - Nuclear Waste Disposal Packages, Reference
Conceptual Designs - Salt (390D697)
Figure C-2. Details - Nuclear Waste Disposal Packages, Reference
Conceptual Designs - Salt (103E508)
Figure C-3. Subassembly, Nuclear Waste Disposal Packages, Reference
Conceptual Designs - Salt (103E509)
A.3 SPECIFICATIONS BY WESTINGHOUSE
Westinghouse Specifications, see Appendix C
Process Specification (PS) 294517 - Part Identification
Package Design Specification (PDS) 30305 - Supplementary Material
Requirements for Nuclear Waste Packages, Reference Conceptual Designs,
Salt
A.4

STANDARDS OF THE AMERICAN SOCIETY FOR TESTING
AND MATERIALS (ASTM)
ASTM A 108 Specification for Steel Bars, Carbon, Cold Finished, Standard
Quality
ASTM A 216 Standard Specifications for Carbon-Steel Castings Suitable
for Fusion Welding for High-Temperature Service
ASTM A 370 Methods and Definitions for Mechanical Testing of Steel
Products
ASTM A 488 Practice for Qualification of Procedures and Personnel for
the Welding of Steel Castings
ASTM A 609

Specification for Ultrasonic Examination of Carbon and LowAlloy Steel Castings

ASTM A 703 Specification for General Requirements Applicable to Steel
Castings for Pressure-Containing Parts
103

ASTM A 781 Specification for Common Requirements for Steel and Alloy
Castings for General Industrial Use
ASTM E 30

Methods for Chemical Analysis of Steel, Cast Iron, Open
Hearth Iron, and Wrought Iron

ASTM E 94

Recommended Practice for Radiographic Testing

ASTM E 125 Reference Photographs for Magnetic Particle Indications on
Ferrous Castings
ASTM E 186 Reference Radiographs for Heavy-Walled
114 mm)] Steel Castings

2 to 4-1/2 in. (51 to

ASTM E 280 Reference Radiographs for Heavy-Walled
to 305 mm)) Steel Castings

4-1/2 to 12 in. (114

ASTM E 709 Recommended Practice for Magnetic Particle Examination
A.5

CODES OF THE AMERICAN SOCIETY OF MECHANICAL
ENGINEERS (ASME)
ASME

Section III, Boiler and Pressure Vsse1 Code, 1980 Edition
Nuclear Power Plant Components (components important to
safety) Division 1, Subsections NC and ND.
Section VIII, Pressure Vessels (other pressure-containing
components)
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APPENDIX B - CORRELATION OF REQUIREMENTS
This appendix correlates the requirements of the three documents which
presently define the criteria for waste package design and performance, in a
repository in salt, within the former National Waste Terminal Storage (NWTS)
Program (now the Civilian Radioactive Waste Management Program):
1. U.S. Department of Energy, 1982. NWTS Program Criteria for Mined
Geologic Disposal of Nuclear Waste: Functional Requirements and
Performance Criteria for Waste Packages for Solidified High-Level
Waste and Spent Fuel, DOE/NWTS-33(4a) (Public Draft), Office of NWTS
Integration, Battelle Memorial Institute, Columbus, OH.
This document provides performance criteria responsive to the
applicable proposed U.S. Nuclear Regulatory Commission (NRC) and
U.S. Environmental Protection Agency (EPA) rules. The criteria are
summarized in Table B-1.
2. Westinghouse Electric Corporation, 1983. Engineered Waste Package
Conceptual ystem Design: Defense High-Level aste Form 1), Commerc!i High-Level aste (orm 1), and SentFuel Form 2) Disposal
in alt, NWI-435, prepared for office of Nuclear Waste Isolation,
Battelle Memorial Institute, Columbus, OH.
This specification, originally prepared by Westinghouse in 1982,
contains guidelines for the development of conceptual waste package
designs. The scope of this specification included all waste package
components except the waste forms, which along with other interfacing aspects of the disposal system, were treated as "givens." A
summary of the major requirements of this specification is provided
in Table B-2.
3. Office of Nuclear Waste Isolation, 1983. Interim Performance
Specifications for Conceptual Waste Package Designs for Geologic
Isolation in Salt Repositories, NWI-463, Battelle Memorial
Institute, Columbus, UO.
This specification, originally prepared in 1982, includes waste form
requirements and provides performance requirements for waste packages in a repository in salt. It also addresses waste package data
requirements intended to provide the base of evidence to verify that
each waste package design will meet the performance requirements.
Tables B-3 and B-4 demonstrate the correlations between these three documents. Table B-3 shows the correspondence between the DOE criteria
(Table B-1) and the Westinghouse requirements (Table -2). The correlations
between the U.S. Department of Energy (DOE) criteria, the Office of Nuclear
Waste Isolation (ONWI) performance specification, and the Westinghouse
requirements are shown in Table B-4.
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-Table B-1.

U.S. Department of Energy Waste Package
Performance Criteria (Page 1 of 2)

OPERATIONAL SAFETY
* Safe Handling
1. Public Health and Safety
The waste package, in conjunction with the repository subsystem, shall
provide for the safe handling of the waste at the repository such that applicable federal public health and safety criteria issued by the Nuclear Regulatory Commission (NRC) and the Environmental Protection Agency (EPA) shall be
satisfied.during the repository operational period.
2. Occupational Safety
The waste package, in conjunction with the repository subsystem, shall
provide for the safe handling of waste at the repository such that the occupational radiological exposure of repository personnel shall be maintained to
within limits specified in 10 CFR Part 20 and below these limits to as-low
as reasonably achievable levels. Applicable regulations of the Occupational
Safety and Health Administration shall be used to ensure the protection of
repository personnel from other occupational hazards.
Retrieval
3. Public Health and Safety
The waste package, in conjunction with the repository subsystem, shall
provide for the retrieval of waste during the repository operational period,
if necessary, such that applicable federal public health and safety criteria
issued by the Nuclear Regulatory Commission (NRC) and the Environmental
Protection Agency (EPA) shall be satisfied.
4. Occupational Safety
The waste package, in conjunction with the repository subsystem, shall
provide for the retrieval of waste during the operational period, if necessary, such that the occupational radiological exposure of repository personnel
shall be maintained to within limits specified in 10 CFR Part 20 and below
these limits to as low as reasonably achievable limits. Applicable regulations of the Occupational Safety and Health Administration shall be used to
ensure the protection of repository personnel from other occupational hazards.
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Table B-1.

(Page 2 of 2)

5. Identification
The portion of the waste package that is handled, transported, emplaced, or retrieved shall be identifiable throughout the repository operational period (to the end of the period of retrievability) such that if
retrieval is necessary, the waste content of the package can be described
through permanent records associated with the waste.
6. Criticality
The waste package shall limit the potential for criticality of the waste
contained within it such that keff for the package does not exceed a specfied limit under credible operational or operational accident conditions.la)
LONG-TERM SAFETY
7. Containment
The waste package shall contain the waste within it such that only very
small quantities of radionuclides are released for a specified time period.
Any loss of containment during the specified time period shall not lead to
radionuclide releases that result in unacceptable doses to the public.
8. Controlled Release
The waste package shall control release of radionuclides from its boundaries. This control, incombination with characteristics of the repository
and site shall provide reasonable assurance that the waste disposal system
will perform as required....
9. Criticality
The waste package shall limit the potential for criticality of the waste
contained within it such that keff does not exceed a specified limit for the
package under expected repository conditions, assuming credible degradations
of package components.

(a) keff is the neutron reproduction factor based on the effective lifetime
model for the behavior of neutrons.
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Table B2. Summary of Westinghouse Engineered Waste
Package Requirements (Page 1 of 2)

1. Containment
The engineered components will provide reasonable assurance that radionuclides will be contained for at least 1,000 years after decommissioning
under expected repository conditions.
2. Isolation
Provide reasonable assurance that, after the containment period, the annual.
radionuclide releases to the geologic stting do not exceed a predetermined
level currently defined as one part in 105 per year of the inventory at 1,000
years of any nuclide which is in excess of 0.1% of the total annual curie
release.
3. Retrievability
That portion of the engineered waste package containing the waste form
(referred to as the retrievable package) shall be retrievable intact for a
period after initial emplacement.
4. Radiation Safety
The engineered waste package, when emplaced and in conjunction with the
geologic repository design prior to decommissioning, shall comply with 10 CFR
Part 20 exposure to workers as it applies to nuclear fuel facilities.
5. Criticality Safety
Assure that keff 0.95 and no nuclear criticality accident can occur
unless at least two unlikely independent and concurrent or sequential changes
have occurred.
6. Fire and Explosion Safety
The engineered waste package as a whole or package components shall not be
capable of initiating or sustaining combustion nor shall they be capable of
creating explosions under reasonably expected conditions.
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Table B-2.

(Page 2 of 2)

7. Handling Safety
The containerized waste and the retrievable portions (as defined above
under retrievability) shall be capable of free vertical fall onto a nonyielding surface for a distance defined as the emplacement borehole depth plus
1/3 the package length without release .of radionuclides or loss of retrieval
capability. In addition, the containerized waste and the retrievable waste
package shall be suitable for lifting, transferring, and orienting both on and
off the geologic repository site.
8. Transportation
The retrievable portions of the engineered waste package shall be capable
of transportation by conventional rail and truck systems in conjunction with
suitable shipping containers.
9. Accountability
The waste package shall have a unique marking for identification to
assure traceability of the package contents from first fabrication until
permanent closure of the repository.
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Table B-3.

Correlation Between U.S. Department of Energy Criteria
and Westinghouse Requirements

DOE Criterion
(Table B-1)

Westinghouse Requirement
(Table B-2)

1. Public Health & Safety
3. Public Health & Safety

8. Transportation; 7. Handling Safety
3. Retrievability; 7. Handling Safety

- During Operations

2. Occupational Safety

- During Retrieval

4. Occupational Safety

4. Radiation Safety; 6. Fire and
Explosion Safety; 7. Handling Safety
Same as during operations

Containment

7. Containment

1. Containment

Isolation

8. Controlled Release

2. Isolation

- During Operations
- During Containment/
Isolation

6. Criticality
9. Criticality

5. Criticality Safety
5. Criticality Safety

Identification

5. Identification

9. Accountability

Subject
General Safety
- During Operations
- During Retrieval
Repository Safety

0.

T1

Criticality

I

-

.

-

r

I

-

I

-

K1

- -

I

.

I

-

-

,

-

-11

.

%

-1.

-

-11.

Table B-4. Correlation Between Westinghouse Design Specifications, Office
of Nuclear Waste Isolation Performance Specifications, and U.S.
Department of Energy Criteria for Waste Packages (Page 1 of 9)

Subject

ONWI Performance Specification
(published as ONWI, 1983)

Westinghouse Design Specification
(published as Westinghouse, 1983)

Operational Period
DOE Criterion I - Public Health and Safety

Transportation/Handling
Safety

-A

Specification 15: Containment
During Normal Handling

Paragraph 3.1.2.5 - Transportability
and Handling

Specification 17: Allowable
Release During Credible Accidents

Paragraph 3.1.2.7.3 - Handling
inCase of Drops

Specification 18:

-a1

Waste Form

NA*

Waste Form

NA

Containment - Drops

Specification 19:

Drops - Dust Control

Performance

-

Waste Form

Specification 20: Waste Form
Canister Burst Strength

NA

Specification 21: Waste Form
Volatile Release inFire

NA

Specification 22: Waste Form
Solubility inWater

NA

Specification 24:

Waste Form

-

NA

Free Liquids
*NA - Not applicable; waste form requirements are beyond the scope of the Westinghouse design specification.

Table 0-4.

(Page 2 of 9)

ONWI Performance Specification
(published as OWI, 1983)

Subject
Waste Package Safety
- Radiation

Specification 27:
Exposure

Radiation

Westinghouse Design Specification
(published as Westinghouse, 1983)
Paragraph 3.1.1.2.2 - Performance
Characteristics Re: 40 CFR 191

Specification 28: Surface
Contamination
- Fire

Specification 31:

- Toxic

Specification 32 - Toxic Materials

Waste Form

-

Safety

Fire Safety

Paragraph 3.1.2.7.2 - Fire Safety
Paragraph 3.3.3.1 - Toxic Materials

Specification 34: Waste Form
Design Fire

NA

Specification 35 - Waste Form

NA

Pyrophoric Materials
Specification 37: Waste Form
Explosive Materials

NA

Specification 38: Waste Form
Toxic Materials

NA

DOE Criterion 2 - Occupational Health and Safety

Interface with Waste Form

Repository Handling/
Emplacement/Retrieval

Specification 2: Design for
Waste Types

Paragraph 3.2.2.1 - Interface
With Waste Form

Specification 6: Waste Form
Impact on Package

Paragraph 3.1.2.1.3 - Provide Waste
Form Information

Specification 7:
Handling Normal

Paragraph 3.1.2.5 - Transportability
and Handling

NA - Not applicable.
I

,

r

I

-

C
.

Waste Package

e FX
sI

Table B-4.

Subject

-.A

v

-

K

^

%

Ns

-

ONWI Performance Specification
(published as ONWI, 1983)

Westinghouse Design Specification
(published as Westinghouse, 1983)
NA

Specifications 21, 22, and 24
listed under DOE Criterion 1 apply

NA

Specification 30: Waste Form
Thermal Limit

NA

Transportation/Handling
Safety

Specifications 15, 17, 18, 19, and
20 listed under DOE Criterion 1 apply

PI

Waste Form Materials
Shape

Specification 23: Waste Form Shape/Consistency

NA

Standardization Physical Limits for
Package

Specification 25: Standard
Geometry and Size Package

Paragraphs 3.1.1.2.3 and 3.1.2.6
Standardized Waste Packages

Specification 26:

Paragraph 3.2.2.4 - Interface
Requirements

wA and

Maximum Weight

Safety - Waste Package

Specifications 27, 28, 31, and 32
listed under DOE Criterion 1 apply

PI

Standardization
Waste Form

Specification 29: Standardize
Waste Form Geometry

NA

Specifications 34, 35, 37, and 38
listed under DOE Criterion 1apply

NA

-

Waste Form - Safety

NA - Not applicable.

I
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Specification 9: Waste Form
Thermal Performance

Waste Form Performance

-J

I

PI - See paragraph indicated at corresponding ONWI specification.

-

Table -4. (Page 4 of 9)

Subject

ONWI Performance Specification
(published as ONWI, 1983)

Westinghouse Design Specification
(published as Westinghouse, 1983)

DOE Criterion 3 - Public Health and Safety During Retrieval
Retrievability

Specification 16:
Retrieval

Transportation/Handling

Specifications 15, 17, 18, 19, and
20 listed under DOE Criterion 1 apply

PI

Performance - Waste Form

Specifications 21 and 22 listed
under DOE Criterion 1 apply

NA

Waste Package - Safety

Specifications 27, 31, and 32
listed under DOE Criterion apply

PI

Waste Form - Safety

Specifications 34, 35, and 37
listed under DOE Criterion 1 apply

NA

_'

Design for

Paragraphs 3.1.1.1.4, 3.1.2.2,
3.1.2.3.1 - Retrievability of Package

DOE Criterion 4 - Occupational Safety During Retrieval
Interface with Waste Form

Specifications 2 and 6 listed under
DOE Criterion 2 apply

Repository Handling
Waste Form Performance

Specification 7 listed under
DOE Criterion 2 applies

PI

*1

Specification 8 - Waste Package
Thermal Performance
Specifications 9, 21, and 22 listed
under DOE Criterion 1 and 2 apply
NA - Not applicable.
.
PI - See paragraph indicated at corresponding ONWI specification.

I

-.

I

PI
Paragraph 3.2.2.1 - Interface with
Waste Form
NA

I

-

K

K
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Subject

-J

-.1

I

I

v

1-1

.

k

-

1

%

v

.

v

..

v
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ONWI Performance Specification
(published as ONWI, 1983)

Westinghouse Design Specification
(published as Westinghouse, 1983)

Retrievability

Specification 16 listed under
DOE Criterion 3 applies

PI

Transportation/Handling
Safety

Specifications 15, 17, 18, 19, and
20 listed under DOE Criterion 1 apply

PI

Waste Form Materials and Shape

Specification 23 listed under
DOE Criterion 2 applies

NA

Standardization - Physical
Limits - Waste Package

Specifications 25 and 26 listed under
under DOE Criterion 2 apply

PI

Safety - Waste Package

Specifications 27, 31, and 32
listed under DOE Criterion apply

PT

Package
Waste Form - Safety

Specifications 34, 35, and 37
listed under DOE Criterion 1 apply

NA

DOE Criterion 5 - Identificiation
Identification

Specification 43: Identification
Required - Package

Paragraph 3.1.1.2.4 - Identification
and Records

Specification 44:

Paragraph 3.3.6.1 - Accountability

Information

Required - Package

Specification 45:

for Package

Information

NA

Required - Waste Form

Specification 46: Waste FortIdentification Required
NA - Not applicable.

PI - See paragraph indicated at corresponding ONWI specification.

NA

I

Table B-4.
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ONWI Performance Specification
(published as ONWI, 1983)

Subject

Westinghouse Design Specification
(published as Westinghouse, 1983)

DOE Criterion 6 - Criticality
Criticality

Specification 39:
Among Packages

Criticality

Specification 40: Criticality
Within Package
Specification 41:
Redistribution

t
Paragraphs 3.1.1.2.5 and 3.1.2.7.1
Intended to Preclude Criticality
t

Critciality

LONG-TERM SAFETY
DOE Criterion 7 - Containment
Containment

-

Conditions

Specification 1:

Containment

Required

Requirement/Conditions

Specification 3:

Containment

Period - 1,000 years..

Containment - Materials

Paragraph 3.1.2.3.3 - 1,000-Year
Containment Period

Specification 4: Analyze Under
Expected Conditions

Paragraph 3.1.1.1.1 - Containment
Requirement/Conditions

Specification 5:

Paragraph 3.3.4 - Corrosion

Inert Materials

.,&
Interface - Waste
Form

Paragraph 3.1.1.1.1 - Containment

Resistance

Specifications 2 and 6 listed
under DOE Criterion 2 apply ;.

PI

t - These repository design functions are beyond the scope of the Westinghouse design specification.
PI - See paragraph indicated at corresponding ONWI specification.

I

-

,

I

I

(

-

I

-

S

v

-

s

%

-

X
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Table B-4.

Subject

.

K

--

K

. s

.

-

I

Westinghouse Design Specification
(published as Westinghouse, 1983)

- Repository

Specification 7 listed under
Criterion 2 applies

PI

Degradation/Interaction

Specification 14:
Degradation

Waste Form

NA

Specification 36: Waste Form
Treatments

NA

_ Performance - Waste
Form

System

Paragraphs 3.1.1.2.6 and 3.1.2.3.3
- System Interaction of Components

Specification 8 listed under
DOE Criterion 4 applies

PI

Specification 24 listed under
DOE Criterion 1 applies

NA

Specification 30 listed under
DOE Criterion 2 applies

NA

DOE Criterion 8 - Controlled Release
Degradation/Interaction

-
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ONWI Performance Specification
(published as ONWI, 1983)

Specification 33:
Compatibility
s

-

Specification 10: Waste Form
Radiation/Leach Rate Interaction

NA

Specification 12: Waste Form
Environment Interaction

NA

Specifications 14 and 36 listed
under DOE Criterion 7 apply

NA

NA - Not applicable.
P - See paragraph indicated at corresponding ONWI specification.

Table B-4.

(Page 8 of 9)

ONWI Performance Specification
(published as ONWI, 1983)

Subject

Specification 13 - Waste
Package Compatibility
Isolation Requirement

Westinghouse Design Specification
(published as Westinghouse, 1983)

alI

Paragraphs 3.1.1.2.6 and 3.1.2.3.3
system interaction of components

Specification 11: Release Rate
After Containment

Paragraphs 3.1.1.1.2, 3.1.1.2.2
and 3.1.2.3.3. - slow release rate

DOE Criterion 9 - Criticality (Long-Term)
Post Closure
Criticality

Specification 40 listed under
DOE Criterion 6 applies

PI

Specification 42: No Redistribution
After Containment

NA

ONWI DATA REQUIREMENTS.
Test Conditions

Conservatism

Tests Required
- Packages

Specification 47: Package Tests
Under Repository Conditions-

*

Specification 48: Waste Form Tests
Under Repository Conditions-

NA

Specification 49:
Conservatism

Waste Package

Specification 50:
Conservatism

Waste Form- ,

.

Specification 51: Nondestructive
Testing on Some Canisters

NA - Not applicable.
PI - See paragraph indicated at corresponding ONWI specification.
* - Not addressed.
e

-

I
V

r

.

-

I

Paragraph 3.1.2.1.2 - reasonable
assurance of performance
NA
*

S

-

S

-

v

I-

4

s

Table B-4.

Subject

(Page 9 of 9)

Specification 52:
Required

NDE Test Data

Specification 53:
Procedures

NDE Sampling

Monitoring

Specification 54:
in Repository

Monitoring

Tests - Retrieval

Specification 55

Tests - Materials

Specification 56:
Data Packages

-.

-.4

Westinghouse Design Specification
(published as Westinghouse, 1983)

ONWI Performance Specification
(published as ONWI, 1983)

-.

*

Paragraph 3.2.2.6

*

Retrieval Test

*

Materials

Specification 58: Materials Data
Waste Forms
Specification 57:
Tests - Packages

Data Base - Waste Form

Specification 59: Establish
Waste Form Data Base

Quality Assurance

Specification 60:

QA for Package

Specification 61:

QA for Waste Form

* - Not addressed.

*

-

Tests - Performance

NA - Not applicable.

Monitoring

-

*

Performance
a

NA

NA

APPENDIX C - WESTINGHOUSE DRAWINGS AND SPECIFICATIONS
This appendix contains copies of the applicable Westinghouse drawings and
specifications:
c

Drawings
390D697
103E508
103E509

* Specifications
Package Design Specification (PDS) 30305
Process Specification (PS) 294517, Rev. 5
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Figure C-1.

Assembly - ucear Waste Disposal Packages
Reference Conceptual Designs - Salt
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Details - Nuclear Waste Disposal Packages
Reference Conceptual Designs - Salt
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Subassembly - Nuclear Waste Disposal Packages
Reference Conceptual Designs - Salt
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SUPPLEMENTARY MATERIAL REQUIREMENTS FOR NUCLEAR WASTE
DISPOSAL PACKAGES REFERENCE CONCEPTUAL DESIGNS - SALT

1.

Scope
This document contains material requirements which modify the requirements f the
base material specification, ASTM A216, Grade CA. All of the requirements of
ASTM A216 apply to this material, except as noted herein.

2. Applicable Documents
A216 Carbon Steel Castings Suitable for Fusion Welding for High-Temperature Service,
Standard Specification for
A609 Ultrasonic Examination of Carbon and Low Alloy Steel Castings, Specification for
A703 General Requirements Applicable to Steel Castings for Pressure-Containing Parts,
Standard Specification for
3. Heat Treatment (Ref.:

A216, Sections 5 and 6)

No heat treatment shall be required prior to delivery of the castings.
4. Chemistry Requirements (Ref.:

A216, Section 7and Supplementary Requirement Sl)

4.1

The steel shall conform to the requirements of Table 1.

4.2

Carbon Equivalent:
The maximum carbon equivalent (CE) shall be 0.40 as determined from the following:

CE

C + M + Cr + Ho + V +

65

5. Physical Requirements (Ref.:

Cu

ASTM A216, Section 8)

Steel used for the castings shall conform to the tensile property requirements of
Table 2.

Woulnghouss Ad

COD

d tfl~g systems I

Figure C-4.
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6. Quality (Ref.:

A216, Section 9.2 and Suppiementary Requirements)

6.1

Supplementary Requirement SResidual Elements:
Chemical Analysis shall apply.

t.2
6

Ultrasonic Inspection:
The castings shall be ultrasonically inspected n accordance with ASTh A609.

6.3

Carbon Equivalent:
Supplementary Requirement S,
Section 4.2 of this document.
TABLE

Carbon Equivalent, shall apply, as modified in

:

CHEMICAL REQUIREMENTS

COMPOSITION,

ELEMENT
Carbon&, range
ManganeseO, max
Phosphorus, max
Sulfur, max
Silicon, max
Residual Elementsa
Chromium, max
Copper, max
Molybdenum, max
Nickel, max
Vanadium, max

0.15 - 0.20
0.90 .

0.04
0.045
0.60

4,

TBD
TBD
TBD
TBD
TBD

aTotal of these elements shall satisfy the requirements of Section 4.2.

Ga
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TABLE 2: TENSILE REQUIREMENTS

Tensile Strength
ksi (MPa)

60-85 (415-585)

Yield Stren thb, mn.,
ksi (MPa)

30 (205)-

Elongation n 2 n.
or 50 mm, mn,

22

Reduction of Area, mn, %

30

bDetermine by either 0.2% offset method or O.5% extension-under-load
method.
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Westinghouse Electric Corporation
Astronualear aboratory
P. 0. Box 1864

Pittsburgh, Pa.-. 1236
(Fed. Ident. Code No. 14683)

PROCESS SPECIFICATION 294517 Revision No. 5

September 15, 1972

PART IDENTIFICATION
1. SCOPE
This specification covers the requirements for the identificaiton* and marking of material,
parts, subassemblies, assemblies, and lots, designated as follows:
Designation

Description

294517-1

Identification of material, parts, subassemblies,
assemblies, r lots of parts by part number and/or
serial numbers or lot serial numbers, and for
marking as required.

*NOTE: In this specification the term dentification denotes both the part number and the
serial or serial lot number.
2.

APPLICABLE DOCUMENTS - None

3.

REQUIREMENTS
3.1 GENERAL: Deliverable hardware, components and assemblies shall be identified by
a part number and either a serial or lot serial number. The requirements for identifying
parts, subassemblies, and assemblies by part number, serial or lot serial numbers shall be
indicated on the drawing.
3.2 SERIAL OR LOT IDENTIFICATION: When a serial or lot serial number is required,
the drawing shall specify the place on the part where it shall be applied, and the manner
in which it shall be applied. Serial or lot serial numbers shall be pro-assigned in nonrepeating consecutive sequence by Product Assurance to all hardware ordered on purchase
orders, nterworls requisitions, or work orders. Inspection shall document the assignment
of serial and lot numbers in a log book.

PS 294517, Rev. No. 5

Printed in U.S.A.
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PS 294517, Revision No. 5
Drawing or part number changes shall have no effect on the serial or lot serial numbers
assigned to parts, subassemblies, or assemblies. The serial or lot serial numbers assigned
to ports, subassemblies, and assemblies shall be retained and in no nstance obliterated
or altered except as permitted in Section 4. 4. 3. The serial or lot serial numbers shall not
apply to Government fmished property, or when otherwise specified on the applicable
drawing.
3.2.1 WANL Serial and Lot Numbering Sequence: Serial numbers shall consist of
a letter A" prefix followed by consecutive numbers starting with I ". This method
shall be followed until the digits reach 99999", after which the letter prefix shall
be changed to "B", again starting with the number 1". This shall be continued
through the alphabet, except that the letters I",:
, "Q" "L", and "X" shall
not be used in serial numbers. The maximum number of characters shot I be six (6).
Examples:
P/R 30314
130 pieces

P/N 909E421 H-O
S/N A21 through AlSO

P/R 41679
200 pieces

P/N 945C967 HD0 A
S/N A151 through A350

Lot numbers shal I be assigned In the some manner and series as ndividual serial
numbers, except that the prefix letter L' shall be added. The maximum number of
characters shol be seven (7). Examples:
P/R 30642
10,000 pieces

P/N 936J654 HO B
Lot Numbers LAI through LAlO

(10 lots)

P/R 41637
5,000 pieces
(5 lots)

P/N 945CB52 H02C
Lot Numbers LA I through LAI 5

3.2.2 Addition of Parts to Orders: When serial numbered parts or lot seriol-number
ports are added to an existing order the supplier shall be ffurnished a change notice by
the Purchasing Department which shall specify the serial numbers or lot serial-numbers
which are to apply.
3.2.3 Deletion of Parts from Orders: When serial-numberports or lot serial-number
parts are deleted from an existing order the Purchasing Department shall coordinate
with the supplier to determine the parts to be cancelled and furnish a change notice to
the supplier denoting the numbers to be deleted.
PS 294517, Rev. No. 5
Page 2

Figure C-4.
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On work orders, Product Assurance shall coordinate with WANL laborotories and
Manufacturing shops to determine which serial numbers shall be voided. When lot
numbered parts are to be voided from an existing order, Product Assurance shall note
on the Change Notice the quantity of parts that are to be voided and the lot numbers
involved. All voided seral numbers for cancelled parts on order shall be noted by
Product Assurance in the log book and are not to be reassigned. Lot number deletions
or reduction in lot quantities shall also be noted in the log.
3.2.4 Ports Returned to Supplion: When parts are returned to the supplier for repoir
or replacement, the serial number shall remain unchanged f the parts are repaired and
subsequently returned to the purchaser. If the supplier chooses to scrap the rejected
parts and replace with new parts, the purchaser shall be contacted in order to provide
a now serial number. In no instance shall a rejected part serial number bp assigned to
a replacement part.
3.2.5 Changes to Serial or Lot Numbers: Serial and lot numbers shall not be changed
from the original assignments except:
a. When WANL serial or lot numbered material or parts are being processed
into multiple detailed parts, now WANL numbers (Serial or lot, as desired)
shall be assigned to the order for identification of the detailed parts.
b.

When WANL lot numbered parts are determined to be discrepant by the
supplier or WANL Inspection, the discrepant parts shall be reldentified by
adding suffix numbers to the lot number to individually identify each
discrepant port. The suffix shal be a dash (-) ond consecutive numbers
starting with one (1) for each lot number. An example of this reidentification is:
LB 6840
LB 6840-1
LB 6840-2

Original Lot Number Assignment
First Discrepant Part
Second Discrepant Part

The suffix number shall be marked on the part in the some manner that the
base lot number was applied, unless otherwise instructed.
NOTE: A suffix number may be considered as acceptable to represent a
quantity of discrepant parts in exceptional cases. However, approval for
such action requires the written consent of Product Assurance.
PS 294517, Rev. No. 5
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3.3

RAW MAATERIAL IDENTIFICATION
3. 3.1 Raw material purchased in the form of bars, sheet, plate stock, and castings
or forgings which will be processed Into multiple detail parts by the purchaser shall
be dentif led by the manufacturer's heat number, furnace run, btch number, melt
number, etc.
3.3.2 Identification of row material purchased by suppliers to be processed into
multiple ports for the purchaser shall be traceable to the manufacturer's heat number,
furnace run, btch number, melt number, etc. Shipping documentation of detail
ports manufactured from this raw material shall correlate serial numbers to the raw
material identification.

3. 3. 3 Individual castings, forgings, etc., which will be manufactured or
processed, such that each will make a single detail port, shall be assigned a purchaser serial number at the raw material source as specified in the Purchase Order.
This number shall remain with the port through all subsequent operations regardless of
where performed. If the number s removed by machining or processing, It shall be
replaced as soon as possible by the supplier performing the operation.
3.4

MARKING STANDARDS
3.4.1 Permanent: Permonent marking shall be raised or depressed to insure maximum legibility and durability of the mark without affecting the function or serviceability of the part. Height and depth limits of Section 3.5 shall apply unless otherwise
stated on the drawing. Permanent marking of nstrumentatIon components, supplier
designed parts or catalog tems may be dentified with the suppliers nternal dentification system provided the reliability and performance of the port s not degraded.
Where permanent marking methods may prove detrimental to reliability and performance
marking in accordance with Section 3.5. 17 shall apply.
3.4.2 Temporary:
3.4.2.1 Temporary markings are permitted to nsure identification during the
process of manufacturing, acceptance Inspection, assembly operations, ordinary
handling and storage of parts except as specified In Section 3.4.2.2. Markings
shall not be deleterious to the fabrication of parts nor adversely affect the
function and serviceability of parts. Markings used for n-process control may
be retained on the finished part, provided they differ enough from the identification to ovoid confusion. Togs, tape and like marking materials shall be
removed as soon as processing Is completed unless readily visible.
3.4.2.2 Graphite parts shall be kept free of contamination throughout all
stages of manufacture. Ink, dye, or other marking media shall not be used In
processing unless permitted by the applicable drawing.

Figure C-4.

133

PS 294517, Rev. No. 5
Page 4
(Page 8 of 12)

PS 294517, Rvision No.
3.4.3 Location: If a phantom outline of a location box is shown In the drawing,
the part dentification (when part number s specified on the drawing and serial
number shall be located within the box. The box is limited to 1/2 x 2 inches unless
otherwise specif led on the drawing. No permanent marking InvolvIng removal of
material shall be located closer than 3/32 Inch to a corner, fillet or sharp edge.
3.5

PERMANENT MARKING METHODS
3.5. 1 Integral: Characters are cast, forged or molded on the component in relief
or recessed into the component.
Mark Depth -

.010 min., - O 130 max.

3.5.2 Metal Stamp: Characters are produced by forcible displacement of material.
Stamping shall in no way deform the part. The characters shall not be closer than
3/32 inch to an edge or fillet. Characters shall be applied before any surface
treatment, such as anodizing or painting.

Mark Depth - 0. 005 mn., - 0. 010 max.
3.5.3 Hammer: Characters are produced individually or in groups by a force applied
mechanically or by hand.
Mark Depth -

0. 0001 min., - 0. 010 max.

3.5.4 Press: Characters are produced individually or in groups by force applied
with a steadily increasing controlled pressure or a controlled stroke.

Mark Depth - 0.0001 min., - 0.010 max.
3.5.5 Roll: Characters are produced by a rotating motion of either the part or the
tool, or both, when in contact with each other under a controlled force at a setting
which will give a marking depth within the limits specified.
Mark Depth - 0. 0005 mtn., - 0. 010 max.
3.5.6

Vibro Peen: Characters are produced by a rapidly vibrating tool.
Mark Depth - 0.001 min., - 0.010 max.

3.5.7 Engrave:

Characters are produced by a rotating cutter or grinder.
Mark Depth - O.0001 min., - O.005 max.

3.5. 8 Scribe: Characters are produced by a cutting or scratching action.

Mark Depth - 0. 001 min., - 0. 006 max.
PS 294517, Rev. No. 5
Page 5
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3.5.9 Blast: Characters are produced by the mpingement of an abrasive substance
confined to the area of the characters by a stencil.

Mark Depth -

.0001 mn., - 0.003 max.

3.5. 10 Brand: Characters are produced by burning or displacing material with a
heated tool.
Mark Depth - 0.001 min., - 0.010 max.
3.5. 11 Electric Arc Scribe: Characters are produced by the action of an electric
arc between the surface and electrode which acts as the scriber. Current must be
closely regulated to control the depth of marking as specified.

Mark Depth

-

0.0005 min., - 0.Of0 max.

3.5.12 Electrolytic Process: Characters are produced by the use of nearly neutral
pH electrolytic solutions to facilitate electrolysis which s confined to the area of
the characters by a stencil.
3.5. 12. 1 Electrolytic Etch: Characters are produced by removing material
with an electrolytic process.
Mark Depth - 0.0011 max.
3.5. 12.2 Electrolytic Deposit: Characters are produced by adding material
with an electrolytic process.

Mark Height - 0.003 max.
3.5.13 Acid Etch: Characters are produced by the ue of strong acids. Application
of the acid may be by any means, but care shall be exercised to prevent acid or fumes
from spreading to the surrounding area. The surface to be etched shall be clean, and
after etching the acid shall be neutralized and corrosion preventive treatment applied.
Mark Depth - 0.004 max.
3.5.14 Ceramic: Characters are produced by contrasting ceramic coating applied
by any means prior to the Initial firing.
3.5.15 Decalcomania: Choracters ore opplied by a wet transfer of a pigmented film
bearing the characters from a suitable backing to the part. This film shall, when dry,
adhere to the surface ressiting abrasion and remaining legible n ts ntended environment. If necessary, for permanence n the ntended environment, the decalcomania
may be covered with a transparent moisture resistant coating.
PS 294517, Rev. No. 5
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3.5.16 Ink: Characters are produced by applying an nk by any means which does
not injure the surface. When this method s used for the final serial number identification, the mark shall be protected with a transparent moisture resistant coctng.
3.5.17 The following marking methods shall be used when permanent marking methods
are detrimental to the reliability and performance of the part.
3.5. 17.1

Togs: A metal tg bearing Identification attached to the part.

3.5.17.2 Sleeves: A shrinkable tube bearing Identification is shrunk in
place on the part.
3.6

TEMPORARY MARKING METHODS
3.6.1 lnk: Characters are produced by applying an nk by any means which does
not njure the surface.
3.6.2 Dye: Characters are produced by applying a dye by any means which does
not njure the surface.
3.6.3

Paint: Characters are produced by painting, with or without stencil.

3.6.4 Crayon:
3.6.5 Tog:

Characters are produced by writing or printing with a wax crayon.

A tag bearing identification is attached o the part.

3.6.6 Bond or Tape: A bond or tope bearing identification is temporarily attached
to the part.
3.6.7 Container: The container bears the Identification of the part.
4.

QUALITY ASSURANCE
4.1 SURVEILLANCE: Westinghouse Quality Control Representatives during visits to
suppliers shall assure that subcontractors correctly mark raw material, detail parts, subassembl ies, and assemblLes with the required raw material, serial, or lot serial numbers.
4.2 SUBCONTRACTOR RESPONSIBILITY: The serial numbers shall be marked on the parts
at the earl iest possible point of manufacture, and these numbers sholl be maintained. If
serial numbers are removed by manufacturing operations, they shall mmediately be replaced
as originally required. All documentation originated by suppliers shall reference the actual
serial number or lot serial number involved. The terminology "all affected" shall never be
used. If the documentation is intended to apply to the entire order, then the numbers will
PS 294517, Rev. No. 5
Page 7
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be listed in the following manner: 'serial number A150 through A950. Shipping documents
which accompany each shipment of parts shall reference the raw material identification
numbers and shall correlate such numbers with the actual serial or lot srial numbers manufactured from each lot of raw material.
4.3 COMPLIANCE: No change shall be mode from these procedures without fnt obtaining
the approval of the purchaser.
4.4

INSPECTION AND REJECTION
4.4. 1 The identification marking shall be checked with the appropriate drawing
and purchase order requirements to assure that t s correct.
4.4.2 The depth or height of the marking, the dimensions of the location box, and
the size of the characters shall be measured.
4.4.3 An incorrect identification marking sholl be revised to the correct marking
and reinspected In accordance with Section 4.4. 1. The marking correction shall not
damage the surface, alter the part dimension or move the marking to a new location.
4.4.4 If the depth, height, size, or loaction of a marking does not comply with
specification requirements, or If nspection according to Section 4.4.1 shows incorrect
Identification, the port shall be subject to rejection.

PS 294517, Rev. No. 5
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APPENDIX D - OVERPACK MATERIAL SELECTION
The material chosen for the overpack is a cast low carbon steel per ASTM
A 216, Grade WCA, modified (see Appendix A). The modifications, specified in
Westinghouse Package Design Specification (PDS) 30305 (Appendix C), reduce the
carbon content and eliminate the normalizing heat treatment required by ASTM
A 216. This grade of steel, equivalent to American Iron and Steel Institute
(AISI) 1018, has been judged to possess adequate corrosion resistance and
strength while being plentiful, easily formed, and weldable. The rationale
leading to the selection of an unclad, low carbon steel is presented in this
appendix.
D.1

MATERIALS ALTERNATIVES

Major concerns with regard to the containment of radionuclides in a
repository in salt are corrosion by brine and collapse by in situ lithostatic
pressure. A broad spectrum of candidate materials has been evaluated by
screening programs, both in the United States and abroad, relative to performing one or both of these functions in salt. These classes of materials
were evaluated:
e

*
*
e

Metals and alloys
Ceramics
Carbons and graphites
Cements
Organic compounds and polymers.

An excellent summary of screening work in the United States may be found
(DOE, 1982). From this work, and as an outcome of a number of conceptual
waste package design programs, a broad concensus developed in favor of the use
of metals and alloys for the primary structural and corrosion barriers (overpack and structural reinforcement component). While many of the other classes
of materials possess at least some attributes that rank well against the
corresponding ones for metals, none of them are without at least one serious
drawback. The dominating concern with most of the nonmetals is expected
difficulties in their fabrication into a hermetically sealed configuration;
the ability of most metals and alloys to be welded was an important factor in
their selection over the other material classes. The brittle nature of many
nonmetallic materials and concern about irradiation effects on organic
materials were also important factors in their elimination.
Obviously, choosing metals and alloys for barrier or structural component
applications is only an interim step in the materials selection process; there
are literally hundreds of possible candidate metals and alloys to choose from.
Other selection criteria were formulated to assist in further narrowing the
list. These criteria included the following:
1. Avoid treating an underground deposit of materials which may,
someday, be attractive for salvage reasons.
2. Avoid depleting supplies of critical strategic materials.
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3. Limit prolonged and expensive research and development programs
which may delay implementation.
4. Take advantage of historical performance experience with those technologies which might be incorporated into repository performance
models.
5. Specify production and fabrication processes which have been proven
to be amenable to inspection and control from a quality assurance
standpoint.
6. Consider cost in tradeoffs between design approaches meeting the
requirements for engineered waste package design. Although cost
criteria are difficult to specify, design efforts had to recognize
that because of the large amount of nuclear waste to be isolated,
both existing and projected, cost per unit of mass is a significant
factor.
Application of these criteria to the selection process led to elimination
of most candidate metals because of their cost. For a salt repository, where
a combination of corrosion resistance and structural integrity at both high
temperatures and high lithostatic loads is needed in the overall waste package
design, the remaining material candidates tended to fall into two categories:
(1)relatively inexpensive and readily fabricabla, but with moderate to poor corrosion resistance; and (2)relatively expensive and generally more difficult to fabricate but with moderate to excellent corrosion resistance. This
led to consideration of two design approaches for conceptual waste package
designs for a repository in salt.
One was to provide the necessary structural properties by use of an inexpensive mild steel structural member overlaid with a relatively thin skin of a
highly corrosion-resistant material such as TiCode-120 (a dilute titanium
alloy). The second was to provide both the structure and corrosion barrier
using a relatively thick member of mild steel. The low cost and fabricability
of steel compensates for the increased thickness of barrier material required.
The latter approach was selected as the basis for the designs in this
report. The reference material selected is a low carbon steel. Further
details concerning the justification and expected performance of low carbon
steel are given in succeeding sections.
D.2

SELECTION OF OVERPACK MATERIAL SPECIFICATION

Low carbon steel is a family of well-understood materials having an
extensive data base from a long history of generalized engineering application. A major consideration in the engineering selection of one grade of
material from this family of materials is carbon and alloying element content.
For waste package application, four major functional concerns and cost influence this selection. These concerns are weldability, corrosion resistance,
strength, and castability.
Waste package overpack weldability drives the selection toward minimizing
carbon and alloying element content. With respect to welding, alloying
140

elements act in varying degrees as carbon equivalents., This conclusion stems
from the desire to simplify the development and reliability of the final closure weld of the waste package; a weld which must be made remotely. Included
in this is the desire to minimize the need for stress relieving, postweld heat
treatment. Low carbon contents (below 0.25%) will satisfy these desires, provided that alloying and residual elements do not increase the carbon equivalent' to more than 0.40%.
Corrosion resistance is not a strong function of carbon content. However, small to moderate additions of alloying elements (e.g., chromium, copper) have been shown to enhance the short-term corrosion resistance of low
carbon steel. The effectiveness of small amounts of these alloying elements
to make a significant contribution to reducing long-term corrosion in the
anoxic brine environment of a salt repository has not been demonstrated.
This, plus the carbon equivalency of these elements with respect to welding,
essentially eliminates corrosion considerations from driving the material
selection process for the composition of a low carbon steel; all low carbon
steels can be expected to be nominally equivalent with respect to corrosion.
Material strength is a necessary consideration in the selection of a
specific low carbon steel composition. However, like corrosion resistance, it
is not a particularly significant driving force. The present structural
design basis (Section
of the ASME Boiler and Pressure Vessel Code [see
Appendix A]) does not recognize a specific material yield strength; rather, it
groups material yield strengths into broad ranges. For traditional low carbon
steels, the ranges of interest are 165.5 to 206.9 MPa (24,000 to 30,000 psi)
and 206.9 to 262.1 MPa (30,000 to 38,000 psi). The higher yield strength
range results in a thinner overpack using a smaller volume of material with
consequently less cost. This leads to the conclusion that carbon content
should be sufficiently high to ensure a room temperature yield strength in
excess of 206.9 MPa (30,000 psi). This translates to a minimum of approximately 0.15% carbon.
The castability of low carbon steel is influenced slightly by material
composition (specifically, carbon content). As the carbon content decreases
(the direction favored by weldability considerations), the melting temperature
of the steel increases. This raises the production and processing costs for
the raw" material. This is due -to increased energy use to achieve the higher
melting temperatures and prorated maintenance costs from shorter life of
furnace refractory linings.
Cost differences for the range of low carbons steels (0.15 to 0.25%)
presently indicated are judged to be a small and negligible percentage of
total waste package cost.
These technical considerations are related to the selection of a specific
composition of low carbon steel:
1. The carbon content should be less than 0.25% for weldability
considerations.
2. Alloying and residual elements should be specified to avoid raising
the effective carbon content" above 0.40% via carbon equivalency
for weldability considerations.
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3. The carbon content should be greater than 0.15% for strength
considerations.
4. Corrosion will be nominally the same for low carbon steels having a
nominal carbon content between 0.15 and 0.25% with a carbon equivalency less than 0.40%.
5. Castability will be nominally unaffected by variations in carbon
content between 0.15 and 0.25%.
The more procedural aspects of casting focus the various composition
selection criteria. This focus results from the desire to adopt (with minimum
modification) an accepted industry standard for casting. This takes advantage
of well-established inspection and quality control specifications and standards that exist to cover all essential aspects of fabricating and inspecting
the component parts of low carbon steel waste package overpacks. The standard
specification for carbon-steel castings suitable for fusion welding for high
temperature service, ASTM A 216, covers three grades of steel castings (see
Appendix A). Of these, Grade WCA has chemical and physical requirements very
close to those desired for the waste package overpack components.
It is believed that ASTM A 216, Grade WCA, which is similar to AISI Type
1021 steel, can be obtained with a sufficient reduction of carbon content to
conform to AISI Type 1018 chemistry without sacrificing its mechanical attributes. Comparisons between the chemical and physical attributes of the low
carbon steel presently specified for the waste package overpacks and those of
AISI Type 1018 and ASTM A 216, Grade WCA are presented in Table -1.
D.3 COST EFFECTIVENESS
In a previous section of this report (Section 2.5.4), a general justification for the selection of a low carbon steel (e.g., AISI 1018 or cast steel
equivalent) as the reference material for the overpack was presented. The
objectives of this section are to further elaborate on the metals selection
process, primarily from the cost standpoint, and to show that the all-steel
design is effective from a cost/benefit viewpoint.
D.3.1

Structural Considerations

In salt, the waste package must resist crushing by the lithostatic pressure (design basis is 15.4 MPa). The ability of a component to react this
pressure is primarily determined by its elastic modulus and, to a lesser
extent, its yield strength. A quantitative evaluation of structural design
considerations is given in Appendix H. To minimize the thickness required for
structural adequacy, a high modulus and a high yield strength are indicated.
Metals such as iron, chromium, cobalt, and nickel have room temperature
moduli around 2 x 1 MPa. Most other metals that might be considered (e.g.,
copper, titanium, zirconium, manganese, magnesium) have moduli much lower than
this. A few metals, (e.g., beryllium, osmi m, rhenium, rhodium, and molybdenum) exhibit much higher moduli (2.7 x 10 MPa), and cermets and other
complex materials can be made with much higher moduli, but these are not
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Table D-1.

Comparison of Low Carbon Steel Specifications

Overpack
Material

AISI
Type 1018

ASTM A 216
Grade WCA

Chemicals, %
Carbon, range

0.15-0.20(A)

0.15-0.20

0.25 (max)

Manganese, range

0.90(a) (max)

0.60-0.09

0.70 (max)

Silicon, max

0.30

Sulfur, max

0.65

0.05

0.045

Phosphorus, max

0.045

0.04

0.04

0.60

Not Specified

Residual Elements
Copper, max

TED

0.50

Nickel, max

TBD

0.50

Chromium, max

TBD

0.04

Molybdenum, max

TBD

0.25

Vanadium, max

TBD

0.03

Total of these residual
elements, max

(a)

1.00

Physicals
Ultimate Strength, MPa

415-585

Not Specified

415 to 585(b)

Yield Point, min, MPa

205

Not Specified

205(C)

Elongation in 2 in.,

22

Not Specified

24

Reduction of Area, %

30

Not Specified

35

(a)The total of these elements shall satisfy the following:
O. 4 0

C + Mn + Cr + o + V +.Ni + Cu
6

5

15

(b)Rounded from 413.8 MPa (60,000 psi) and 586.2 MPa (85,000 psi).
(c)Rounded from 206.9 MPa (30,000 psi).
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practical to consider as structural materials due to cost and availability.
The modulus of most alloys does not differ markedly from the elemental modulus
of the major constituent. From a modulus standpoint, then, the metals in the
ferrous group are an obvious choice for structural material since less material is required.
The yield strength of the specified low carbon steel is assumed to be
greater than 206.9 MPa. A requirement for higher yield strength would complicate welding due to the increase in alloying elements or carbon content
needed to achieve the higher strength. Also, as discussed in the preceeding
section, the present structural design basis does not recognize a difference
between carbon steals with room temperature yield strengths between 206.9 and
262.0 MPa. Steels with yield strengths greater than 262.0 MPa are usually
classed as medium carbon steel. In our judgment, the most appropriate structural material from a cost standpoint and from practical considerations is low
carbon steel.
0.3.2

Corrosion Considerations

Contrary to its application as a structural member, the justification
for the use of low carbon steel to provide the corrosion barrier is not as
straightforward. A number of commercial alloys show much better uniform corrosion resistance during short-term testing in brine and saline solutions
(Braithwaite and Molecke, 1980). This appears to support a waste package concept having a thin outer overpack of one of the more corrosion-resistant materials placed over a steel reinforcement member. In this manner, the most
cost-efficient material could be used for the structural function and a more
expensive, but much thinner material, could be used to meet the corrosion
requirements. Such a design for salt was proposed in an earlier conceptual
design report by Westinghouse in 1982 (subsequently published as Westinghouse,
1983).
As the conceptual designs have matured, the use of a single low carbon
steel component to provide both the corrosion and structural functions was
adopted as described in this report. This concept avoids the added costs of
fabrication and closure of a second major component. The incremental cost of
materials due to adding an increased thickness of low carbon steel to offset
the gain of using a highly corrosion-resistant material such as TiCode-12 is
the sole cost factor in favor of the two-component overpack/structural member
concept.
Some idea of whether there is really a significant materials cost savings
with the two-component concept can be obtained by examining the actual design
cais- The ratio of the cost of the various metals and alloys relative to a
representative carbon steal, ASTM A 36*, were calculated and are also presented in Table D-2. It is obvious that carbon steels are much cheaper than
any of the other material candidates. Many commercial alloys are not included
in Table D-2, but no metal is basically cheaper than iron, so the conclusions
based on this list are still valid. Furthermore, although the cost comparisons are essentially based on bulk material prices, costs for fabrication
into the shapes needed for waste packages will not reverse the relative positions compared to steel. If anything, the relative costs of steel would
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Table D-2.

Ratio of Cost of Metal or Alloy to A 36 Mld Steel

Metal or Alloy

$/kg(a)

Cost Ratio(b)

A 36 Mild Steel

0.57

1.0

Corten A Steel

0.68

1.2

SS 304L(C)

2.29

4.0

Copper

4.14

7.3

90-10 Cupronickel

5.60

9.8

SS Ebrite 26-1

5.58

9.8

Monel 400

8.20

14.4

SS 30 Cb3

8.20

14.4

Inconel 825

7.98

14.0

Inconel 600

9.06

15.9

Ti C.P.(d)

13.14

23.0

TiCode-12

15.76

27.6

Hastelloy C-276

16.87

29.6

(a)Braithwaite and Molecke, 1980.
(b) Ratio of cost of other metals and alloys relative to cost of A 36 steel.
(c)SS - stainless steel.
(d)C.P. - chemically pure.
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probably improve over most other candidates when component fabrication costs
are included. In Table D-3, the structural and corrosion allowances for the
three waste forms (defense high-level waste DHLWI, commercial high-level
waste [CHLW], and consolidated spent fuel CSF]) are shown for low-carbon
steel. The corrosion allowances range from 0.95 cm (DHLW) to 2.3 cm (CSF).
Assuming that a minimum thickness of 0.25 cm would be required for a second
component to assure successful fabrication and closure by welding, one can
obtain the maximum cost break-even ratio by dividing the thickness of steel
required by 0.25. This is shown in Table D-4. Break-even ratios of 3.8, 7.6,
and 9.2 are found for the DHLW, CHLW, and CSF designs, respectively. Comparing these ratios to those shown in Table D-2 indicates that only Corten A
steel is cost-effective for HLW compared to ASTM A 36. Most materials (e.g.,
TiCode-120) are not cost-effective for any of the designs. A few materials
are nominally cost-effective for CSF. Even for those cases where a slight
favorability is shown, it is doubtful if the gain could be overcome by the
added fabrication and welding costs.
There are other factors to be considered in making the design and materials selections. A better corrosion bass (time effects) is available to
evaluate mild steel (see Appendix G). For another, many of the materials
listed have shown tendencies to crack, crevice corrosion, and pitting when
tested in simulated brine environments. Except for pitting, mild steel has
shown minimal problems and pitting can be accommodated in the structural
allowance without compromising the design. Based on the cost evaluations, the
"other' factors discussed above, and the obvious affect of additional fabrication and welding costs that would attend. a second overpack component, it is
concluded that the single, mild steel corrosion/structure component is a logical and cost-effective design approach.
0.4
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carbon steels in general.
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Table -3. Steel Sidewall Thickness Allowances

Design, cm
Application
Structural
Corrosion Protection

Table D-4.

DHLW

CHLW

CSF

7.7

7.0

7.7

0.95

1.9

2.3

Corrosion Cost Break-Even Ratio for Steel Designs

Design(a)
Parameter

DHLW

CHLW

Steel thickness, cm

0.95

1.9

2.3

Ratio

3.8

7.6

9.2

(a)Based on minimum of 0.25 cm thickness required for any material for
fabrication purposes. Ratio is thickness of steel for corrosion
divided by 0.25.
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CSF

APPENDIX E - THERMAL ANALYSIS
E.1

INTRODUCTION

to predict
This appendix describes the thermal analysis methods used waste (DHLW),
high-level
repository and waste package temperatures for defense spent
fuel (CSF) in a
consolidated
and
(CHLW),
waste
commercial high-level
each waste form at
repository in salt. Thermal performance is calculated for
specific borehole and tunnel spacings.
following
A three-dimensional repository thermal model, described in the model is
section, plus either a one-dimensional or a two-dimensional package
model is used
used to calculate the thermal performance. The one-dimensional
is used for CSF. The
for CHLW and DHLW, while the two-dimensional model calculate
temperatures
to
method
repository model uses the finite element
model allows
The
transient.
throughout the repository during the thermal
varied package
easily
and
properties
temperature-dependent material thermal
between the
interface
the
at
meet
spacings. The repository and package models
at that
temperatures
Midplane
host rock and the engineered waste package.
condiboundary
as
used
then
are
location, produced by the repository model,
times
selected
at
models
tions for steady-state calculations in the package-Inthe package models, all
during the containment period thermal transient.
radially and no
heat generated within the package is assumed to flow outward the repository and
Separating
benefit is taken from the package end surfaces.
package analyses in this manner represents a conservative approach.
E.2 REPOSITORY THERMAL MODEL
calculated using a
The thermal performance of the waste repository iselement
model. Element
three-dimensional isoparametric heat conduction finite
(WECAN) is
number 49 of the Westinghouse Electric Computer Analysis toProgram
or
used to perform the analysis. Element 49 is applicable to steady-state
isobe either
transient heat conduction and allows material properties
can be
model
element
finite
the
of
element
tropic or anisotropic. Each
nodes, however,
described by up to 32 nodes with element 49. No more than 8
are used to describe any element in the present model.
The
The same basic finite element model is used for all waste packages.
the
of
general form
model is made up of 1,365 nodes and 960 elements. The
E-1, most of the
Figure
in
shown
As
E-1.
repository model is shown in Figure
where thermal gradients
detail in the model is located near the waste package
of the model, but
levels
all
for
kept
are steepest. The same X-Y detail is
increasing disthe difference in depth between levels increases sharply atmodel is assumed to
repository
the
tances from the waste package. In general,
These levels are
start at the surface and penetrate 2,500 m into the earth.
to-be unafpackages
waste
the
from
chosen because they are far enough away
the boreabove
located
tunnels
The
fected during the 1,000-year transient.
holes are at a depth of 600 m.
around a single
To simplify modeling, adiabatic conditions are assumed situation
where the
physical
a
waste package in a repository. This represents
power,
geometry,
identical
of
modeled package is surrounded by other packages
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and properties.
Figure E-2.

This is conservative.

The adiabatic boundaries are shown in

The tunnel and borehole dimensions for each waste form are shown in
Figure E-3. For CSF and CHLW, there is only one row of waste packages in each
tunnel. For DHLW, there are two rows in each tunnel. The tunnel is backfilled with crushed salt at the time of waste package emplacement, and no
provision is made for compaction later in time. The borehole is longer than
the waste package, so crushed salt is modeled in the top of the borehole to
act as a plug. No provision for the compaction of the crushed salt plug is
made, either.
In the repository model, the waste package is modeled in a simplified
form. The waste package model consists of waste form, overpack, and stagnant
air. Internal details, such as air gaps, canister, etc., are not included.
Because the waste form does not completely fill the length of the overpack,
stagnant air is assumed to fill the empty volume. Radiation and convection
through the air are not considered, which is conservative. Modeling the waste
form and overpack separately allows heat to flow into the salt not only from
the heated length, but also from the overpack extension above the heated
length. No air gap is assumed to be present between the overpack and the salt
at the time of package emplacement. This is a reasonable assumption because
of the high salt creep rate. It is conservative for peak salt temperature
predictions, because the contact area between the salt and the overpack is
minimized and the heat flux is increased.
The waste package is modeled in a rectangular form rather than the actual
cylindrical form. By making the perimeter of the square package model equal
to the circumference of the actual package, the package side surface area
along the waste form heated length is modeled exactly, but the end surfaces
are smaller than the actual size. Therefore, the net effect of the square
model is that the heat flux at the salt boundary is,conservatively, slightly
overpredicted.
E.3

INITIAL CONDITIONS AND BOUNDARY CONDITIONS

Nodal temperatures at ground level are fixed at 151C throughout the
transient. Prior to waste package emplacement, an initial temperature profile
is established in the depth direction by imposing a simulated geothermal heat
flux on the model at its lower surface. This constant heat input is maintained during the 1,000-year problem simulation. Under these conditions, the
initial temperature at tunnel depth is 34C.
E.4

REPOSITORY MODEL MATERIAL PROPERTIES

Material property data applied in the repository analysis are presented
in Tables E-1 and E-2. For crushed salt, the assumed tunnel backfill material, a 30% void is assumed and the bulk density corresponds therefore to 70%
of the solid salt density. The specific heat capacity for crushed salt
remains at the solid salt value while the thermal conductivity is assigned a
value equal to 10% of the solid conductivity. This is consistent with the
crushed material-modeling technique used elsewhere; e.g., Claiborne et al.
(1980), p. 19.
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Table E-1.

Material Properties Used in Repository Model

CP,

Density, gcm3

Material

J(qgC)

2.19

Salt
Crushed Salt
CSF
CHLW

1.519

2.19
3.1
2.74
8
2.0E-9

DHLW
Steel

Air

K,
W/(cm-K)

0.912
9.912
0.264
0.7

(a)
(a)
0.004

0.992

0.012
0.45
(a)

0.46
0.997

0.01

(a)See Table E-2.

Table E-2.

Temperature,

C

Thermal Conductivity of Salt, Crushed Salt, and Air

Salt
W/(cm*K)

27
77
127
177
227
250

Crushed Salt,
W/(cm.K)

0.045
0.038
0.033
0.030
0.028
0.027

0.0045
0.0038
0.0033
0.0030
0.0028
0.0027

Air(a),
W/(cm*K)
0.000262
0.000300
0.000338
0.000373
0.000407
0.000421

(a)Perry and Chilton, 1973.
THERMAL CONDUCTIVITY EQUATIONS BASED ON THE VALUES IN TABLE E-2
Salt:

K

0.049335 - 1.69183E-4 * (T) + 3.1937E-7 * (T)2

Crushed Salt:
Air:

K

K

0.0049335

-

1.69183E-5 * (T) + 3.1937E-8 * (T)2

2.403E-4 + 8.139E-7 * (T)- 3.50E10 * (T)2.
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E.5 WASTE FORM DECAY HEAT DATA
Decay heat data in normalized form are presented n Table E-3 for CSF,
CHLW, and DHLW. The data are as specified by Westinghouse in 1982 (subsequently published as Westinghouse, 1983). For CHLW and CSF, the waste material is assumed to be 10 years out of reactor while DHLW s 5 years old at
emplacement time.
Table E-3.

Normalized Decay Heat Levels

Relative Power

Time After Emplacement,

yr
0
5
10
15
20
30
50
70
100
300
500
800
1,000

CHLW

DHLW

1.0(a)

1.0(b)
0.690
0.605
0.539
0.480
0.383
0.250
0.163
0.090
0.007
0.003
0.002
0.001

0.830
0.724
0.660
0.600
0.475
0.270
0.170
0.125
0.055
0.030
0.015
0.010

CSF

1.0(a)
0.841
0.750
0.683
0.625
0.524
0.389
0.303
0.240
0.100
0.070
0.050
0.045

(a)10 years out of reactor.
(b) 5 years out of reactor.
E.6 WASTE PACKAGE THERMAL MODELS
The one-dimensional package model is depicted in its most general form in
Figure E-4. Up to four barriers can be modeled, each of a different material,
and the gaps between barriers can be solid or air-filled. Inthe latter case,
heat transfer across the gap will occur by a combination of conduction, convection, and radiation. For radiation calculations, the view factor assumes a
concentric cylinder configuration and the emissivity of each radiating surface
is set to 0.5. The convection/conduction heat transfer iscalculated using
the equivalent thermal conductivity approach described inmany references
(e.g.; see Eckert and Drake [19591 pp. 330-331). It considers two parallel
surfaces separated by a gas (inthis case, air). Heat transfer from one surface to the other occurs by conduction through the gas and by local convection
cells. The gap is assumed to be sealed at the ends so there is no net gas
throughout.
In the case of borehole packages, a gap will exist initially between the
borehole and overpack to provide emplacement clearance. Because of the high
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creep rate of salt, that gap is expected to close completely within a few
months and, for this reason, it has not been included in the current waste
package temperature calculations.
The one-dimensional package model is used to calculate peak package
temperatures for the DHLW and CHLW waste forms. For DHLW and CHLW, the waste
form is assumed to be a solid material in contact with the inside surface of
the canister and in which the volumetric heat generation rate is distributed
uniformly. Thus, the centerline temperature is related to heat generation
rate, waste form radius, thermal conductivity, and canister temperature by a
simple conduction calculation.
Figure E-5 shows the dimensions used in the one-dimensional package model
calculations. The figure shows that the modeled package envelope is somewhat
greater than the actual envelope for both DHLW and CHLW. The interface
between the overpack and the salt was modeled this way in anticipation of
greater corrosion penetration than was actually calculated. For the hotter
CIILW, the difference in this radius will cause a temperature difference of 10
to 151C at peak temperature conditions. Thus, the salt temperature will still
be within the 2501C limit. However, the increased temperature will affect
corrosion and lead to a larger corrosion allowance, which would increase the
waste package radius and reduce the interface temperature. Thus, an iterative
procedure, not warranted for conceptual designs, would be necessary to
accurately model the waste package interface with the salt.

i'

WECAN element 35, a biaxial plane or axisymmetric finite element model
with two-dimensional thermal conduction capability, is used to calculate the
thermal performance of the CSF waste package. The finite element model
applies two-dimensional, steady-state calculations that include heat transfer
effects of waste form canister dividers. These calculations are driven by
package heat load and overpack temperatures from the corresponding repository
model.
Within a bundle of close-packed fuel rods, heat transfer occurs by a
combination of radiation, convection, and conduction with the dominant mode
expected to be radiation. In the finite element model, this total heat
transfer process is represented by a conduction model using an effective
conductivity in the rodded region. The effective thermal conductivity is
based on a correlation developed by Cox (1977) which applies to a circular
bundle of heat-generating rods. For a triangular pitch rod arrangement and
considering only radiation heat transfer, the correlation relates peak bundle
temperture to canister temperature, heat load, number of rods, canister diameter, rod diameter and pitch, and rod emissivity. To apply the correlation in
the present study involving CSF, the rod-pitch-to-diameter ratio was set to
1.0 and the effective thermal conductivity, shown in Figure E-6, was developed
as described below.
Because radiation heat transfer varies with T4, the effective-thermal
conductivity used in conduction calculations was assumed to be proportional
to T :
s

~~Ke
a CT3
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The coefficient C depends on the rod emissivity and the physical characteristics of the rod bundle. Through substitution and manipulation of equations
presented by Cox (1977), the coefficient takes the form:

C

m d a Z1 + ( E) (1 + md)J£

~D

where:
m

number of rods

d

diameter of spent fuel rod

o a Stefan-Boltzmann constant

Zj = correlation constant dependent on number of rods and geometric
pattern of rod array
E

a emissivity of rods (assumed to be 0.8)

D a inside diameter of canister.
The waste form configuration and the partial section thermal model
defined by symmetry are depicted in Figure E-7. The rods comprising the
close-packed bundle are arranged in six compartments within the circular
canister. The radial compartment walls act as fins which enhance heat
transfer away from the bundle interior. Heat transfer across air gaps
outside the radial regions is assumed to occur by radiation and conduction;
local convection effects are neglected.
The effect of corrosion product buildup on the barrier temperature calculations is currently not considered in the one- or two-dimensional waste package models. Typically, the temperature differential across a metallic barrier
is very small (1°C or less) at times when the buildup is beginning to be significant. Thus, even if the corrosion product thermal conductivity was a
factor of 5 or 10 less than that of the base metal, the effect on the barrier
temperature predictions would not be appreciable.
Each waste form and its package design have been thermally analyzed, and
the results are discussed in Chapter 4.0 of this report.
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APPENDIX F - BRINE MIGRATION MODELS
To determine the amount of brine that could reasonably be expected, brine
migration calculations were performed based on the procedures discussed in
this appendix. Only the alternate commercial high-level waste (CHLW) form was
considered since it represented the upper bound (thermally) for all the waste
forms. Therefore, it is assumed that the amount of brine migrating to the
defense high-level waste (DHLW) and consolidated spent fuel CSF) waste packages would be less than that calculated for the CHLW.

;

Two brine migration mechanisms were modeled. These were liquid inclusion
migration and vapor migration. Details of these models follow. Results of
calculations are given in Appendix G.
F.1 LIQUID BRINE INCLUSION MIGRATION MODELING
One of the forms in which water exists in salt is liquid brine inclusions. These inclusions are small pockets of water containing sodium chloride
and other salts in solution either within the salt crystals or on the grain
boundaries. It has been observed by many investigators (Jenks, 1979; Gnirk
et al., 1981) that the inclusions will move toward a heat source (up a thermal
gradient). This migration of liquid has been estimated to release about
30 liters of water over about 1,000 years after emplacement, based on the
Office of Nuclear Waste Isolation (ONI) 1980 interim reference repository
conditions study (subsequently published as RRC-IWG, 1983), around a 9.50-kW
CHLW container emplaced at 15 W/mZ.
Although there have been several studies of inclusion motion within crystals of salt, little is known about what happens when an inclusion reaches a
grain boundary. The water could be trapped at the boundary, it could enter
the next crystal and continue to migrate, it could travel along the boundary
following the same general mechanism as within the crystal, or it could evaporate and travel as water vapor through small spaces between crystals. In the
following, it is assumed that inclusion motion is not affected by grain boundaries and relationships developed for motion in individual crystals will be
applied to bulk salt. This is the best available description of liquid
inclusion motion.
Several theories have been developed to describe liquid inclusion motion
in salt and several tests have been conducted measuring this motion. In most
cases, the velocity of motion is concluded to be proportional to the local
temperature gradient above a threshold gradient. The velocity is increased at
higher temperatures. Since the data have exhibited a large degree of variability (even differences of a factor of 4 in velocity of a single inclusion
at different points along its path), a commonly used correlation by Jenks
(1979) is used for this study. This correlation gives an estimatetof inclusion velocity which includes the higher velocity values of the available data
points and; thus, provides a high estimate of the amount of water collected in
the experiment. Jenks' relationship is:
log V/G

0.00656T - 0.6036

(F-1)
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where:
V/G

velocity par unit temperature gradient

T

temperature of salt,

V

velocity of inclusion,

/yr

G

temperature gradient,

C/m.

C

In addition to the assumption of negligible grain boundary effect, the
above equation also neglects the kinetic potential associated with transferring ions between the liquid and solid phases and the effect of liquid
droplet size.
The continuity equation applied to the local water content density is:
4b.

d

=

v

pV

(F-2)

where:
p z water content per unit volume of the salt, g/cm 3
V

inclusion velocity, m/yr.

The thermal analysis is used to define the temperatures and temperature
gradients for the solution since, for the very low water content of salt, the
water motion and temperature solutions are uncoupled.
The liquid inclusion motion equations are solved using the MIGRAIN computer code developed by Science Applications, Inc. (Rickertsen, 1980) for the
Office of Nuclear Waste Isolation. Westinghouse Electric Corporation has
independently verified the applicability of the computer in solving these
equations. There is one item of application of this program that requires
attention. The temperature gradient is determined from input temperature
distributions by numerical differencing of adjacent temperature nodes. It is
important to define a salt node point just on the borehole side of the boundary to avoid a spurious temperature gradient calculation at the boundary
which could result in an erroneous brine arrival rate from the node adjacent
to the borehole boundary.
As applied at Westinghouse, temperature distributions were calculated
using the models described in Appendix E. These were then used as input for
MIGRAIN which then calculated liquid inclusion migration results.
F.2

VAPOR MIGRATION MODEL

A
model.
motion
formed

second model to describe motion of
This model assumes that motion of
of water vapor through pore spaces
by evaporation of water from brine
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water in salt is the vapor migration
water in the salt takes place by
in the salt. The water vapor is
or from hydrated minerals in the

salt. Transport of water vapor is due to either pressure differences (Darcy
or Knudsen flow) or by water vapor concentration differences at constant total
pressure (diffusion flow).
This model is developed for cylindrical coordinates in which only Darcy
flow is currently being modeled.
The vapor source term can be rather complicated in salt. If the water in
'the salt exists as a concentrated brine solution, the vapor pressure of the
water will be reduced compared to that of pure water due to the effects of the
dissolved solids. Water present as hydrated minerals will also have a vapor
pressure as a function of temperature.
For the purpose of this study, the water is assumed to be present as concentrated brine solutions and the effect of reduced vapor pressure is considered. When the water begins to evaporate from the brine, the salts will
become more concentrated, further lowering the vapor pressure of the water.
The dominant constituents of brine inclusions are likely to be sodium
chloride, which is always at saturation due to being in contact with solid
sodium chloride, and magnesium chloride. The magnesium chloride is likely
present at levels well below saturation, but as the water evaporates, the
magnesium chloride will become more saturated and, thus, further lower the
vapor pressure. According to Jenks (1980), and reproduced here as Figures F-1
and F-2, the vapor pressure of concentrated solutions of sodium and magnesium
chloride can be below atmospheric pressure, even at temperatures of 2001C.
Figure F-3 is developed from these previous figures and presents the vapor
pressure of brine which initially was saturated with sodium chloride and contained 2 molal magnesium chloride versus the fractional amount of water
remaining in the brine after evaporation of some of the water. These data are
presented for several different temperatures and demonstrate the severe vapor
pressure depression of concentrated brines. These data also indicate that not
all of the water would be evaporated if the pressure in the borehole is atmospheric pressure. Furthermore, these data indicate that a discrete evaporation front will not occur in salt as would happen with drying of a material
containing pure water.
Based on the preceding discussion, it is inferred that the remaining
brine solution in the salt is in local vapor pressure equilibrium with the
water-vapor flowing past the brine. At constant temperature, the vapor pressure can only be reduced locally if the brine at that location is further
evaporated to reduce its vapor pressure. This is expressed as:

Pv

f (T, Pw)

(F-3)

where:
Pv z vapor pressure of water, atm
T

temperature,

C

Pw = local density of water in the salt, g/cm 3
f

a function relating water concentration in brine and temperature to
the fluid vapor pressure.
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The motion of the water vapor is assumed for the present study to be
driven only by variations in total gas pressure and that the flow is proportional to the pressure gradient by Darcy's law, which is:
V=

VPv

(F-4)

where:
V

velocity of the water vapor, cm/sec

k

permeability of the salt, cm2

P

viscosity of the water, poise

Pv

water vapor pressure, dynes/cm2

The equation for the conservation of mass, stating that a change in local
water density in the salt is accompanied by spatial variations in the water
vapor flow, is:
flow

g

_ V

*

P V

(F-5)

d

Finally, the perfect gas law is used to relate water vapor pressure,
temperature, and density:
PV

Pv

(F-6)

where:
R

the gas constant.

These equations have been solved numerically using discrete space and
discrete time for a axisymmetric cylindrical coordinates.
F.3
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APPENDIX G - CORROSION ANALYSIS

G.1 SUMMARY
In this appendix, predictions of the total corrosion of ferrous overpacks
exposed to a salt rock environment during the 1,000-year waste containment
period were developed.
The predictions were based on the following principal assumptions, all of
which are logical outcomes of current theory or logical inferences from
applicable data:
1. The salt rock water content is 0.75% by weight, a specification
considered to be highly conservative.
2. The expected design condition is that accessibility of the water to
waste packages can occur only via thermal mechanisms.
3. Presently available data on the corrosion penetration of iron in the
salt rock environment as a function of temperature, oxygen content,
and time can be suitably extrapolated to cover the thermal period of
containment.
4. The salt rock environment is anoxic and neutral, specifically, Eh
0.0 volt, 5 < pH < 8.
The predictions generated about the waste packages are as follows:
1. The corrosion allowance for a steel overpack was calculated based on
both expected brine availability and on the rate of corrosion in
unlimited brine.

X

2. The expected amount of liquid water to be introduced to the vicinity
of a commercial high-level waste (CHLW) package by a thermal transport mechanism during the entire thermal period is about 30 kg;
smaller amounts are expected for consolidated spent fuel (CSF) and
defense high-level waste (HLW) packages. Thirty kilograms is
enough to penetrate a surface skin of only 1.4 mm if the entire CHLW
overpack surface area is attacked. If only a portion of the surface
is attacked because thermal conditions limit the area of condensation during cooling, the limiting area to be attacked is the flat,
circular top or bottom of the overpack, and the limiting depth of
attack, based on 30 kg of water, will be about 1.9 cm.
3. If,for unforeseen reasons, the overpack is exposed to an unlimited
amount of brine, the 1,000-year corrosion penetration, based on the
kinetics of iron corrosion in saline anoxic water and the CHLW steel
overpack surface temperature history, is predicted to be 1.92 cm.
This is the corrosion allowance, which, when added to the structural
allowance, determines the overpack thickness. Being larger than the
limited water general attack depth of 1.4 mm, the 1.92-cm corrosion
allowance is the CHLW design basis.
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4. Local corrosion effects, except for pitting, are not foreseen. The
possible ratio of pitting penetration to general corrosion penetration is not expected to exceed 2, and will be easily accommodated by
the total overpack thickness.
5. The above effects and the corresponding corrosion allowances are all
smaller for CSF and DHLW waste packages.
G.2

INTRODUCTION

This appendix presents the thermodynamic, geochemical, and stoichiometric
factors that will limit and govern corrosion processes affecting overpack
materials in a salt rock environment and specifies and describes the corrosion
processes of concern. It is shown that corrosion effects are severely limited
by the general absence of water in the geochemical environment, and that waste
package failure by corrosion before the and of the containment period is
therefore a highly improbable event. In succeeding sections, the evaluation
of metals for use as overpacks in saline environments is described, and the
choice of carbon steel for thick section waste packages will be justified on
the basis of corrosion behavior. It will be shown that, even were a stoichiometric sufficiency of water available for corrosion, the kinetics of the
process, when conservatively accounted for through careful design, cannot
compromise package integrity within the 1,000-year containment period
required.
G.3 GENERAL CONSIDERATIONS
G.3.1

Thermodynamic Factors

The thermodynamic character of metals with respect to corrosion susceptibility is most easily shown by their Pourbaix (oxygen potential versus pH)
diagrams (Pourbaix, 1974). For iron, the metal of choice for waste packages
in salt, the 251C Pourbaix diagram is presented in Figure G-1. In this diagram, the region between the two lines slanting from upper left to lower right
is the range of existence of liquid water; above the upper line, the potential
is great enough to oxidize water to oxygen, and below the lower line, the
potential is low enough to reduce water to hydrogen. This figure shows that
for iron there is no region in common between the stable metallic phase and
the stability range of liquid water. This means that this metal is thermodynamically unstable in an aqueous environment and must depend on stoichiometric or kinetic factors for corrosion protection.
Iron exhibits the phenomenon of passivation over a wide region of the
diagram. In the passivation domain, a metal forms a film, usually an oxide,
on its surface which tends to prevent contact of the metal with the corroding
medium. The rate of corrosion then becomes a kinetic matter, depending mostly
on the character and degree of perfection of this passivating film. Whether
the metal lies in the passivating domain or not depends on the oxygen potential and the pH, and therefore on the thermochemical properties of the
environment.
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Figure 6-1.

Eh-pH Diagram for Iron

G.3.2 Thermochemical Environment
Other than ground-water composition and temperature, the primary geochemical attributes of the host geology considered are Eh, a measure of the
oxygen potential, or relative oxidizing ability of the environment, and pH, a
measure of its hydrogen ion activity or relative acidity. These factors are
related at 25°C by the equation:

Eh

1.23

+

0.0148 log (P02) - 0.0592 pH

(G-1)

where P is the oxygen partial pressure inatmospheres and Eh is the oxygen
potentil" in volts (Pourbaix, 1974). Air-saturated brine represents one
practical extreme, corresponding to an oxygen pressure of 0.2 atm, or, at

pH 7, a potential of 0.8 volt. The opposite extreme can be taken as one
atmosphere of hydrogen (10
atm 02). corresponding, at the same pH, to a
potential of -0.41 volt.

These respective extremes and their neighborhoods

are spoken of qualitatively as oxicH and anoxic,' representing environments
which are respectively strongly oxidizing and strongly reducing. They are
rough designations, each intended to encompass and characterize a particular
range of data having either a high or low oxidation potential in terms of the
extremes defined.
Inambient salt rock, the brine content is estimated to have a pH of 5 to
8 and an Eh of -0.2 to -0.4. These pH estimates come from direct measurements
(Casper and Pinchback, 1980, for example), but careful in situ Eh measurements

have not been made, and the Eh of inclusion brine has therefore been estimated
indirectly from a variety of sources: (1)brine being discharged from a large
pocket in the Waste Isolation Pilot Plant (WIPP) site has been sampled and
analyzed and its Eh found to lie in the range -0.21 to -0.23 volt. This brine
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contains sulfide anion (analysis, 500 to 1,000 ppm as H2S) and, therefore,
could not contain free oxygen; (2)Garrels and Christ (965) and Pourbaix
(1974), in general discussions of mineral Eh environments, conclude that
brines must be quite anoxic, especially in the case of marine evaporates,
within which the residue of decomposed organics would guarantee a reducing
atmosphere; (3) theories for the formation of sulfur deposits beneath the
caprock over salt domes, a common geologic feature, require reduction of
calcium sulfate (gypsum or anhydrite) associated with the salt rock
(Krauskopf, 1979). Such reduction is incompatible with an oxic environment.
During the period of air exposure, when the repository is active, exposed
repository minewaters can be expected to become oxygen contaminated, so that
to some depth (probably no more than a few centimeters), water in the connected porosity (ifany) of the salt rock can become oxic. Therefore, the
salt rock characteristic anoxic oxidation potential will be reached at some
short, but indeterminate, time after repository closure. It is certain that
this will happen; once the repository is sealed from atmospheric intrusion,
the waste package overpacks themselves will act as getters, consuming oxygen
in the process of corrosion until the oxygen partial pressure is reduced to
that prevailing in the geology, after which corrosion becomes anoxic.
G.3.3

Stoichiometric Considerations

G.3.3.1 Corrosion Reactions
Metallic corrosion in aqueous solutions occurs by an electrochemical
process initially involving oxidation to metal ions and the release of electrons. This reaction for a divalent metal would be summarized as:
MO

M++ +2e

(G-2)

Consequently, aqueous corrosion can only occur provided that some chemical constituent of the solution accepts electrons to undergo a reduction
reaction. Two reduction reactions commonly encountered during metallic
corrosion under anoxic and oxic conditions are (Fontana and Greene, 1978):
2H20

+

*H2 + 20H

2

2H20 + 02

+

4e

(G-3)

4 (OH)

(G-4)

Equations (G-2) through (G-4) can be combined to identify typical reactions
for iron corrosion:

Fe

+

2H20

Fe++ + 20H- + H2

Fe + H20 + 1/202

(anoxic conditions)

Fe' + 2H- (oxic conditions)

(G-5)
(G-6)

Actually, the oxidation proceeds further, to magnetite:
3 Fe

+ 6 H-

Fe304 + 2H20 + H2

Thus the overall stoichiomatry works out to:
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(G-7)

3 Fe + 4H20 r- e304,+ 4H2

(anoxic conditions)

(G-8)

3 Fe + H20 + 3/2 02

(oxic conditions)

(G-9)

Fe304 + H2

Equations (G-8) and (G-9) are not equivalent. The anoxic stoichiometry
requires four times as much water for the complete transformation of a given
mass of iron as the oxic case, while the oxic case requires essentially free
contact with air, 1.5 moles of oxygen being required for each mole of water.
These equations have no reference to corrosion kinetics, or to the actual
mechanisms of the reaction.
In addition to the data cited earlier indicating the anoxic condition of
the brine in a salt deposit, solubility considerations indicate that inclusion
brine would produce conditions of anoxic corrosion. The solubility of oxygen
in brine is less than 1 ppm under ambient conditions (Kaufmann, 1971). This
strongly suggests that oxic corrosion stoichiometric requirements, Equation (G-9), cannot be satisfied without substantial oxygen refreshment.
It is enlightening to calculate the amount of water required for the
complete consumption of the overpack of a typical waste package according to
the stoichiometry of the foregoing reactions. For a CHLW package of carbon
steel with a mass of about 7,300 kg, the complete consumption would require
about 3,100 kg of water in the anoxic case, or 800 kg in the oxic case (3,700
and 950 kg of brine, respectively)*.
G.3.3.2

Limited Water

There are two aspects to stoichiometry considerations in the waterlimited case: (1) the total amount of water present, and (2) the amount of
water which can be delivered to the waste package by transport mechanisms
characteristic of the geology.
Salt rock moisture has been variously estimated. At one extreme, Knauth
and Kumar (1981), using an advanced analytical method, found the moisture
level in six Louisiana salt domes to average 0.003% (anomalous zones of seepage or fluid inclusions can contain up to 10 times this amount)**. At the
WIPP site, samples have ranged from 0.1 to 1.7% liquid, mostly as inclusions
(Powers et al., 1978). Analyses made at Project Salt Vault in the Carey Mine
at Lyons, Kansas, showed a maximum liquid content of 0.25% (Bradshaw and
McClain, 1971). Many other analyses have been reported (Jenks and Claiborne,
1981). Jenks and Claiborne point out that hydrous minerals, common in some
regions of salt rock deposits, can contribute significantly to the total
amount of water in a sample. Such regions would be avoided in salt repositories as a matter of course. Jenks and Claiborne themselves use a reference
water content of 0.5% for bedded salt and 0.2% for domal salt for their analyses of brine thermal transport. The imposed reference level for the present

* Specific gravity of brine - 1.2.
** Except where noted, all water content figures are weight percent.

175

discussion is 0.75X water by weight; this is regarded as conservative, especially for domal salt, which is probably the driest of any terrestrial rock
type. A water content of this magnitude may be due to local concentrations
of hydrated minerals, which add a component not representative of overall
conditions.
The reservoir of water in kilograms in the spherical column of salt
within a distance, r, of any given point in a salt deposit is
M

69.1 r3

(G-1O)

if the water content is 0.75% by weight. For waste packages, it is more useful to assume a cylindrical region internally bounded by a waste package.
Assuming a CHLW package (a 4.47-m-long cylinder 0.763 m in diameter), the
water reservoir is approximately:
M

228 (r2 - 0.145)

(G-11)

Thus, for example, the water contained within 1 m of such a package (1.38 m
from its center) is 401 kg and, within 2 m, is 1,258 kg.
The stoichiometry of anoxic consumption by corrosion of the entire mass
of a carbon steel CHLW borehole package was shown to require about 3,100 kg of
water. Equation (6-11) predicts that such consumption would exhaust the water
from a cylindrical region about the waste package 3.7 m thick. Since the
pitch of CHLW packages in a typical repository is about 24 by 26 m, such consumption would not exhaust the water content of the rock between waste packages. From another viewpoint, if the areal loading of a CHLW package is
15 Wm 2 and its energy dissipation is 9,500 W, the equivalent area is 633 m 2;
taking the height the same as that of the waste package of Equation (G-11),
4.5 m, the equivalent volume is 2,850 m3 . Using 2.2 x 103 kg/ms for the
density of salt rock, the mass is 6.3 x 106 kg, whose water content, at the
conservative specification of 0.75%, is 4.7 x 104 kg. Comparing this with the
3,100 kg of water required to corrode a waste package overpack completely, we
conclude that on a repository-wide basis and strictly from the stoichiometric
point of view, a nominal 7% of the water content of the repository would be
required to consume all contained package overpacks by corrosion. This presumes, however, that all the water is accessible, which is far from the case,
as the following section will show.
There is no isothermal hydrological (Darcy's Law) movement of brine
through either domal or bedded salt, but there are two thermal transport mechanisms which are thought to occur, both of which deliver water from the cold
side of a thermal gradient to the hot side (Jenks and Claiborne, 1981):
(1)motion of brine inclusions through individual crystals, and (2) vapor
transport of water via cracks and crystal boundaries. Whether these mechanisms occur independently or cooperatively, i.e., whether the amounts of water
should be summed or treated separately, is not known; moreover, the relative
amounts are strongly dependent on uncertain salt parameters, such as permeability. These mechanisms are discussed in Appendix H, where the calculational model for each mechanism is summarized. Results of the calculations
are given in Table G-1 nd shown in Figure G-2. The data for permeabilities
greater than about 2 nm' cause the computer program used for these calculations to converge quite slowly, and no curves for higher permeabilities were
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Table G-1. Thermal transport of Water to a Borehole Waste Package

Waste
Type

Permeability,
nmz

Pressure
MPa
Atm

Saturation
Temperature,
°C

Condensation
Isotherm
Collapse
Time,
yrs

Water
Transported,
£

Terminal
Time,
yrs

13.4
10.5
0.08

100
100
100

1. Inclusion Transport(a)
CHLW
SF
DHLW

-

-

-

1
5
10
15
1
1
1
5
10
15
20
1
5
10
15
1
5
10
15

0.101
0.506
1.01
1.52
0.101
0.101
0.101
0.506
1.01
1.52
2.03
0.101
0.506
1.01
1.52
0.101
0.506
1.01
1.52

2. Vapor Transport
CHLW
CHLW
CHLW
CHLW
DHLW
SF
CHLW
CHLW
CHLW
CHLW
CHLW
CHLW
CHLW
CHLW
CHLW
CHLW
CHLW
CHLW
CHLW

2
2
2
2
1
1
1
1
1
1
1
0.1
0.1
0.1
0.1
0.01
0.01
0.01
0.01

(a)Independent of pressure and permeability.

100
152
180
198
100
100
100
152
180
198
212
100
152
180
198
100
152
180
198

75
38
28
20
170
75
38
28
20
13
75
38
28
20
75
38
28
20

298
46
7
0
57
134
220
38
5
0
0
98
29
3
0
44
22
1
0

40
10
30
80
40
10

40
10
40
10

300

w
Ia-

200

Uj

a
100
4

0
0

1.0

0.5

1.5

PRESSURE, MPa
706990-IA

Figure G-2.

Vapor Transport of Liquid Water to a Commercial

High-Level Waste Borehole Canister

178

.I

_

run, although the Office of.Nuclear Waste Isolation (ONWI) data for salt suggest an upper limit of 50 nmd (0.05 mD). However, the water delivery for
infinite permeability at 0.1 MPa was estimated by an approximate method to be
1,000 to 1,100 liters, deliverable in a time >30 and <100 years. According to
Tabl G-1, this is little more than three times the delivery calculated for
2 nmZ
These data show that the major influx of water appears to come from the
vapor transport model, but also show that the volume of water delivered by
this mechanism is a strong function of the pressure in the target region and
of the salt rock permeability, decreasing rapidly as the former increases and
the latter decreases. The amount of brine* delivered by the inclusion mechanism is smaller (for the pressures and permeabilities shown) and independent of
the factors above; it is, however, dependent on the local thermal gradient,
and there is a threshold gradient below which no transport can occur (Jenks
and Claiborne, 1981). Thus, as indicated in Appendix F, a terminal time for
transport can be calculated for either mechanism: for vapor transport, when
vapor pressures are equilibrated; and for inclusion transport, when thermal
gradients decrease below the threshold. These terminal times are listed in
Table G-1.
The foregoing water quantities are estimates which, although based on the
most sophisticated and carefully reasoned mechanisms available, suffer the
problem that they are unproven and there is considerable uncertainty in several supporting parameters. As Jenks and Claiborne (1981) put it, If it is
deemed necessary to have accurate values for brine migration in a repository,
only in situ testing at the disposal horizon can produce values with relatively small uncertainties. Nevertheless, it is judged that the following
analysis deals adequately with a range of water influx values probably
spanning reasonable expectation.**
To assess the effect of the projected fluid delivery on overpack corro-,
sion, we first examine separately the pressure and permeability factors as
affected by expected repository events. The pressure in the delivery volume
is initially 0.1 MPa (1 atm) and extends through the loosely packed salt in
the 1 or 2 cm-wide annular clearance volume about the waste package in its
borehole and upwards through the covering packed salt and into the tunnel
above, also assumed to contain a backfill of loosely packed salt. Any fluid
appearing at this stage, whether vapor or brine, cannot condense or remain
liquid near the hot overpack surface. It-will rise as vapor into the borehole
backfill above the waste package and into the tunnel region, where it will
condense at the position of the condensation isotherm. Accordingly, corrosion
at the overpack surface would not correspond to the rate in an aqueous solution but to the more benign rate in a fairly pure steam atmosphere; this
latter rate is orders of magnitude smaller (Solberg et al., 1942).

* Note that whereas brine is delivered by the inclusion mechanism, water is

delivered by the vapor transport mechanism.
** A field experiment by Westinghouse to study brine thermal transport was in

an advanced preoperational stage (subsequently published as Westinghouse,
1983a) and general isothermal transport studies have been proposed.
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At 0.1 MPa, the condensation isotherm for water vapor is at 100°C.
However, water condensed there will immediately encounter large surface area
granular salt backfill with significant intergranular porosity (loosely packed
crushed salt). The condensate will immediately dissolve some of the salt,
thereby raising its boiling point and permitting downward gravity flow to
points below the condensation isotherm, dissolving more salt as it goes, until
it becomes saturated at an isotherm corresponding to its new boiling point.
This isotherm will probably lie in a range near 1081C (the boiling point of
saturated sodium chloride at 0.1 MPa) depending on the local crushed halite
composition.* The boiling isotherm will thus be lower, hotter, and closer to
the waste package than the water vapor condensation isotherm. The consequences of brine transport to the hot waste package must then be transport of
salt from the region of the condensation isotherm to the region of the boiling
isotherm by successive processes of dissolution, gravity transport, and evaporative crystallization. The recrystallized salt will be of a higher density
than the porous mass of crushed salt from which it originated; accordingly, a
void whose volume corresponds to the difference in porosity between that of
the crushed salt and that of the recrystallized salt will be created along the
contour of the condensation isotherm and, at the same time, a shall of high
density salt will grow on the contour of the boiling isotherm. Water vapor
rejected by the recrystallizing salt will recirculate upwards, condensing at
the upper isotherm to iterate the process.
Since the rock is still being heated by the waste package, the isothermal
surfaces will be expanding into the rock, and both condensation and boiling
isotherms will move outward and upward. Therefore, evaporative recrystallization of the salt being borne downward by condensation will occur at a continually greater distance from the waste package. Under these circumstances, the
shell of recrystallized salt will become thicker; if the rates of salt deposition and rock heatup are suitably related, the shell will also undergo sufficient accretion to become impervious, with consequences to brine transport
which are discussed below.
Whether the shell as a whole becomes impervious or not, a ring of dense
salt must grow about the circular region where the condensation/boiling isotherms have intersected the tunnel floor; a concentric ring will be created
around the borehole. This accretion must occur as a result of the descent of
condensate from the outer parts of the curved condensing isotherm contour,
where the vertical drip line falls outside of (and cannot intersect) the inner
boiling isotherm contour. Thus, this liquid does not evaporate; it will be
deployed on the tunnel floor around the borehole and will deposit salt there
as it spreads to cooler, outer isotherms where the salt solubility is lower;
more salt will be deposited at the boiling contour as it expands. This mechanism ultimately traps the accumulated condensate outside of a ring of dense
crystalline accretion.

* The solution composition was expected by Westinghouse in 1982 to be close to

that of brine "B" (subsequently published as Westinghouse, 1983b), i.e.,
dissolution brine, containing only 10 mg/L of Mg', as compared with
115,000 mg/L of Na+. Accordingly, little effect on the boiling point of the
brine is expected from an increase in Mg++ concentration.
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In

Reliance on the mechanisms in the foregoing paragraphs is not essential
to the overall corrosion argument. They do, however, describe one possible
ultimate consequence of brine migration to a nuclear waste package borehole
configuration and the ultimate disposition of the delivered fluids, issues
which are certainly of consequence in this context, and which have not been
previously addressed. Moreover, essentially simple laboratory experiments can
be devised to verify and elaborate upon the conjectures made here, and it is
recommended that such experiments be carried out.
Over a period of many years, the isotherms will reach a maximum displacement from the package, and, as it cooled further, will begin to collapse
inward, back toward the package. At some time (postulating an unchanged
pressure), the condensation isotherm will intersect the package and, for the
first time, condensate would be in contact with metal. This time as well as
times for other isotherms has been calculated for a 9,500 W reference CHLW
package and presented in Table G-1. The calculated package-condensation time
for the 0.1 MPa isotherm is 75 years, considerably longer than the calculated
delivery time for the water, 50 years, which means that in this constant
pressure mechanism, water vapor will never condense at a waste package but
will be conveyed into the intergranular voids of the tunnel backfill where it
will condense and remain, walled off from return to the waste package by the
ring of dense salt accretion about the top of each borehole.
But in a deformable medium like bedded or domal salt, subject to high
lithostatic pressures, the isobaric scenario described is unlikely to continue
indefinitely. Over a time range of a few years, certainly within a few tens
of years, the salt is expected to deform, under the lithostatic forces exerted
; at repository depth, densifying the crushed salt in the tunnel and in borehole
canister clearances, so that the volume available for a steam phase is
decreased sharply. Ultimately, communication between the borehole and the
tunnel is either severed or made negligible. If,as posited in the condensation mechanism above, a shell of nearly impervious salt has accumulated
above the borehole, the deformation forces may complete its densification and
cut off communication earlier than would otherwise be possible. The effect is
an increase in pressure at the now much smaller delivery target volume, and
according to Table G-1 and Figure G-2, a decrease in the volume of water which
can be delivered via the vapor mechanism and a shortened delivery time. Note
also, from Table G-1, that the time for collapse of each successive higher
pressure isotherm to the overpack, i.e., the time until condensate forms at
the overpack surface, is in every case longer than the fluid delivery time.
Thus, no matter how the pressure increases, the canister will be surrounded by
a steam phase for much longer than the water transport is effective.
But the deformation of the salt has a second effect which requires examination of salt permeability in more detail. Jenks and Claiborne (1981) state
that there is general agreement that the permeability of native salt rock is
0.5 nmz (0.5 Darcys).* This conclusion is based on work of various
investigators who have studied salt permeability experimentally and have shown
that deformation of salt under external pressure tends to decrease its permeability toward indefinitely lower values, sometimes beyond the limit of

*The actual conversion factor is 1 nm2
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1.013

Darcy.

detection, which appears to be about 0.01 nm2
Claiborne. In fact Gilpatrick et al. (1982) for the data cited by Jenks and
present a simple inverse relationship between permeability and time for long
line salt permeability, P a k/t, where k depends time (few years) polycrystalon crystal size and applied
pressure. The operational permeability is
therefore
difficult to measure in a
laboratory because salt specimens relax when
removed
from the native rock and
display permeabilities which can be orders of
magnitude
higher than the
in situ values. Thus, whichever curve of Figure
G-2
represents
the the initial permeability for a repository is essentially
an upper limit. As time
passes and deformation of the salt results
in continuously increasing pressures in the target volume, the same deformation
processes will result in
ever-decreasing salt permeability. Therefore,
the
true water delivery cannot
be directly determined from any of the curves
of
Figure
G-2, but must be estimated by assumptions about how long each successively
lower curve constitutes
a suitable approximation of the amount of water
delivered.
Such assumptions depend on consideration
tion process, an area beyond the scope of this of the details of the deformaappendix. However, the ultimate lithostatic pressure expected in the repository
magnitude larger than the pressure which, according is 15.4 MPa, an order of
to Figure G-2, is sufficient to suppress vapor migration completely.
Moreover,
the deformation
process will be considerably accelerated by
the
high
temperatures
in a
repository, especially in the immediate vicinity
of
waste
packages.
Accordingly, development of pressures of a few MPa
with
correspondingly
low
permaabilities within a few years of repository
sealing
would
not
be
unexpected.
If such pressures developed within a period
of 10 years, for example, a judgmental assessment of the array of curves
on
combined with the brine delivery by inclusionFigure G-2 would suggest that,
transport (independent of
pressure and permeability), an estimate of
total
CHLW borehole might be about 30 liters. Using fluid delivery to a typical
Table G-1 to scale the delivery
to CSF and DHLW packages we get respective
figures
of 18 and 8 liters. This
fluid would be delivered during a time period
throughout
which, according to
the isotherm collapse-time data of Table G-1,
the
overpack
surface remains at
a temperature higher than the local saturation
temperature.
The general conclusion of the foregoing analysis
is that no thermally
transported water or occlusion transported
brine
in
the
form of a liquid will
reach the surface of the canister during the
period
of
brine
transport. It
will either escape from the borehole as vapor,
or, if transported after salt
deformation effectively closes the borehole,
diminished quantity, and linger, in the form it will arrive in considerably
of steam, until the condensation
isotherm at the prevailing local pressure intersects
the waste package. The
liquid, if any, present at any subsequent time
cannot
exceed the amount condensable from the vapor volume now surrounding
and accessible to the waste
package. If the deformation process has completely
closed up the annular
region around the waste package, this vapor
volume
will be minimal, and the
amount of liquid likewise. This liquid will
not
be
supplemented by further
transport because, as shown above, condensation
on
the
waste package does not
occur until after fluid transport has ceased.
It
is
important
to consider how
corrosion could proceed subsequent to this condensation
process.
In general, the penetration depth
corrosion depends not at all on the
amount of water present but only on the ofrate
water react. Only if the rate is quite fast at which the overpack metal and
with respect to the expected
182

lifetime of the body being attacked will the stoichiometric factor of mass of
water versus mass of metal become important. It is shown in this appendix
that those rates are predictable for steel and that for steel overpack
designs, a generous corrosion allowance has been added so that the overpack
structural strength will remain unimpaired even were this corrosion allowance
completely consumed by an unlimited influx of water. In the present context,
therefore, we can ask whether the amount of water stoichiometrically necessary
to consume the corrosion allowance is greater or less than the amount of water
expected to be delivered by the thermal mechanisms described, and we can be
confident that even if water is in excess, the corrosion kinetics will nevertheless prevent consumption during the containment period.*
For the reference steel CHLW borehole package, that is, the package
expected to have the hottest surface and draw the most water from the surrounding brine, the corrosion allowance calculated in Section 4.1.2 of this
document is 1.9 cm. This thickness is added to the structural allowance over
the entire overpack surface, and has a mass of about 935 kg, requiring 400 kg
of water for its stoichiometric consumption via Equation (G-8), assuming uniform general corrosion over the entire surface. This quantity of water is
much larger than any prospective delivery by thermal migration. In fact, the
uniform penetration depth of a residual 30 kg of water, the amount expected
from thermal transport, would amount to only about 1.4 mm.
It is possible that this water condensate does not attack the entire area
of the waste package, however, but is so limited by thermal and clearance
volume considerations that only a fraction of the surface is covered by
liquid. For instance, the condensation isotherm may intersect the waste package in such a way that only the top is cool enough to permit condensation. It
is assumed that all points on the top of the overpack are separated from the
waste form by sufficient conductive metal so that they are at a reasonably
uniform temperature, allowing u iform condensation. For a CHLW package, this
top has an area of about 0.4 m so that, with the corrosion depth allowance
of 1.9 cm, the mass allowance for corrosion is about 70 kg and requires about
30 kg of water for its consumption (about 43 kg of brine). This uniformly
wetted top - or bottom, if thermal conditions so indicate - is a minimum area
for attack, and represents the stoichiometric lower limit. Thus, the corrosion allowance requires for its consumption an amount of water about equal to
the amount residual in the borehole from thermal migration if it is the only
surface attacked. This is an improbable event because other regions of the
surface will cool to below condensation temperatures long before the residual
water could be completely consumed by corrosion.
Similar considerations apply to the other waste package types.
ation is summarized as follows:

The situ-

* In this connection, note that the corrosion allowance is calculated for the

entire thermal period, while water condensation can occur only during the
later part of the period, when temperatures are lower; this procedure
applies a further measure of conservatism in design. Of course, the time to
the establishment of a stable lithostatic pressure is uncertain.
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Package
Type
CHLW
CSF
DHLW

Corrosion
Allowance, cm

Expected
Water, kg

1.92
2.30
0.95

30
18
8

Stoichiometric Penetration, cm
Overall
Top nly
0.14
0.07
0.04

1.9
0.95
0.46

The CHLW package attracts the most water because it has the hottest surface
early in life. The CSF package requires the greatest corrosion allowance
because it has the longest hot transient during the thermal period. The water
amounts have been expressed in kilograms rather than liters because to this
approximation the density of water can be taken as 1 kg/m3.
The conditions analyzed in the preceding paragraphs express concepts
included specifically for the sake of conservatism:
1. It is not certain that liquid water will ever be present in the
borehole.
2. If it were present, regardless of its amount or the area attacked,
kinetic effects would prevent corrosion through the corrosion allowance thickness before the end of the 1,000-year thermal period.
3. If the permeability of the salt rock decreases as predicted, very
little water, either vapor or liquid, will reach the borehole.
4. It is considered that the reference water content used here, 0.75%
by weight, s substantially higher than what will be experienced n a
real repository, especially if a domal salt geology is selected.
Thus, the conclusion can be made that, in the limited brine situation, in
which access of brine to the waste package is controlled by its rate of movement through the salt rock toward the hot waste package, corrosion consumption
of the overpack is highly improbable; moreover substantial corrosion penetration of a small region of the overpack (to which brine might be limited by
thermal conditions) is not only highly improbable, but, if it occurs, could
not affect the package integrity during the containment period.
Jenks (1972) points out that evaporation of a salt brine containing a
mixture of NaCl and MgCl2 will first precipitate NaCl with a concomitant concentration of MgCl2. This can be understood by examining the NaCl/MgCl2 phase
diagram in Figure -, Appendix F. With continued water loss, a saturated
solution of MgCl2 in equilibrium with solid MgCl2;nH20 will result.
Hydrolysis of such a concentrated solution will produce HCl:
MgCl2 + H20

Mg(OH)Cl + HCI

(G-12)

with a resultant drop in pH and resultant increase in corrosion aggressiveness
by the residual liquid. For example, if we start with a solution of the WIPPA type (as reported by Westinghouse in 1982 and subsequently published as
Westinghouse, 1983b), which is about 0.7 molar in NaCl and 0.4 molar in MgCl2,
Figure F-1 shows that at 1001C (for example) the resulting saturated brine is
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about 7 molar in gC12, requiring the water content to decrease by 7/0.4
17.5 times. Obviously this can occur only in an unconfined configuration.
Thus, this mechanism is of little concern, since we expect no liquid phase at
the waste package until condensation can occur, and little thereafter; moreover, the liquid will at that time be confined, and in equilibrium with its
vapor. Accordingly, it cannot undergo the 17-fold (or more, at higher temperatures) concentration required to produce HCl in significant amount.
There are no expected processes or conditions by which the water-limited
character of a salt repository could be compromised. Two major areas of concern which have been discussed are brine pockets and naturally induced salt
dissolution by waters from a deep-lying aquifer. It is anticipated that brine
pockets within the salt horizon would either be penetrated and drained during
repository mining, or else, since they can be detected at some distance, be
avoided by a sufficient margin. Likewise, regions of a bedded salt geology
suggestive of the possibility of deep dissolution, similar to the breccia pipe
formation in southeastern New Mexico, can be avoided by appropriate repository
site selection. Even if a structural defect were to exist, undetected, above
any underlying aquifer, such that deep dissolution could begin at some future
date, the upward penetration of fluid is a slow process with respect to geologic time, and cannot be considered as a serious hazard to the corrosion of
overpack materials.
G.3.4

Local Corrosion Processes

Local corrosion processes are of concern because they can result in penetration of an overpack with a minimum of metal loss, and therefore can occur
even in a limited-water environment. The possible local processes applicable
to the waste package situation include crevice corrosion, pitting, galvanic
corrosion, and stress corrosion cracking. These processes are briefly
characterized in the following paragraphs.
Crevice corrosion and pitting operate in the same way, differing only in
that pitting is self-initiating. A crevice is a geometrically stable pit,
ready formed; pitting must be stimulated. Pitting in a saline environment can
have its inception in a microscopic surface chemical inhomogeneity, in a
physical irregularity, or even in a statistical fluctuation in local corrosion
rate. If incipient conditions stabilize sufficiently, pit formation occurs;
rapid dissolution occurs within the pit while the cathodic reaction occurs
outside it, on adjacent surfaces. Whether pitting or crevice corrosion, the
process is autocatalytic, tending to produce an excess of positive charge
within the pit, which attracts negatively charged chloride ions (the less
mobile OH- ions remain outside the pit and participate in the cathodic
reaction); these further stimulate metal dissolution and create more positive
charge. The hydrolysis of excess metal chlorides accumulating within the pit
produces excess hydrogen ion, and the pH decreases (pH values as low as 2 have
been measured in pits occurring even in alkaline bulk solution environments);
this further stimulates dissolution. At the crevice or pit/solution interface, insoluble corrosion products tend to form due to a reaction between the
OH- ions outside and the ferrous ions within. As the metal about a crevice is
attacked, the distinction between a pit and a crevice vanishes.
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The solution with a pit tends to be concentrated,
and therefore more
dense than the bulk solution. Accordingly,
gravity
has
an effect, so that
lateral and especially inverted pits tend to
cease
growth
quickly, as the
denser solution drains out. On the other hand,
lateral
pits
can turn downward
from gravitational influence and can form long
channels
underneath
and parallel to a vertical surface. Further general
undercut grooves, and the groove surfaces can corrosion will than expose such
be sites for further pits. Top
surfaces, of course, represent the worst pitting
sites, because the gravity
effect tends to stabilize pit growth and pit
progress
is exactly in the
direction for maximum depth of penetration.
Galvanic corrosion occurs because of the potential
difference between two
dissimilar metals in a conducting solution.
If
they
are
in contact, electron
flow between them causes compensating metal
dissolution
or
ion-discharge processes at the surfaces exposed to solution.
Corrosion
of the more corrosionresistant (nobler) material is usually suppressed
while that of the more
active material is enhanced compared with the
rates obtained when they are not
in contact; the more noble material is the cathode
and the more active, the
anode, in the galvanic call. The magnitude
of
the
effect is strongly affected
by the relative exposed surface areas of the
two
metals;
a large cathode-small
anode is the most unfavorable case. The effect
is greatest near the junction
and that is where damage is usually localized.
Susceptibility to galvanic
corrosion can be assessed by the use of the
galvanic
ser-ies for metals in a
given medium (not the standard electromotive
force,
or
EMF series, which is
thermodynamic in scope, and does not incorporate
the
essential
kinetic
factors).
Stress corrosion cracking (SCC) of metals occurs
by the synergistic
action of tensile stress and a specific
chemical
environment.
The characteristic of SCC is that fine cracks are initiated
and
progress
through
a metal
without appreciable corrosion damage either
to
the
general
metal
surface
or to
the surface of the crack. The cracks may be
either intergranular or transgranular; they have the morphology of a brittle
propagation vary over a wide range and generallymechanical fracture. Rates of
increase as the residual
undamaged cross section decreases in size. Cracking
lowering residual stresses: annealing, thickening can be prevented by
sections, or reducing
loads. A related type of cracking can be caused
by
hydrogen embrittlement,
the hydrogen being produced by corrosion and
radiolysis.
It will be shown in subsequent sections that
overpack failure during the
containment period through any of the local corrosion
phenomena described in
the foregoing paragraphs is highly improbable,
either
because of lack of susceptibility, slowness of kinetic response, or
careful
design. Should such a
low probability event occur, however, and one
of
these
forms of corrosion
prevail, the final result would be a hole or
crack
penetrating
through the
overpack, exposing the waste form to possible
leaching
of
radioactive
material
and its transport toward the biosphere. But
in
the
absence
of
any
appreciable
amount of water, and with no known mechanism
for isothermal transport through
salt rock, such leaching and transport themselves
become highly improbable.
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G.3.5

Radiolysis*

Radiation from a waste package, which passes through the overpack and can
interact with the package environment, will consist exclusively of gamma radiation and neutrons. The principal effect of this radiation, insofar as it
affects orrosion, comes from radiolysis effects on the water and salt surrounding the package.
The radiation effects come in several stages. Initial effects are
inferred to occur in spurs along the attenuation path, in which an assortment
of short-lived primary radiolysis products form. Subsequently, in submicrosecond times, these products interact among themselves and with unaltered
molecules near them, and diffuse into a more or less homogeneous distribution.
The final persistent molecular products in a brine are likely to be H2, 02,
and possibly C10 3 - and BrO3.
In the steam phase likely to surround a waste
package for a considerable portion of the containment period, the concentration of such products is expected to be negligible. However, the presence of
nitrogen (from air) would lead to the production of some level of NO and N02
entities, which can hydrolyze in the presence of condensed moisture to form
nitric acid, HN03.
The most general effect of the products described, from the corrosion
point of view, would be to raise the oxygen potential, or Eh, of the brine,
and possibly, to make it more acidic; i.e., lower the pH. The amount of the
change is dependent on the concentration of the radiolysis products, and
therefore on the energy deposition experienced. The latter varies over a
range of several hundred grays per hour for a high-level waste a few years out
of a reactor to less than 1 Gy/hr for spent fuel about 200 years out of the
reactor. For scale, 1 Gy/hr is equivalent to production of the order of
10-4 moles per hour of radiolysis products, depending principally on the
nature of the solution and the rate of the removal of products by reaction or
recombination.
An increase in Eh may lead to increased corrosion, but may also lead to
improved passivation of materials like iron. There are few data on this
point, none which can be counted as long term; therefore, at the present time,
the effect of radiation in terms of increasing oxidation potential is impossible to predict. The kinetic equations developed for corrosion rates in iron
therefore contain no radiation allowance. However, both equations are
extremely conservative. Moreover, the existence of steam around the waste
package for a considerable portion of the containment period will reduce the
radiolytic effect, since the steam blanketing occurs early in life, during the
period when radiation is high.
On the other hand, as indicated above, when steam blanketing occurs,
there is a possibility of creating nitric acid from residual nitrogen. Again,
there are insufficient data to allow prediction of whether the amount created
is at all significant. However, the flux of transported vapor from the salt
rock into the neighborhood of the waste package and its thermal expulsion into

*

Except where specifically indicated, this brief review is based on Jenks,
1972; 1979; 1980; and Glass, 1981.
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the overlying tunnel would tend to reduce the nitrogen concentration in the
vapor in the limited free volume around the package, so the radiolytic creation of nitrogen oxides would be minimal. Moreover, there would be no effect
on corrosion until the condensation phase. A fix which might be considered
and which would also be effective for neutralizing any HCl created by MgCl2
hydrolysis (see Section G.3.3), is the addition of a small amount of CaO
(quicklime) to the crushed salt used to backfill the boreholes. This material
would, in addition to reacting with any acid to form a neutral salt, absorb
water to form Ca(OK)2 (slaked lime) with a significant voluma-increase. Thus,
benign.basic pH would be maintained, some amount of water would be immobilized, and closure of the clearance volume would be advanced, all with little
effort or expense.
In summary, the affect of radiolysis is expected to be minimal, but the
direction of the effect on corrosion is generally uncertain. It is judged
that any tendency for radiolysis to enhance the oxygen potential is compensated for by conservatism in the present kinetic analysis. Acid entities
created by radiolysis or chemical processes, if shown to be significant, can
be neutralized by use of a quicklime buffer. In general, it can be said that,
like corrosion, radiolysis effects are minimized in proportion as liquid water
ingress is limited, and this is the exact effect achieved in a salt
repository.
G.4
G.4.1

KINETICS OF CORROSION
Introduction

The preceding section showed that a typical salt repository is severely
water limited; it does not provide the necessary stoichiometric equivalence of
water to permit more than minimal corrosion attack. Nevertheless, a kinetic
analysis of corrosion in a hypothetical non-water-limited environment of the
same general thermodynamic character needs to be carried out. This analysis
is the subject of this section. It supplements the stoichiometric conclusions
cited earlier, and the results will be applicable to any variation from the
expected water-free movement.
Corrosion resistance in aqueous saline solutions is one of the primary
properties considered when selecting overpack materials for nuclear waste
disposal in salt. The corrosion resistances of a broad spectrum of engineering metals have been compared in anticipation of such an application
(Braithwaite and Molecke, 1980; Braithwaite at al., 1979; Smyrl at al., 1977;
Molecke and Abrego, 1980; Westerman, 1980). The metals evaluated for saline
exposure included unalloyed cast iron, carbon and low alloy steels, austenitic
and frritic stainless steels, lead, copper, brass, copper-nickel alloys,
Zircaloy', and several nickel and titanium alloys. One result of this work
has been the identification of titanium and nickel alloys* as major overpack

* Nickel alloys referred to are those in which the base metal is alloyed

principally with Cr and frequently with additions of one or more of the
metals Fe, Mo, W Co, Nb, Ti, and Al.
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candidates for applications demanding outstanding corrosion resistance in
relatively thin (2 cm) sections. Not surprisingly, the unalloyed ferrous
metals were found to be less corrosion-resistant than the alloys of nickel and
titanium, but this failing can be overcome by using them in thicker (2 to
20 cm) sections with a significant reduction in materials and fabrication
costs as well as a reduction in the amount of necessary research and development. Accordingly, carbon steel is the outstanding candidate for a costeffective overpack material for all overpack designs and is the only one
considered here.
A review and analysis of saline corrosion information currently available
on low carbon steel is presented. This section substantiates the use of carbon steel as the material for the conceptual waste package designs described
in this report. This section also develops, from the corrosion information,
the design procedure used to calculate corrosion allowance assigned to each of
the waste packages. Included are discussions of how repository conditions and
waste form leaching are likely to be influenced by presence of the package
materials and their corrosion products.
G.4.2

Influence of Temperature and Oxygen Concentration

Corrosion rates reported for cast iron and-cast steel tested in brine and
seawater are summarized in Table G-2. The saturated solution of salts commonly referred to as brine is the corrosive fluid present in a salt repository. Much applicable metals corrosion data were gathered in seawater, which
is a corrosive fluid obviously related to brine in that it contains similar
dissolved salt constituents but is less concentrated by about a factor of 10.
The data for a wrought carbon steel (Type 1018) and ductile cast iron were
obtained from single interval tests run for approximately 1 month in static
solutions of synthetic sea water and synthetic brine (WIPP-A) (Braithwaite and
Molecke, 1980; Westerman, 1980). The data for cast steel'(0.27 C) and grey
cast iron (3.2 C) are the results of single interval tests involving continuous near-surface immersion for the duration of 1 year in tropical coastal
seawater (Southwell et al., 1976).
Where data comparisons can be made between the cast irons and the steels,
the results reveal similar rates of corrosion (compare rates in anoxic brine
at 2501C and oxic seawater at 25C). On this basis, it is concluded that, in
under identical saltwater corrosion conditions, and in the short term
?t 1 yr), carbon steels and unalloyed cast irons will corrode at about the
same rate (in the long term, cast iron corrodes somewhat faster).

?eneral,

The data given in Table G-2 are presented graphically in Figure G-3
assuming that the corrosicpr ates follow an Arrhenius equation temperature
dependency, i.e., R ae01T. A least-square curve fit was made to relate
corrosion rate and temperature for the 1018 steel tested in anoxic brine, and
the other curves were drawn at the same slope assuming that temperature would
influence corrosion behavior in a similar manner.
The relationship between corrosion rate and temperature estimated for
unalloyed cast iron or steel in oxic brine is:
R(mm/y) - 2,525 exp(-2,800/T(K))
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(G-13)

Table G-2.

The Corrosion Behavior of Cast Iron and Steel in Brine and Seawater(a)

Test Conditions and Average Corrosion Rates, mm/y, (py)

Materials
1018 C Steel

250°C
Anoxic
Brine

250"C
Oxic
Brine

250°C
Anoxic

1.70, (67)

7.11, (280)

0.41, (16)

2509C
Oxic
11, (433)

-ED 0.27 C Cast Steel
Ductile Cast Iron

25"C
Anoxic
Brine

0.07, (2.8)

0.03, (1.2)

25"C
Oxic

0.19, (7.4)
1.27, 1.78
(50, 70)

3.2 C Grey Cast Iron
(a)Braithwaite and

700 C
Anoxic
Brine

0.25, (9.9)
olecke (1980); Westerman (1980); Southwell et al. (1976).
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Figure G-3.

Temperature Dependence of the Corrosion of
Cast Iron and Carbon Steel n Brine and
Seawater
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4.0

The relationship estimated for corrosion under anoxic conditions is:
R(mm/y)

-

366

xp(-2,850/T(K))

(G-14)

Because the rate of corrosion in anoxic brine is estimated to be about
seven times lower than that in oxic brine, use of unalloyed cast iron or steel
in waste disposal applications will be best served by package designs and
repository conditions favoring low levels of oxygen or oxidizing ions. Since
radiation is generally concluded to promote formation of oxidizing ions in
brine (Braithwaite et al., 1979; Jenks, 1972), one advantage of using a thick
steel waste package is that this effect would be markedly diminished or
eliminated.
Selecting carbon steel thickness sufficient to prevent corrosion penetration over a period of many years on the basis of Equations (G-13) or (G-14)
amounts to the assumption that corrosion occurs at a constant rate unaffected
by the formation and buildup of corrosion products. Although this is conservative, it is probably unrealistic since continual corrosion product formation
should significantly reduce the rate of attack. For example, Cleary (1970)
has compiled data from a number of sources on corrosion of mild steels in
natural seawater and freshwater environments, and found that the rate of
attack typically decreases with exposure time. This general result presumably
is related to the decreasing rate of reactant diffusion through accumulating
corrosion products.
G.4.3

Influence of Time

Equations (G-13) and (G-14) were developed from short-term corrosion
tests (1 year) relative to the waste package design life specification of
1,000 years; thus the data base does not permit any evaluation of the rate
reducing influence of long-term corrosion product accumulation. Furthermore,
the reported data involved single interval corrosion tests. Consequently,
values of corrosion rate" were derived from measurements of the attack depth
at the end of an exposure period, not the slope of the attack depth/time
curve. A single interval determined corrosion rate assumes linear kinetics
and will exceed one determined from a slope measurement under conditions where
the reaction rate decreases with time. A study of long-term testing with many
test intervals is therefore necessary to establish the kinetics of corrosion
accurately.
Data reported for carbon steel, cast steel, and wrought iron totally
immersed near the surface of a tropical seawater site for periods up to
16 years (Southwall and Alexander, 1970; Southwall et al., 1976) constitute
the most extensive data collection known on the corrosion of mild steel in a
saline environment. These data have been subjected to a detailed regression
analysis not only to establish the most probable kinetic pattern for the
aqueous corrosion of unalloyed steel, but also to generate confidence intervals and other statistical measures of dispersion. Table G-3 presents the raw
data and a tabular description of materials tested. The combined data, when
plotted on log-log coordinates, display an obvious straight line character,
suggesting a power law of the form
P

ctm

(G-15)
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Table G-3. Seawater Corrosion of Steels(a)

Material

Condition

General
Penetration in m after t years
16
8
4
2
1

Pitting Penetration(b), m
16
8
1

Pitting Factors(bC)
16
8
1

C. Steel

Pickled

0.15

0.21

0.41

0.66

1.12

1.0

1.7

2.3

6.9

2.5

2.0

C. Steel

Machined

0.14

0.23

0.38

0.69

1.2

0.96

1.5

2.6

6.9

2.2

2.1

C.Steel

Mill Scale

0.11

0.20

0.38

0.58

1.6

1.4

4.2

6.1

7.3

3.9

Cast Steel

Machined

0.19

0.24

0.38

0.71

1.1

1.4

2.1

2.6

7.6

3.0

2.4

H. Iron

Machined

0.16

0.20

0.36

0.56

-

0.86

1.6

-

5.2

2.9

H. Iron

As-received

0.16

0.24

0.38

0.66

1.1

1.2

2,1

3.2

7.3

3.2

2.9

0.15

0.22

0.58

0.64

1.2

1.1

2.2

3.4

7.8

3.5

2.6

13

to

W

Averages

-

(a)Data of Southwell and Alexander (1970) and Southwell et al. (1976); original data inmils, converted to mm for
this table.
(b)Average penetration of the 20 deepest pits.
(c)Ratio, pit penetration to general corrosion penetration at the corresponding time.

where P is corrosion penetration, t is time, and c and m are constants.
statistical model chosen was therefore

iX

MY Z so+

+

i

The
(G-16)

where:
Y

log Pi

Xi - log t1
80= log c
31 =m
cE represents the random error associated with the

th observation.

The unknown parameters So and 1 were determined by least squares
analysis. The analysis was performed in great detail because of the troubling
suggestion by Southwell and Alexander (1970) that the data be linearized,
using only the 8- and 16-year data points, and projected in the form
Pt

P16

+

R (t - 16)

(G-17)

where R is the linear rate calculated as (P16 - P8)/8. This formulation is
equivalent to rejecting the bulk of the experimental information contained in
their data, i.e., all of the 1-, 2-, and 4-year penetration measurements, for
no reason except the authors' unsupported hypothesis that the kinetics are
linear. As will be seen, this hypothesis is not supported by the data.
The results of the statistical analysis are as follows:
1. Equation:
or

Y = - 0.862 Q 760 X
P = 0.138 t.760

(G-18)
(G-19)

where P is in mm and t is in years
2. Confidence Limits:
81 : Prob (0.707 <31 <0.814)
0.95
So : Prob (-0.900 <So <-0.823) 2 0.95
c : Prob (0.126 <c 050) = 0.95
The 95 percent confidence limits on the regression line were also
calculated and are displayed in Figure G-4, where they are projected, along
with the line itself, out to 1,000 years. The limits at 1,000 years are 35.5
and 19.5 mm about a most probable value of 26.3 mm.
Other calculated statistical parameters tend to confirm the good fit
demonstrated by the confidence limits above. The correlation coefficient for
this model is 0.985; this is the fraction of experimental variance accounted
for by regression, and is satisfactorily high. Likewise, F-tests comparing
the regression sum-of-squares with the residual sum-of-squares and the lackof-fit sum-of-squares with the pure error sum-of-squares are interpreted to
demonstrate the full adequacy of the model.
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Figure G-4.

Corrosion of Cast Steels In Oxic Seawater,
Showing 95% Confidence Band
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The equation suggested by Southwell and Alexander (1970), Equation (G-17), written in logarithmic form, would be:

log (PT

-

log R

P16)

log (t-16)

(G-20)

and would therefore tend to a slope of 1 as t becomes large with respect to
Equation (G-17). But the confidence limits on 1, above, show that a slope of
that magnitude would not be supported by the data; in fact, any slope greater
than 0.814 would have a probability less than 0.05, and a slope as high as 1
would have a probability considerably less. Therefore, the SouthwellAlexander linear equation can be dismissed, and Equation (G-19) is to be taken
as the most probable representation of the time dependence of the corrosion
penetration.
Equation (G-19) is for corrosion in oxic tropical seawater. It cannot be
assigned directly to anoxic salt-rock brines, nor does it indicate the temperature dependence of corrosion. Comparable temperature-dependent data for such
brines do not exist. Accordingly, it is necessary to modify Equation (G-19)
using the approximations developed in Section G.4.2. In that section it was
noted that the available data indicate that anoxic corrosion is lower than
oxic by a factor of 6.90. Introducing this factor into Equation (G-19), we
get:
p

0.0200 t. 760

(G-21)

To introduce a temperature dependence, we need an equation of the form
P=Be

Q/Ttm

(G-22)

where T is absolute temperature in kelvins and B is so chosen as to represent
2
Equation (G-21) correctly at ambient temperature (T 300). We take
2,850, as developed in Section G.4.2. At 1 year, corresponding to the longest
experimental interval of the data discussed in that section, Equation (G-21)
gives simply 0.0200 mm. Accordingly,
B

P1 e Q/T

0.0200 e 2,850/300 = 267

(G-23)

and the final equation, used here to approximate corrosion behavior in a saltrock brine, is
P

267

-2,850/T tO. 760

(G-24)

Equation (G-24) was derived, of course, for seawater, and not for a saltrock brine; no data exist for the latter over the length of time necessary to
permit an adequate rate prediction.
G.4.4

Local Corrosion

The data on which Equation (G-24) is based serve as a convenient reference in assessing the question of pitting penetration of cast steel overpacks.
The relevant pitting data are found in Table G-3 along with a tabulation of
pitting factors, which compare pitting penetration with general corrosion
penetration at corresponding exposure times. These data are plotted in
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Figures G-5 and G-6. The former compares the observed pitting penetrations,
which are measured from the original metal surface, with the general corrosion
regression line, Equation (G-19); the pitting and general corrosion trends
seem to converge with time, suggesting a pit growth rate decreasing faster
than that of general corrosion. The same conclusion can be drawn from
Figure G-6, which shows the observed pitting factors decreasing with time.
Little is known about rates of pit propagation in very thick sections, but the
observations above are consistent with the hypothesis mentioned in an earlier
section, that pit growth can be inhibited by accumulating corrosion debris.
The data depicted cannot be interpreted to determine the ultimate value of the
pitting factor, but it is clear from Figure G-6 that an estimate of not less
than 2 is not unreasonable. Given an adequate corrosion allowance, as calculated from Equation (G-24), a pitting factor of 2 can easily be accommodated
by the underlying structural thickness allowance, with no impairment in waste
package integrity.
Residual tensile stresses could be developed within the final closure
region on a thick-wall waste package due to structural restraint produced by
welding and solidification. Such a condition may be conducive to localized
stress-corrosion failure in certain chemical environments. The application of
a local stress-relief heat treatment could alleviate this condition, but this
imposes an additional packaging complication and may prove difficult to do
without compromising the contained waste form.

*

It is difficult to state unequivocally whether or not the chemical environment of salt emplacement will favor stress-corrosion failure of the principal thick section package material, unalloyed low carbon steel. Chloride
ion (Cl-) stress-corrosion cracking is typically not encountered with unalloyed carbon steels (Uhlig, 1967). These materials are more susceptible to
the phenomenon in the presence of high concentrations of OH- and NI. Salt
repository brine is likely to be slightly acidic with a pH of -6, and to contain little if any NOI (Braithwiate and Molecke, 1980).* Consequently, it
would appear that unalloyed carbon steel should not-be susceptible to stresscorrosion failure. However, testing will be required to better establish this
conclusion since repository brine can contain a wide variety of chemical
constituents.
Localized galvanic corrosion could develop if very dissimilar metals or a
complex microstructural morphology are present. This suggests that joining
the lid and body segments by brazing, or otherwise including a different
material to facilitate bonding, can introduce an unfavorable condition. This
condition can be avoided if the same material used for the package body segment is used for the lid and final closure weldment. Such is the case for the
waste package overpacks described in this report.
Many ferritic iron-base materials will develop regions having different
microstructures at locations subjected to different thermal histories.
Welding certain alloys, for example, can cause a wide range of-microstructures
to form in the unmelted but heat-affected material adjacent to the weldment.
These microstructures could include, but are not limited to, transformation

*Although N05 can form radiolytically if air is present (Jenks, 1972).
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products such as the hard, brittle martensite phase, and a spectrum of iron
carbide and ferrite mixtures of various morphologies, segregated at discrete
distances from the weldment. Typically, as the number and amounts of elements
present in addition to iron are increased in ferritic alloys, the likelihood
of forming different microstructures at regions subjected to different thermal
histories also increases. Consequently, the probability of forming microstructural regions sufficiently dissimilar from each other such that a galvanic corrosion potential is created is also greater for ferritic alloys of
complex composition. Since local corrosion, such as galvanic, is regarded
here as the most likely mode of package failure, introduction of material
inhomogeneities via the welding process is considered one of the principal
concerns in the use of a steel container. There is far less potential for
developing microstructural conditions favoring galvanic corrosion in and
adjacent to the large closure weldment in a waste package if a ferritic
material such as low carbon steel is used as opposed to frritic alloys
containing significantly higher carbon, manganese, chromium, and other
alloying elements.
G.5

CORROSION CALCULATION PROCEDURE

As discussed in Section G.3.3.2, the quantity of brine available in the
design bass case is insufficient to allow overpack corrosion to proceed at the
maximum rate characteristic of an inundated system. However, to be ultraconservative in determining overpack design thickness, it has been assumed that
the emplaced packages remain in contact with sufficient brine throughout their
1,000-year design life such that corrosion can occur according to the kinetic
equations developed from data gathered under inundated test conditions.
Accordingly, overpack corrosion estimates are made by combining the results of
thermal analysis with the kinetic equations described in Section G.4.
The procedure used to estimate overpack corrosion in the main sections of
this report involves breaking its 1,000-year temperature/time curve into
increments over which temperature can be assumed constant, and applying the
appropriate kinetic equation to calculate the depth of attack occurring during
each increment. The incremental corrosion depths are then summed to obtain
total corrosion. When changing from one temperature-time increment to the
next in making this calculation for materials whose corrosion rates change
with time, it must b assumed that they had operated at the new temperature
for the time required to accumulate the total prior corrosion depth. This
will properly account for the influence that prior corrosion has on that
occurring during each subsequent time increment. This adjustment is accomplished by computing an equivalent time, to, which would have been required,
at each new temperature, to have produced the same total penetration had the
temperature been constant throughout. The corrosion during the new time
interval, t, would then be calculated from Equation (G-17) for a time
interval from te to (te + at). Results are shown graphically in the pertinent
design sections of this report.
G.6

GEOLOGY/CANISTER/WASTE FORM INTERACTIONS

This section assesses the influences that overpack corrosion would have
on the contained waste form assuming a substantial corrosion defect in the
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overpack leads to free influx of brine, geologic residues, and overpack
corrosion products. One can further assume that the corrosion attack has
taken the form of general corrosion, more or less uniformly over a large area
of the overpack surface, rather than by pitting, cracking, or any other local
mode, to hypothesize the largest possible yield of corrosion products and the
most conservative physical situation. Although iron corrosion products would
tend to dominate, nickel and chromium products (from the stainless steel waste
form canister) would be prominent, or, if the waste were spent fuel, zirconium
oxide would also be present along with minor quantities of tin oxide.
A prospective inventory of corrosion products, based on the foregoing
assumptions and general aqueous experience, would include the following
species (hydrous oxides and hydrates are not excluded):
zirconia
tin oxide
magnetite*
mixed spinels
a - hematite*
chromic oxide
nickel oxide
silica
manganese oxide
molybdena
cuprous oxide
sulfides
phosphates

Zr°2
SnO2
Fe36
(Fer,Ni)304

Fe2O3
Cr203
Ni
SiO2
MnO
MoO2
Cu26
(Fe,CrNi)S
(Fe,Ni,Cr,H)P04

Corrosion data on metals in hypersaline environments, however, are
-meager, and what exists (Harrar et al., 1979) are based on short (1 day)
tests, which cannot be expected to reflect the situation here being assessed.
Nevertheless, two features of the results are suggestive: (1) iron, as a
corrosion product, appears in amorphous silicates, most of the silica presumably originating in the brine; (2)copious formation of scales, i.e.,
identifiable phases not specifically related to the corrosion process (and not
containing iron). Thus, some of many of the expected products listed may
assume complex and possibly amorphous forms in combination with brine components, or may, in geologic brine, become coated with, or heterogeneously mixed
with, scales. The listed corrosion products are all quite stable (all the
oxides have negative free energies of formation at 1001C exceeding 400 kJ) and
are all essentially insoluble; being the ultimate products of saline corrosion, they will, of course, be stable to brine components. Thus, the picture
of corrosion residues which emerges is that of a mixture of stable oxides and
brine components in a solid, but possibly hydrous and gel-like state, whose
individual species are stable and, except for possible adsorbed brine components, almost insoluble.
There is some indication that an interaction between iron and-silica
species in solution, by precipitating the latter, may promote further silica
solubilization from glasses, thereby enhancing the leach rate. Other than

*

Other oxides of divalent and trivalent iron, such as geothite, lepidocrocite, limonite, etc., may also be present.
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this possibility, it is judged that this mixture, primarily because of its
stability, but also because of its insolubility, will not interact with the
waste to accelerate the disintegrative processes brought about by the introduction of brine alone. The products of corrosion are in an ore-like state,
and their decomposition, like the winning of ores, would require a high
temperature reduction process. Moreover, effective chemical interaction with
the waste is inhibited by the inability of an insoluble material to create
suitably dispersed and mobile molecular fragments. Therefore, in general,
corrosion products can be regarded as inert to the designated waste form.
However, it is conceivable that among the many constituents of brine,
there are some which might react with a metal constituent during the corrosion
process to produce a species which could participate in waste form degradation. Because of the stability arguments introduced above, this possibility
is judged to be slight. Nevertheless, because of the multiplicity of brine
components and the paucity of experimental data, the question must be kept
open; it can be settled only by careful, long-term corrosion experiments.
G.7 SYNOPSIS
The thermodynamic character of iron in response to the geochemical
environment of salt rock deposits, shown to be anoxic and neutral, was
assessed and it was concluded that, although iron would not be thermodynamically stable in this environment, it would be passive and could depend upon
stoichiometric or kinetic factors to ameliorate or prevent corrosion attack.
After developing the chemical equations which govern the stoichiometry of
corrosion and calculating the water requirements for complete consumption of a
metallic overpack by corrosion, it was shown that, at the conservative water
content estimate of 0.75% by weight, there would be sufficient water in the
repository region of a salt deposit to exceed in stoichiometric equivalence
the total mass of metal present. However, as shown by separate transport
studies, only a fraction of this water would be accessible. In the real case,
the available water could cause only negligible damage to a waste package,
whether the entire surface area or only a fractional portion of it were
attacked.
After discussion of the modes of possible local corrosion attack, the
kinetics of corrosion were discussed. It was shown how kinetic studies are
used both to screen metal overpack candidates and to predict the progress of
corrosion attack. The screening process in the Civilian Radioactive Waste
Management Program, formerly the National Waste Terminal Storage Program, was
reviewed and the selection of carbon steel for overpack designs was justified
on the basis of adequate corrosion performance coupled with low-cost availability. Corrosion penetration equations were then developed for carbon
steel, incorporating factors to provide for the influence of time, temperature, and relative oxygenation. The kinetics are critical, so a more careful
statistical study was made and the results described. Application of the
kinetic outcome for iron to actual CHLW, CSF, and DHLW design packages, using
their predicted temperature profiles, shows that a corrosion allowance of
about 2 cm thickness, supplementing the basic structural thickness for CHLW or
CSF designs, is sufficient to prevent general corrosion penetration for 1,000
years; for DHLW, the required corrosion allowance is smaller. Moreover, the
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previously discussed local attack modes were assessed in terms of the metal
behavior during kinetic testing and it was judged that such local attack
either is unlikely or will not lead to failure, partly because of the large
structural allowance.
The.details of the corrosion calculation methodology, as used in the
design section of the report, were explained. Finally, an assessment was made
of the possible influence of corrosion products on the leaching of radionuclides from the waste form, and it was concluded that effects would be
minor.
G.8
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STUDIES
APPENDIX H - STRUCTURAL PARAMETRIC
H.1

INTRODUCTION

of the structural analysis done in
This appendix discusses the resultswaste packages developed for use in a
nuclear
support of the baseline designdiscussion
of design conservatism is also Engibrief
A
salt.
in
repository
of the American Society of Mechanical
included. The methods and rules Vessel Code* were used as the structural
neers (ASME) Boiler and Pressure
here. For that reason, the numerical
design basis for the studies reported
than in the SI units used in the
rather
units,
English
in
stated
values are
body of the report.
H.2 ANALYSIS

by using the rules and methods of
analyzed
were
heads
and
ParaThe cylinders
Code, Section III, Division 1*.
the ASME Boiler and Pressure Vessel curves n Appendix VII, was used for
graph NB-3133.3, with the applicable plus the allowable stress table in
obcylinders while Paragraph NC-3225.2,
Identical results would have beensizing of
for
Appendix I, was used for the heads.
used
N-3133.3 would have been
tained if paragraphs NC-3133.3 orthe heads. The design pressure is 2,233 psi
the cylinders and ND-3225.2 for
(15.4 MPa).
H.2.1

Cylinders

body was based on the specified
cylindrical
overpack
the
of
analysis
The
external design pressure, and allowable
length,
and
diameter
cavity
overpack
of material temperature. The actual and
function
a
as
limits
stress
material
the use of the overpack outsidea diameters
wall thickcalculational procedure involves
was made by assuming
calculation
initial
an
so
wall thickness,
external pressure. From this
allowable
corresponding
the
ness and determining
to determine the minimum wall thickness
point, an iterative process was used
external pressure equal to the design
which would provide an allowable was used at each temperature of interest
external pressure. This procedure
basis for determining the thickthe
provided
and
geometry,
for each overpack
period. Once the minimum thickcontainment
the
of
end
the
at
ness required
were added to simulate the addithickness
of
increments
ness was established,
The allowable external pressure for
allowance.
corrosion
tion of sacrificial
thickness increment. These calculations
be evaluated
the cylinders was calculated at each
capability of the overpack could changed and
were made so that the structural
lifetime, as temperatures
of these
throughout the waste package containment
through 4-5 illustrated the uses
corrosion progressed. Figures 4-1
data in the design of the waste packages..
having yield points in two stipuCalculations were made for materials
including 30,000 psi and 30,000 to
lated ranges, 24,000 up to but not

*

See Appendix A of this report.
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38,000 psi, and for temperatures of 300, 400, and 5000F. For these calculations, material properties are not temperature-dependent below 3006F, and
determinations of structural capability above 5001F were unnecessary because
the repository temperature limitation is 250 0C (482°F). The results of these
calculations are given in Tables H-1 through H-3 for the defense high-level
waste (DHLW), commercial high-level waste (CHLW), and consolidated spent fuel
(CSF) overpacks.
Two examples of the cylinder wall thickness calculations are shown below.
One illustrates the technique required if the diamater-to-wall thickness ratio
is 10 or more, the other for ratios less than 10. Properties for low carbon
steel with a yield point in the range of 30,000 to 38,000 psi are used in the
example. In these examples, the following symbols are used:
d
D
La
t
Pa

inside diameter, in.
outside diameter, in.
length, in.
wall thickness, in.
allowable pressure, psi

For the DHLW overpack at 300'F or less:
d

25 in.

L

120 in.

assume t 3.00 in.
then D 2 d + 2t 25 + (2 x 3)

so L/D

120/31

2

31 in.

3.87

D/t 2 31/3 2 10.33
thus NB-3133.3(a) applies.
From Figure VII-1100-1*, Factor A
From Figure VII-1101-2*, Factor B
so Pa ~ s4

-

x 17300

0.012
17,300 @ 3001F

2,233 psi

Thus, for these conditions, the 3.00-in. thickness is acceptable.
For the CHLW overpack at 5001F:
d 23 in.
L = 122 in.
assume t = 3.05 in.

then D d 2t 23 + (2x 3.05)
so L/D 122/29.10 4.19
D/t = 29.10/3.05 9.54

29.10 in.

thus NB-3133.3(b) applies, and the allowable pressure is the lesser
of Pal, or Pa2
From Figure VII-1100-1*, Factor A = 0.013
From Figure VII-1101-2*, Factor B - 15,500

*

In ASME Boiler and Pressure Vessel Code, Section III, Division 1,
Appendix VII.
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0.0833) B

Pal

(167

Pal

2,233 psi
P
(a7
2 [1 off)

(2.167

0.0833)(15i500)

-

,2 x 27 000 (

s

5,067 psi

Pa2

so Pal governs, and a thickness of 3.05 inches is acceptable.
H.2.2

Heads

The analysis of the overpack heads was based on the specified cavity
diameter, external design pressure, and allowable material stress limits.
thickness requirements were evaluated directly by the equation
t

The

d (CP/S)0.5

where:
t

=

thickness, in.

d

diameter, in.

C

head attachment factor, assumed to be 0.33; the most conservative
value shown for welded heads

P

external pressure, psi

S

allowable stress, psi, obtained from Appendix I of the ASME Boiler
and Pressure Vessel Code (dependent on material)

Once the minimum thickness was determined for the design pressure,
2,233 psi, corrosion allowances were added and the resulting pressuresustaining capability was calculated. For these calculations, allowable
stress is not temperature-dependent below 6501F.* Tables H-i through H-3 show
the results of these calculations.
H.3

DISCUSSION

Externally pressurized vessels are subject to failure by buckling, which
may be either elastic or inelastic. Elastic buckling requires that the imposed loading increase in proportion to the strain, while inelastic buckling
can occur with no increase in load with increasing strain. In either event,
deformations are large with respect to the imposed load. Generally, buckling,
or the collapse of the pressure boundary, would render a pressure vessel useless for its design purpose. However, in waste package design, collapse does
not necessarily mean failure. Failure of the overpack cannot be considered to

* Calculated temperatures for heads did not exceed 6501F.
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Table H-i.

Analysis Summary of Defense High-Level Waste Overpacks

External Design Pressure, P 2,233 psi
Inside Diameter, d 25 in.
Cavity Length, L 120 in.

Cylinder
Carbon Steel
Yield Point Range,
psi
24,000 to 30,000

Heads

Corrosion
Allowance,
in.

Wall
Thickness,
in.

Al lowable
Pressure,
psi

Thickness,
in.

Allowable
Pressure,
psi

0.0

3.65

2,233

6.41

2,233

0.125

3.775

2,336

6.535

2,319

0.25

3.90

2,424

6.66

2,409

0.375

4.025

2,511

6.785

2,500

0.50

4.15

2,598

6.91

2,593

_____________________________________________-----------------------------------------------------------

30,000 to 38,000

0.0

3.00

2,233

6.20

2,233

0.125

3.125

2,323

6.325

2,328

0.25

3.25

2,449

6.45

2,421

0.375

3.375

2,569

6.575

2,515

0.50

3.50

2,693

6.70

2,612

11

k

-- I'

#I

'

Analysis Summary of Commercial High-Level Waste Overpacks

Table H-2.

External Design Pressure, P = 2,233 psi
Inside Diameter, d 23 in.
Cavity Length, L 122 in.
Cvl inder
iemp = uu-r

_

Carbon Steel
Yield Point
Range,
psi

_-

__

Allowable
Wall
Allowable
Wall
Allowable
Allowable
Pressure, Thickness, Pressure, Thickness, Pressure, Thickness, Pressure,
in.
psi
in.
psi
psi
in.
psi

0.0

3.55

2,233

3.45

2,233

3.35

2,233

5.90

2,233

0.5

4.05

2,605

3.95

2,616

3.85

2,621

6.40

2,628

1.0

4.55

2,935

4.45

2,956

4.35

2,974

6.90

3,055

1.5

5.05

3,243

4.95

3,275

4.85

3,311

7.40

3,513

2.0

5.55

3,532

5.45

3,579

5.35

3,623

7.90

4,004

2.5

6.05

3,803

5.95

3,859

5.85

3,922

8.40

4,527

- _ - - __- -__

30,000 to 38,000

ep = UU-r

UU-r

Thickness,
in.

M

__-

Wall

.-

Corrosion
Allowance,
in.

24,000 to 30,000

___

temp =

.

Heads

_-

- -

__

-

__-

_-

- --

- - - -

- - - -

--

- - - -

- -

-

-

-_ -_ -_-__-__-__-__-__-_--_--_--_--_--_--_-__-_________
_
_
_
_
_
_

_

_

_

_

_

_

_

_

0.0

3.05

2,233

2,95

2,233

2.75

2,233

5.70

2,233

0.5

3.55

2,756

3.45

2,816

3.25

2,734

6.20

2,642

1.0

4.05

3,281

3.95

3,314

3.75

3,342

6.70

3,086

1.5

4.55

3,787

4.45

3,788

4.25

3,723

7.20

3,563

2.0

5.05

4,208

4.95

4,221

4.75

4,157

7.70

4,076

2.5

5.55

4,584

5.45

4,613

5.25

4,563

8.20

4,622

-_

-__

Table H-3.

Analysis Summary of Consolidated Spent Fuel Overpacks in Salt

External Design Pressure, P = 2,233 psi
Inside Diameter, d = 25.39 in.
Cavity Length, L = 150 to 165 in.(a)

Carbon Steel
Yield Point
Range,
psi
24,000 to 30,000

M

r.3

* Iemp =
Corrosion
Allowance,

B
-_-------

buu-

Cylinder

temp

4009F

Heads

Iemp

=

u -r

Allowable
Wall
Allowable
Wall
Allowable
Thickness, Pressure, Thickness, Pressure, Thickness, Pressure,
in.
psi
in.
psi
in.
psi

Wall
Thickness,
in.

Allowable
Pressure,
psi

0.0

3.94

2,233

3.81

2,233

3.71

2,233

6.51

2,233

0.5

4.44

2,591

4.31

2,576

4.21

2,591

7.01

2,591

1.0

4.94

2,886

4.81

2,892

4.71

2,917

7.51

2,974

1.5

5.44

3,170

5.31

3,191

5.21

3,223

8.01

3,383

2.0

5.94

3,435

5.81

3,466

5.71

3,517

8.51

3,819

0.0

3.37

2,233

3.22

2,233

3.02

2,233

6.29

2,233

0.5

3.87

2,707

3.72

2,714

3.52

2,679

6.79

2,602

1.0

4.37

3,164

4.22

3,155

4.02

3,135

7.29

3,000

1.5

4.87

3,630

4.72

3,615

4.52

3,569

7.79

3,425

2.0

5.37

4,063

5.22

4,031

5.02

3,986

8.29

3,880

in.

I

30,000 to 38,000

(a)Wall thicknesses are not noticeably affected by unsupported lengths in this range at the diameters and wall
thickness involved.

F

occur until the overpack is breached so that the contents of the waste package
are exposed to the repository environment. Thus, it is reasonable to assume
that some significant time will elapse between the onset of pressure boundary
buckling and the operational failure of the overpack. In this regard, however, the strain hardening associated with the material deformation could
influence the corrosion rate. But, since this should all occur well after the
end of the 1,000-year containment period, no detrimental effect is envisioned.
Tables H-1 through H-3 show that cylinders formed from the 24,000 to
30,000 psi yield point material must have wall thicknesses at least 0.50 in.
greater than those of 30,000 to 38,000 psi yield point material. Since all of
the thickness difference must occur at the cylinder outside diameter, this
added thickness translates into a sizeable weight penalty for the weaker
material and was one of the factors which contributed to the selection of the
stronger material as the design choice (see Chapter 2 and Appendix D).
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WASTE PACKAGE RELIABILITY ANALYSIS

o

DOE COMMENTS ON DRAFT GENERIC TECHNICAL POSITION
R. Stein (OE)

o

letter to R.W. Browning (NRC) dated February 26, 1985.

FINAL GENERIC TECHNICAL POSITION ISSUED
H.J. Miller (NRC) memorandum for J.M. Felton (NRC) on Federal
Register Notice Regarding Availability of Technical Position" [on
Waste Package Reliability Analysis] dated December 23, 1985.

o

NOTICE OF AVAILABILITY
*Availability of Final Generic Technical Position in High-Level Waste
Program," Federal Register, Vol. 51, No. 3, Monday, January 6, 1986,
pp. 460-466.

The Department of Energy's comments have generally been incorporated into the
Final Generic Technical Position. However, a significant number of internal
NRC comments (Office of Nuclear Regulatory Research) were also incorporated
into the Generic Technical Position before it was issued. The Department
should review the final document.
a1 v

ie

b
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SUBSTANTIALLY COMPLETE CONTAINMENT DEFINITION

NRC Sta ff Report

[Meeting Presentation]

E.A. Wick, How Reliable Does The Waste Package Have
To Be?," Proceedings of the Workshop on the Source
Term ftr Radionuclide Migration From High-Level Waste

or Snit Nuclear Fuel Under Realistic Re1ository
Conditions, Albequerque, NM, November 13-15, 1954
(Published July 985).

BNL Letter Report

T.M. Sullivan, Estimates of the Maximum Permissible
Fractional Number of High Level Waste Container
Failures and Failure Rates That Allow Post Containment
Radionuclide Release Criteria to be Met During the
Containment Period, Brookhaven National Laboratory
Informal Report, October 1985. Transmitted by
T. Sullivan (BNL) letter to E.A. Wick (NRC) dated
October 16, 1985.]

These documents assume that it is permissible to release the same amount of
radioactivity in the containment period as in the post contalment period. The
Brookhaven calculations were performed on a nuclide specific basis. The
calculations indicate that isotopes of americium, carbon, cesium, plutonium,
selenium, strontium and technetium are limiting radfonuclides during the
containment period. Results ind"^ate that only a re ative y aa~t numf~o of
container failures are acceptable during the containment perir-K.-
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INDIVIDUAL RADIONUCLIDE RELEASE DATA FOR LICENSING
° The rule exempts certain radionuclides:
1)(A)] does not ply to any
i1I3
'This requirement 10 CFR
the
radionuclide which is release a H rate lessf tha
calculated total release rate limit."
o

t,

The EPA Containment Requirements:

.

'Disposal systems for spent nuclear fuel or high-level or transuranic
radioactive wastes shall be designed to provide a reasonable
expectation, based upon performance assessments, that the cumulative
release of radionuclides to the accessible environment for 10,000
years after disposal from all significant processes and events that
may affect the disposal system shall:
(1) have a likelihood of less than one chance in 10 of exceeding the
quantities calculated according to Table 1 (Appendix A); and
(2) have a likelihood of less than one chance in 1,000 of exceeding
ten times the quantities calculated according to Table 1 (Appendix A)
40 CFR 191.13

° The EPA Ground Water Protection Requirements:
"Disposal systems for spent nuclei.' fuel or high-level or transuranic
radioactive wastes shall be designed to provide a reasonable
expectation that, for 1,000 years after disposal, undisturbed
performance of the disposal system shall not cause the radionuclide
concentrations averaged over any year in water withdrawn form any
portion of a special source of ground water to exceed:
(1) 5 picocuries per liter o

d

226nd

_______

(2) 15 picocuries per liter of alpha-emitting radionuclides
(including radium-226 and radium-228 but excluding radon); or
(3) the combined concentrations of radionuclides that emit either
beta or gamma radiation that would produce an annual dose
equivalent to the total body or any internal organ greater than
4 millirem per year if an individual consumed 2 liters per day
of drinking water from such a source of ground water.

.
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APPENDIX A - TABLE FOR SUBPART
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TABLE I - RELEASE LIMITS FOR CONTINi&.r-T REQUIREMENTS
(Cumulative Releases to the Accessible Environment
for 10,000 Years After Disposal)
Release Limit per
1000 MTHM or other unit
of waste (see Notes)
(curies)

Radionuclide

Americium-241 or -243 - - - - - - - - - - Carbon-14

---

- - - - -

- - - - -

-----

Cesium-135 or -137 ------------Iodine-129

- - - - -

1"

----------------------

Plutonium-230, -239,

-240, or -242

-

- - - - - - - - - -

----------------------

Strontium-90
Technetium-99 -

…
- - -

-

-

-

100
1000

----

Neptunium-237 - - - - - - - - - - - - - - - - - - -

Radium-226

-

100

100
100
100

----

--------

- -1000

---

- - - - - -

Thorium-230 or -232 ------------------

10

Tin-126 - - - - - - - - - - - - - - - - - - - - - - - Uranium-233, -234, -235. -236. or -238

10000

1000

-

100

- - - - - - -

100

- - - - -

--

Any other alpha-emitting radionuclide
with a half-life greater than 20 years

Any olier radionuclide with a half-life greater
that does not emit alpha particles

--.

- -

1000

--

ENGINEERED BARRIER SYSTEM BOUNDARY DEFINITION

The rule, 10 CFR 60.113(a)(1)(B), states:
"The release rate of any radionuclide from the engineered barrier system
following the containment period shall not exceed one part in 100,000..."
In order to clarify the intent of this portion of the rule, one must describe
the physical location where the release rate is to be evaluated. The rule,
10 CFR 60.2, defines both the engineered barrier system and the underground
facility:
"...'Engineered Barrier System' means the waste package and underground
facility."
"'Underground Facility' means the underground structure, including
openings and backfill materials, but excluding shafts, boreholes, and
their seals."
This definition of the engineered barrier system is in keeping with the Nuclear
Waste Policy fj~of 1982 (Public Law 97-425 - January 7, 1983), which states:
'The term 'engineered barriers' means manmade components of a disposal
system designed to prevent the release of radionuclides into the geologic
medium involved. Such term includes the high-level radioactive waste
form, high-level radioactive waste canisters, and other materials placed
over and around such cannisters."
It is the position of the NRC staff that this defines theengineered barrier
system boundary as the limit of excavation in the underground facility.
Performance.assessments for the engineered barrier system should consider any
within the underground facility.
materials (e.g. -bGETfTk) or j
ns should -not consider shaft seals, effects of.the
Performance asse'
disturbed zone, or any engineerie-treatment-of the disturbed zone except as
they may affect input parameters that effect the engineered barrier system.

4

6

APPLICATION OF 10 CFR PAR1'T6 METHODOLOGY TO HIGH LEVEL WASTE
Reference:

'Staff Evaluation Report related to the Topical Report covering
the FL-50/EA-50 High Integrity Container manufactured by Nuclear
Packaging, Inc. (Docket o. WM-45)." U.S. Nuclear Regulatory
Commnission Report, October 1985.

Because
of thePeriod involved, the 10 CFR Part 60 and 10 CFR Part 61
criteria appear sim~r:
"Containment of HW within the waste packages will be substantially
complete for a period . . . not less than 300 years nor more than 1,000
years after permanent closure of the geologic repository.'
10 CFR Part 60.113(a)(1)(A)

"Th
~ nteritycontainer design should have as a design goal a
Cminmunmiei
i~~~~is~
The high integrity container should be
4
giln-lllttotrctural integrity over this period."
Section C.4.b.
Final Technical Position on Waste Form
Rev. 0 U.S.NRC, May 1983.
"To the extent practical Class B and C waste forms should maintain gross
physical properties and identity over a 300 year period."
Section B. Background
Final TechnIialPosition on Waste Form
Rev. 0 USNRC$ May 1983.
Conclusions:
r~.The 10 CFR 60 and 10 CFR 61 criteria are significantly different. That
~' is, 10 CFR 60 requires
nl oplete containment (essentially no ~'

leaks) where staff's interpretation of 10 CFR 61 suggests structural
integrity, gross physical properties and dentity be maintained t1wI~are
permitted) over the 300 year period.
2.Although similarities are expected between the methodology used inthe
FL-5O High Integrity Container Report (to extrapolate data over long
periods of time) and the methodology to be used ina 10 CFR 60
application, differences between the 10 CFR 60 and 10 CFR 61 criteria are
also expected to have a significant impact on the rigor with which the
methodology isapplied.
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NRC ORGANIZATION

Division of Waste Management
Policy and Program ControL Branch CPCI
Repository Projects Branch CWMRP)
Engineering Branch CWNEG)
GeotechnicaL Branch CMGTI
Low-Level

and Uranium Recovery Projects Branch (.WMLU)

Deiision of Radiation Programs and Earth Sciences
Waste Management Branch

NRC Contractors
Aerospace Corporation
BattelLe Columbus Laboratory
Brookhaven NationaL Laboratory
National Bureau of Standards
Oak Ridge NationaL Laboratory
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BASIC MECHANISM FOR PITTING AD CREVICE CORROSIONI
1. METAL HYDROXIDES AND RELATED COMPOUNDS ARE IN GENERAL LESS
SOLUBLE THAN CORRESPONDING CHLORIDES.

2. INCONFINED

SPACES, CORROSION PRODUCTS CAN LUILD UP IN THE
ELECTROLYTE UNTIL HYDROXIDES OR RELATED COMPOUNDS PRECIPITATE.

3. THIS

PRODUCES LOCAL ACIDITY; FURTItER, ELECTROMIGRATION TO
REDUCE CHARGE IMBALANCE LEADS TO LOCAL ENRICHMENT BY CHLORIDE.

4 LOCAL ACIDIFICATION AND CHLORIDE ENRICHMENT LEADS TO
ACCELERATION OF CORROSION.
GENERAL OBSERVATION: ELECTROLYTE FLOW, BY PROMOTING
HOMOGENIZATION OF THE ELECTROLYTE, TENDS TO SUPPRESS
PITTING AND CREVICE CORROSION.
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Fig. 3-19. Autocealytic procesca occumng in a corronon pit.
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PITTING CORROSION
1.

MECHANISM OF PIT GROWTH DEPENDS ON ESTABLISHMENT OF LOCAL CONDITIONS
DIFFERENT FROM BULK.

2. PIT INITIATION TYPICALLY SHOWS AN INCUBATION TIME.
3. PITTING HAS NOT BEEN MUCH STUDIED

FOR VERY LONG-TIME SERVICE SITUATIONS
WHERE CORROSION ALLOWANCE APPROACHES ARE USED.

4. PITTING HAS NOT BEEN MUCH STUDIED IN LOW-CARBON STEELS AND PURE IRON.

PITTING IN IRON AND STEEL
5.PiT GEOMETRY (AND POSSIBLY PIT GROWTH KINETICS) IS QUITE DIFFERENT FROM
COMMONLY STUDIED PROBLEMS IN STAINLESS STEELS AND ALUMINUM ALLOYS.
6.PITTING CAN OCCUR IN UNSTIRRED SOLUTIONS UNDER CONDITIONS WHERE THE BULK
SOLUTION CHEMISTRY INDICATES PITTING IS UNLIKELY, PROBABLY BECAUSE OF
THE ROLE OF YDROXYL IONS IN PIT INITIATION.

PITTING OF PURE IRON IN BASIC SOLUTIONS
(REFERENCE:
. G. ALVAREZ AND J . GALVELE
CORROSION SCIENCE VOL. 24 pp 2-48, I9845
1. PITTING OCCURS IN PURE IRON IN DEAERATED 1N
1ACL. ITH NO PA SIVATING AGENT, AT POTENTIALS

NEAR -00

2.

MV

H

THE PITTING POTENTIAL IS CONSTANT BELOW PH 10
ANDINCREASES LINEARLY WITH PH BETWEEN PH 1U AND
PH

Z

32 PASSIVITY OF IRON IS NOT RESTRICTED TO THE REGION
OF THERMODYNAMIC STABILITY OF OXIDE FILMS AS DESCRIBED
BY POURBAIX DIAGRAMS.

URC PITTING CRROSI0ON PROGRAM

1. BAITELLE

COLUMBUS LABORATORIES (WORK PRIMARILY ON BASALT):
STATISTICALLY DESIGNED EXPERIMENTS TO IDENTIFY IMPORTANCE OF VARIOUS
IONS INTRODUCED BY LOCAL MINERALIZATION, INCLUDING SYNERGISTIC
NTERACTIONS.
STUDIES OF MODELS FOR PIT GROWTH, INCLUDING EXPERIMENTAL CHECKS.

2. BROKHAVEN

ATIONAL LABORATORY
ETERMINATION OF SPATIAL DISTRIBUTION OF PIT INITIATION.
ETERMINATION OF PIT DEPTH EFFECTS ON PITTING RATES.

3.

IETERMINATION

NATIONAL BUREAU OF STANDARDS

OF TEMPORAL DISTRIBUTIONS OF PIT INITIATION.

BETERMINATION OF PIT DEPTH DISTRIBUTIONS AS A FUNCTION OF TIME.

Models for pit growth

pure cathodic
reactions

passivated
side walls
j

active side walls

pure anodic reactions
Classical model,
associated with name of
Professor Alkire

Nonclassical model
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Influence of Crystallographic Orientation on
the Pitting of Iron in Distilled Water
Jerome Kruger
Nctional Burcau of Stcndards, Washington, D. C.
A review paper by Greene and Fontana (1) indicates that pitting is random with respect to urface structure. Recent work in our laboratory
indicates. however, that this is not true for pit
formation on iron in distilled water. Initially this
work was carried out with an Armco iron inglecrystal sphere %-in. in diameter which had at
surfaces cut parallel to the 111}, 110), and (100)
planes. These surfaces were prepared by mechanical
polishing prior to chemical polishing using MirroFe'
solution. When the crystal thus prepared was immersed for 3 hr in distilled water at room temperature, it was observed that the (110) plane had the
greatest number of pits per unit area. The (100) had
approximately one-half as many pits as the 110),
and the 111} had only around one-quarter as
many as the 110. The number and location of pits
was not always the same for a given time interval
of immersion. The order of pitting activity, (110)>
(100}>(111}, however, remained the same in every
one of the seven runs carried out. Figure 1 illustrates this order of activity on the three different
planes cut on the same iron crystal.
In order to see if the use of MirroFe for polishing
was responsible for the effect observed. the surfaces
after mechanical polishing were etched with a dilute
solution of HC1 prior to carrying out a run. The
results were the same as for the surfaces polished
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Fig. 2. Stereographic triangle showing pitting n groins of
iron having difterent crystallographic orientations.

with MirroFe. The effect of orientation of the corroding surface, horizontal or vertical, was also
checked, and again the same order of pitting activity
was observed for the crystallographic planes studied.
Other studies were carried out using a purer iron
than Armco (235 ppm of impurities to 2460 ppm for
Armco). Here a specimen containing large grains of
many different surface orientations were used. As
Fig. 2 shows, all those grains whose orientations
were near that of the {110) crystallographic plane
pitted every time or every time but one, while those
which were nearer the (111) or (100; orientations
pitted only once or not at all during the course of

five runs.
As with the Armco iron, those surfaces having an
orientation nearer the (110) exhibited the greatest
amount of pitting. Irrespective of crystallographic
orientation, the general level of pitting attack was
lower for the purer iron.
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singie crystal corroded in 4istilice water for 3 hr at 25'C.

2.5X.

Manuscript received April 22, 1959.
Anv discussion of this parer will appear in a DiscusLion Section to be published in the June 1960 JOURNAL.
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(1959).
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ammeter

Adjustable voltage

Schematic of an electrochemical corrosion-test rig, suitable
for potentiodynamic testing. The reference electrode is
frequently calomel; the working electrode is of the
material to be tested. The auxiliary electrode, generally
a hydrogen electrode, serves to take off the electrons
generated by the anodic reaction (e.g., Fe-*Fe ) taking
place at the working electrode.
The electrometer is a very high impedance device that permits measurement
of a potential drop in a salt bridge. This device is called
a Lugin probe.
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SCHEMATIC OF TYPICAL ANODIC POTENTIODYNAMIC POLARIZATION CURVES
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