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Preclosure Analysis of 
Conceptual Waste Package 

Designs for a Nuclear Waste 
Repository in Tuff 

Abstract 
This report discusses the selection and analysis of conceptual waste package designs devel­

oped by the Nevada Nuclear Waste Storage Investigations (NNWSI) project for possible disposal of 
high level nuclear waste at a candidate site at Yucca Mountain, Nevada. The design requirements 
that the waste packages must conform to are listed, as are several desirable design considerations. 
Illustrations of the reference and alternative designs are shown. Four austenitic stainless steels 
(316L SS, 321 SS, 304L SS and Incoloy 825 high nickel alloy) have been selected for candidate 
canister/overpack materials, and 1020 carbon steel has been selected as the reference metal for the 
borehole liners. A summary of the results of technical and economic analyses supporting the selec­
tion of the conceptual waste package designs is included. Postclosure containment and release 
rates are not analyzed in this report. 

Executive 
t 

Under the direction of the Office of Civilian 
Radioactive Waste Management, the Department 
of Energy's (DOE) Nevada Nuclear Waste Storage 
Investigations (NNWSI) project is evaluating a 
candidate repository site at Yucca Mountain, Ne­
vada, for permanent disposal of high level nuclear 
waste. The Lawrence Livermore National Labora­
tory (LLNL), a participant in the NNWSI project, 
is developing waste package designs to meet NRC 
requirements. Included are designs for the refer­
ence waste form configurations of: (1) spent fuel 
(SF), which consists of both consolidated and un­
consolidated spent fuel rods from pressurized-
water-reactor (PWR) and boiling-water-reactor 
(BWR) assemblies, (2) commercial high level 
waste (CHLW), as a borosilicate glass containing 
commercial spent fuel reprocessing wastes, and 
(3) West Valley/defense high level waste (WV/ 
DHIW) immobilized in borosilicate glass. Refer­
ence and alternative package designs have been 
developed for each waste form for both vertical 
and horizontal emplacement configurations. All 
designs are for emplacement in a tuff repository 
located above the water table (in the vadose zone). 

Conceptual designs and analyses for waste 
packages in tuff below the water table were devel­
oped for the Office of Nuclear Waste Isolation 

Summary 
(ONWI) by Westinghouse Electric Corporation in 
1981-82 (Westinghouse, 1983). The candidate hori­
zon was changed by NNWSI to the vadose zone in 
late 1982 (Vieth, 1982; Dudley and Erdal, 1982). 
LLNL has made changes in and additions to the 
conceptual designs to reflect this change in the re­
pository location. Analyses have been performed 
to determine conformance of the selected design 
ensemble to NRC design requirements in the cur­
rently understood repository environment. Fig­
ure 1 shows the reference conceptual designs. The 
selected designs (Gregg and O'Neal, 1983) include 
reference and alternative designs that vary in com­
plexity, performance, and cost. 

From this ensemble, one set of designs (for SF, 
CHLW, and WV/DHIW) will be chosen which is 
expected to meet Nuclear Regulatory Commission 
(NRC)/Environmental Protection Agency (EPA) 
requirements when analyzed with accurate repos­
itory data and long term corrosion and release rate 
data under development (McCright et al., 1983; 
Oversby, 1983). 

The conceptual designs considered to date do 
not include waste packages for transuranic waste 
(TRU). These conceptual designs will be devel­
oped in the future when more information on the 
characteristics of TRU waste forms is available. 
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Waste Package Environment Assumed 
for Design and Analysis 

The candidate repository horizon is located in 
densely welded tuff, 350 to 400 m below the sur­
face, and approximately 100 m above the water ta­
ble. Our current design assumptions on the ex­
pected repository environment prior to closure are 

* as follows: the hydrostatic and lithostatic forces on 
the waste package will be essentially zero, al­
though there will potentially be some pressure 
(nominally 0.1 MPa) on canisters due to sloughing 
of borehole walls; the air pressure will be 1 atm; 
and less than 1 mm per year of water will be drip­
ping on or seeping around the waste packages 
(Montazer and Wilson, 1984). When heat gener­
ated by radioactive decay raises the borehole wall 
to temperatures above 95 °C, the packages will ex­
perience a steam-air mixture. After the borehole 
walls cool to 95°C, if the rock has rehydrated, wa­
ter may drip onto the packages and evaporate for 
some time (some spent fuel canisters stay above 
95°C for several hundred years in these designs). 
Gamma radiation may alter the chemistry of the 
air and water around the canisters (McCright 
etal., 1983). 

Preclosure Environment and Effects on 
Canisters 

The initial preclosure environment for WV7 
DHIW and CHLW pour canisters is associated 
with the canister fabrication and the glass pouring 
operations. For DHIW, the reference canister de­
sign is a pour canister, 1-cm (0.394 in)- thick, 61-cm 
(24-in)-diameter 304L stainless steel (SS) container 
filled with a molten glass and waste mixture and 
emplaced within an overpack. 

Differential thermal contraction and deforma­
tion between the 304L SS wall and hot glass dur­
ing cooling produces a complicated stress distri­
bution in the canister wall (Baxter, 1983, Slate 
et al., 1981). The time/temperature history and ac­
cumulated residual stress pattern may cause sen­
sitization (carbide precipitation) in the SS and cre­
ate conditions leading to stress corrosion cracking 
susceptibility after emplacement (McCright et al., 
1983; Slate et al., 1981). The reference CHIW pour 
canister design is identical to the WV7DHLW can­
ister, except that the diameter, is 32 cm (12 in). 
Because of residual stresses and sensitization, 
WV7DHLW and CHIW pour canisters will be over-
packed in the reference design. 

The shipping and handling environment of 
the stressed WV/DHIW and CHIW pour canisters 
are not expected to change the physical or chemi­
cal state of the canisters, provided that the canis­
ters are securely fixed in their shipping casks and 
federal transportation regulations are followed. 
At the repository, the normal (non-accident) han­
dling, transporting, and emplacement environ­
ment should not overstress the pour canisters. Re­
trieval operations could produce additional 
stresses in nonoverpacked pour canisters depend­
ing on the integrity of the emplacement hole and 
liner at retrieval. For pour canisters, stresses im­
posed during retrieval would be superimposed 
onto existing thermally induced stresses from 
glass-pouring operations. These are additional 
preclosure conditions under which the reference 
design requires an overpack. 

The reference spent fuel canister is fabricated 
from an austenitic stainless steel such as 304L, 
316L, 321 or fncoloy 825 with a wall thickness of 
1 cm. End caps are 3.8 cm thick. For these spent 
fuel canisters and for pour canister overpacks, cal­
culations indicate that the normal emplacement 
and retrieval operations will net produce stresses 
above allowable limits. For design purposes, the 
properties of 304L or 316L stainless steel were used 
as typical of austenitic stainless steels. 

Fire test and drop test environments for SF 
canisters and pour canisters would impose high 
stresses (tests will be conducted on several proto­
type canisters). Calculations and data on fire test 
stresses (Ross and Mendel, 1979) and reports on 
drop tests of SF canisters (Kurasch, 1980; Slate 
et al., 1981) indicate that reference designs for SF 
canisters and pour canister overpacks could meet 
requirements for these tests. Plastic deformations 
occurring during drop tests of pour canisters will 
be superimposed onto deformations that take 
place in pouring operations. Temperatures up to 
800CC for 30 min will occur in fire tests. Fire test 
heating of pour canisters increases internal gas 
pressure but may actually lower the residual ten­
sile stress in the canister wall as it expands away 
from the glass. 

Design Objective, Philosophy and 
Description 

The objective of the package design effort is to 
develop and analyze waste package designs that 
incorporate qualified materials and are fully com­
patible with the repository design. The designs 

3 



and analyses are needed to support license appli­
cation by demonstration conformance with re­
quirements for safe handling, transportation, em­
placement, retrieval, containment of radioactive 
waste, and control of radionuclide release rate per 
the NRC 10 CFR 60 and 10 CFR 71 regulations. 

The basic design philosophy for waste pack­
age conceptual designs is to meet NRC design cri­
teria with flexibility in technical performance and 
cost. This approach allows for the present uncer­
tainties in the repository environment, corrosion 
rates and radionuclide release rates. To accom­
plish this, we have selected conservative* and ec­
onomical reference designs as well as alternative 
designs with greater technical conservatism but 
added complexity and higher cost. All designs are 
generally suitable with little or no modification for 
either vertical or horizontal emplacement. 

The reference designs specify austenitic SS 
spent fuel canisters and overpacked pour canis­
ters. Alternative designs specify more corrosion-
resistant alloys for containment barriers. Designs 
have been prepared that include overpacks and 
packing materials. The alternative designs may be 
more conservative and costly than the reference 
designs, but may be necessary to meet NRC crite­
ria if long term corrosion and release rate testing 
demonstrates that rates are significantly higher 
than indicated by currently available short term 
data. 

Design Requirements and Constraints 

We are designing waste packages to meet a set 
of NNWSI requirements derived from NRC 10 
CFR 60 (NRC, 1983) and NRC 10 CFR 71 (NRC, 
1982) as well as several desirable design features. 
Table 1 lists these requirements (Rut sell et al., 
1983) and design features. 

Nuclear Criticality Safety Analysis of 
Conceptual Designs 

A criticality safety assessment was made for 
reference DHIW canisters (Baxter, 1983). The 
results show that the highest calculated criticality 
coefficient was k^ - 0.147. This value is well below 

'Here, conservative means use of materials having signifi­
cantly greater corrosion resistance, strength and ductility than 
the least costly available, and design configurations which 
meet requirements with some safety margin on temperature 
limits, criticality, and stress for non-accident conditions. 

the maximum allowable of 0.95. The calculations 
had not included flooding conditions, which may 
increase k,,f slightly. However, for DHLW and 
CHLW, the fissile material content of the waste 
forms' proposed to date is sufficiently low that a 
criticality accident is not of concern during the 
containment period (Westinghouse, 1983, p 60). 
Criticality analysis has not been conducted for 
long term conditions for glass waste forms. 

For various dry and flooded configurations of 
spent fuel canisters emplaced in the tuff reposi­
tory, recent criticality calculations show that k,,, is 
always below 0.95 for spent fuel depleted to < 1.4-
wt% (weight percent) U-235 (Weren et al., 1983). 
The calculations indicate that k,„ will be less than 
0,95 unless, as required in NRC 10 CFR 60, two un­
likely, independent, and concurrent changes have 
occurred in the conditions essential to nuclear crit­
icality safety. The changes necessary for krfc to ex­
ceed 0.95 are as follows: 
1. The emplaced canister is loaded with spent 

fuel with equivalent (depleted) loading greater 
than 1.4 to 1.6-wt% U-235. (Undepleted fuel 
rods will be specially handled in the reposi-
to- \ Fuel assemblies are normally depleted to 
1.0-1.5-wt% U-235). And, 

2. The canister is breached and filled with water. 
And, 

3. The spent fuel rods or space frame have disin­
tegrated. And, 

4. a. The spent rods have rearranged into an 
optimal configuration (>1.6-wt% U-235). 
Or, 

b. The Zircaloy cladding has disintegrated 
and all the spent fuel has fallen into a pile 
(>1.4-wt% U-235). 

Changes in 4a and 4b can be further mitigated 
by filling empty canister spaces with crushed tuff 
and/or placing neutron absorbing materials in the 
canister. The reference design specifies neutron-
absorbing poison rods, and does not include filler 
materials for void spaces. Leaving void spaces 
open increases heat transfer, resulting in lower 
package temperatures. 

Thermal Analysis 

Calculated waste package temperatures for all 
of the reference and alternative designs are within 
the temperature limits imposed to avoid waste-
form degradation (Stein et al., 1984). These limits 
are 350°C for spent fuel (cladding), 400°C for 
CHLW, and 500°C for VW/DHLW. In the canister 
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Table 1. Waste package design requirements and desirable design features. 
A. Waste package design requirements derived from NRC10 CFR 60 and 10 CFR 71 

Waste packages shall be designed to do the following: 
1. Contain the waste for 300 to 1000 years. 
2. Maintain a release rate less than 10-5 per year of the radionuclide inventory present at 1000 years. 
3. Maintain retrievability for 50 years after emplacement of the first waste package. 
4. Control criticality so as not to exceed an effective multiplication factor (k ,̂) of 0.95 unless more than two unlikely changes 

occur. 
5. Maintain temperatures below limits of the waste forms, which are 773 K (500°C) for WWDHUV glass, 673 K (400°C) for 

CHUV glass, and 623 K (350°C) for spent fuel cladding. 
6. Prevent release of radioactive material in excess of applicable federal and state standards after a drop test of two times the 

waste package length onto an unyielding surface, at the minimum anticipated temperature. 
7. Prevent release of radioactive material in excess of applicable federal and state standards after sustaining a 1073 K (800 °C), 

30-mlnute fire test. 
8. Prevent release of radioactive material In excess of applicable federal and state standards under expected loads during or 

after transportation, handling, emplacement, retrieval, and seismic events. Further, these loads must not compromise long-
term performance. 

9. Retain legible, externally labeled identification as long as retrievability is required. 
10. Meet federal regulatory requirements for transportation of high level nuclear waste. 
11. Meet requirements with consideration for cost-effectiveness, including direct package costs and related repository system 

costs through the operational period. 

B. Desirable waste package design features 

Waste package designs will do the following: 
1. Use standardized components whenever possible. 
2. Emphasize simplicity and ease of fabrication. 
3. Be technically conservative. 
4. Use conventional materials and fabrication techniques. 
5. Be compatible with all waste processing, transportation and emplacement operations. 

design for consolidated spent fuel, the same 
diameter canister (70 cm) will accommodate 14 
BWR assemblies (3.00 kW) and six PWR assem­
blies (3.4 kW). For the alternative SF canister with 
packing, it was necessary to reduce the number of 
assemblies to four PWR or 11 BWR (2.2 kW) to 
avoid exceeding the 350°C limit. 

Results of thermal analyses show that the ref­
erence package designs for CHUV and WV/DHIW 
when emplaced in the reference repository geom­
etry (vertical emplacement) are well below waste 
form temperature limits. In fact, both CHIW and 
WV/DHLW canisters could be emplaced at higher 
areal power density without exceeding tempera­
ture limits. The analysis also shows that, depend­
ing on detailed configurations and fuel loadings, 
the reference-design spent fuel canisters can be 
emplaced in the reference repository and not ex­
ceed waste form temperature limits. 

Structural Analyses of Canister Designs 
The preclosure environmental history of can­

isters and overpacks begins with canister fabrica­

tion and continues through glass pouring (WV/ 
DHLW and CHLW only), transportation, 
handling, welding, emplacement, and possible 
retrieval. For prototype canisters, fire and drop 
tests must be completed without canister leakage. 
Structural analysis is underway to simulate the 
normal, test, and unexpected environmental con­
ditions that will bo imposed on canisters. Drop 
tests (Ross and Mendel, 1979; Slate et al., 1981; 
Kurasch, 1980) and overheat tests (Ross and 
Mendel, 1979) have been conducted on these 
types of canisters by several organizations. Based 
on these results, NNWSI canister designs are ex­
pected to survive such tests. 

Computer simulations of fire tests were per­
formed for a spent fuel canister using TAC02D 
(Burns, 1982) to calculate internal temperatures 
from an 800°C, 30-min boundary condition. These 
temperatures were used to calculate internal pres­
sures. The internal pressure was applied on a 
boundary condition to model canister stresses us­
ing NIKE2D (Hallquist, 1979). Assuming in­
creased pressure from fuel-rod gas release, the 
maximum stress in a 70-cm-diameter canister is 
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15,000 psi. This gives a safety factor of 1.36 on ulti­
mate strength. 

Structural analysis for normal lifting loads (for 
the 70-cm-diameter canister) using NIKE2D gave a 
maximum stress of 4,780 psi (in the pintle). A re­
trieval load of 79,000 lb can be applied on the pin­
tle without exceeding the 316L stainless steel yield 
strength of 30,000 psi in the pintle or canister. The 
retrieval load to maintain a safety margin of three 
on yield is 26,333 lb. 

To estimate the effect of an (unexpected) flood­
ing of the repository, a computer-simulated hy­
drostatic pressure was applied to the outside of 
the canister. The yield strength was not exceeded 
until 400 psig of water pressure was applied (70-
cm-diameter canister). This pressure would result 
from a water head of over 922 ft (281 m). Essen­
tially no reduction in wall thickness or strength is 
expected during the pre-closure period. Canister 
strength is therefore sufficient to allow for un­
likely flooding incidents, and for significant load­
ings from local rock failures. 

Structural analysis of advanced conceptual 
canister designs and other environmental condi­
tions is continuing. The results thus far indicate 
that all concepts can be detail designed to meet 
strength requirements over the expected range of 
preclosure environments. 

Design Description 
Reference Designs 

The reference conceptual designs are shown 
in Figure 1. The reference spent fuel canister is 70-
cm-diameter with 4.00-, 4.50-, and 4.75-m lengths 
(plus pintle) to accommodate spent fuel rods of 
various lengths. The canisters are fabricated from 
an austenitic stainless steel with wall thicknesses 
of 1 cm (the properties of 316L stainless are used 
for purposes of design and analysis). The pintles 
(16.5 cm) are similar to pour canister pintles. 

The internal space-frame for spent fuel canis­
ters provides mechanical stability and enhances 
heat transfer. For consolidated rods, preconsolida-
ted or intact assemblies, the space-frame consists 
of a 1-cm-thick pigeon-hole array of 304 SS with 
square receptacles with end plates and pintle. The 
PWR canister contains three intact or six preconso-
iidated PWR assemblies. For BWR assemblies, it 
contains up to seven intact or 14 preconsolidated 
assemblies. The 70-cm diameter for preconsolida­
ted boxed assemblies is contingent upon the suc­
cessful two-for-one volume reduction envisaged 
and demonstrated for preconsolidation (Ander­

son, 1982). The reference WV/DHIW and CHIW 
designs use an overpack 330 cm long. The 32-cm-
diameter CHLW pour canister and the 61-cm-
diameter WV7DHLW pour canister are both nomi­
nally one cm thick, 304L stainless steel with 
identical pintles of the Savannah River type (Bax­
ter, 1983). Single package emplacement in vertical 
boreholes is the reference emplacement configu­
ration. 

Alternative Designs 
Several alternative design configurations 

have been considered, including self-shielded 
packages, titanium-carbon steel composites, and 
multiple glass waste form canisters in a single 
overpack, These concepts have been eliminated 
from further consideration. 

An alternative design that includes a precom-
pressed tuff packing material outside the contain­
ment barrier continues to be a possible configura­
tion for spent fuel packages. The need for packing 
material will be determined from results of spent 
fuel release-rate testing. 

The alternative emplacement mode is hori­
zontal emplacement. A carbon steel liner will be 
used to facilitate emplacement and retrieval. Ref­
erence and alternative package designs can be em-
placed horizontally. Figure 2 shows the alternative 
spent fuel package design with packing emplaced 
vertically. 

Cost Effectiveness 

Costs have been estimated for all reference 
and alternative designs. The most cost effective 
designs are those that maximize the canister size 
without exceeding waste-form temperature lim­
its. Table 2 shows costs of reference and alternate 
vertically emplaced waste-package and related 
repository-systems costs for a 70,000 metric tons 
of uranium (MTU) all-spent-fuel repository. 
Columns F and G show the cost of 300 West Valley 
high level waste (WVH1W) waste packages with 
and without overpacks (costs of pour canisters are 
not included because they will be borne by the 
waste processor). Column H shows costs of 5000 
cans of spent fuel hardware from consolidation 
operations. Columns I and J show the cost of 
26,000 canisters of consolidated spent fuel and 
columns K and L are for 52,000 canisters of intact 
spent fuel. Repository costs included are shown in 
Table 2 (Scully et al., 1983a). Repository costs not 
included are the following: most surface facilities 
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Figure 2. Alternative design for consolidated spent fuel waste packages if packing (backfill) is needed 
to reduce release rate. 

and some subsurface facilities (not including ven­
tilation shafts, entrance, service areas, sealing, 
backfill, retrieval). The only surface-facility cost 
included is an approximate cost for spent fuel con­
solidation hot cells at $100 million (Steams-Roger, 
1983). 

Line 137 shows that the total cost of consoli­
dated spent fuel is $1827 M including 5000 cans of 
SF hardware, which is significantly less than for 
intact assemblies at $2549 M. The cost of consoli­
dation labor and facilities would have to increase 

from the estimated $3000/can to about $28,000/can 
to make it uneconomical to consolidate spent'fuel. 

Conclusions 

The reference and alternative conceptual de­
signs provicie a group of design concepts suitable 
for development of preliminary and final di'sign of 
waste packages. Within the variations in materials 
and configurations available, final designs are ex­
pected to meet all regulatory requirements. 
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Table 2. Summary of waste package (WP) and related costs for vertical emplacement. 

Spreadsheet 
row numbers A 

116 
117 Summary 8/30/84 (WPCOSTV6) no. cans. 
118 QA cost factor- 0.10 
119 Waste form 1 
120 WPthemul power (W/WP) 
121 Can. total fab cost ($/can.) 
122 Space frame total cost ($/frame) 
123 Processing cost/can. (incl. canistering) ($) 
124 Consolidation cost/can. ($) 
125 Emplacement cost/can. (incl. hole plugs) ($) 
126 Sub total can. hardware fcassem. costs (S/can.) 5519 
127 Mining * mucking/can. (?) 
128 \fert. hole cost/can. ($) 
129 Consolidation facility cost/can. ($) 
130 Additional facilities/can. (S) 
131 Ventilation cost/can. ($) 
132 Subtotal ficilites it mining costs ($/can.) 
133 Grand total cost/WP($) 
134 Metric tons of U/canister 
135 Total cost/metric ton uranium ($) 
136 CostofallWPs/type $Millk>ns 
137 Total (WV/DHUV+spent fuel) SMillions 

26,000 cans. 52,000 cans. 
300 300 5000 10,400 15,600 20,800 31,200 

mm WVHIW Spt. Fuel 14GE8x8 6BW15xl5 7GE8x8 3BW15xl5 
ir can. overpkd hrdware BWR-Cons PWR-Cons BWR-Intc PWR-Intc 

420 420 420 2680 3300 1330 1650 

— 8240 8240 10297 10297 10675 10297 

— — - 15215 11252 16010 11252 
3800 8050 8050 8050 8050 8050 8050 

— — — 3000 3000 — -
1719 1719 1719 1719 1719 1719 1719 
5519 18009 18009 38281 34318 36454 31318 
3422 3422 3422 9840 12207 4920 6104 
3365 4605 4605 5593 5593 5774 5593 

— - 3226 3226 3226 - -
73 73 73 73 73 44 44 

6879 6879 6879 6879 6879 4117 4117 
13739 14978 18204 25610 27978 14855 15813 
19258 329B7 36213 63892 622% 51309 47132 

— — - 2.40 2.82 1.20 1.41 

— - - 32657 297% 42757 33427 
5.78 9.90 181 664 972 1067 1472 

Consoldtd 1827 Intact 2549 

138 ' Spent fuel hardware included in total consolidated cost. 

Section I 
Conceptual Waste Package Designs 

Introduction 
Background 

During 1981-82, Westinghouse Advanced En­
ergy Systems Division, Pittsburgh, PA, developed 
conceptual waste package designs for a tuff repos­
itory below the water table. In 1982, the candidate 
repository horizon was changed to a stratum 
above the water table in the unsaturated zone. 
Westinghouse considered this in their final report. 
In 1962-83, LLNL further developed and analyzed 
these concepts for the unsaturated zone, and se­
lected a set of conceptual designs in September 
1983. During 1983 and the first-half of 1984, LLNL 
performed detailed analyses of these designs. 
Some design modifications were made as a result 
of these design analyses, as well as from evolu­
tionary changes inMNWSI and headquarters in­

put (Systems Description), and in response to the 
Nuclear Waste Policy Act of 1982, and the final 
formofNRC10CFR60. 

The reference and alternative designs shown 
in this report have evolved during the analytical 
process, and therefore the reported analyses do 
not exactly match the current designs. However, 
conclusions are drawn as to the likelihood that 
similar detailed prototype and final designs will 
meet the requirements based on the analyses com­
pleted thus far. Complete analysis of prototype, 
preliminary and final designs will be reported in 
the future. 

In May 1984 copper and copper-based alloys 
were added to the materials to be evaluated for 
containment barriers. Designs and analyses for 
copper and copper-alloy canisters have not been 
developed and are not included in this report. 
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In June 1984 it was decided to adopt the ge­
neric austenific stainless steel alloys as the refer­
ence material for NNWSI containment barriers. 
This decision reflects the requirement for addi­
tional corrosion testing of several alloys in this 
group before there is a sound technical basis for a 
specific alloy selection. This selection is scheduled 
to be made in 1987 and will be based on compre­
hensive testing in both anticipated and unantici­
pated, but credible simulated repository enWron-
ments. 

This report does not include waste package 
performance analysis for postclosure periods be­
cause, at this time, available data and existing 
models are inadequate for such an analysis. The 
purpose of this report it. to present the latest se­
lected conceptual design configurations and the 
analysis done on these evolving concepts during 
1983-84. The next phase in the NNWSI package 
design subtask is advanced conceptual design and 
analysis and detailed design and analysis of proto­
type canisters. 

Waste Forms and Quantities 
The conceptual waste package designs pre­

sented in this report are for three waste forms: 
spent fuel, commercial high level waste, and West 
Valley/defense high level waste (see Oversby, 1984 
for waste form characteristics). A summary of 
their anticipated quantities is in Table 3 (O'Brien, 
1984). Transuranic (TRU) waste forms are not con­
sidered in this report. 
Spent Fuel (SF). The reference form of spent fuel 
consists of spent fuel rods that have been removed 
from the intact assemblies and consolidated into 
square-hole arrays in canisters that vary in length, 
depending on the dimensions of the fuel rods. The 
reference canister for pressurized-water-reactor 
and boiling-water-reactor fuel rods is 70 cm in 
diameter and 450 cm long (plus pintle). The PWR 
and BWR canisters will have maximum thermal 
power of approximately 3450 W per canister. 
Power per canister will vary depending on age, 
burn-up, and whether intact or consolidated as­
semblies are stored within. 

Commercial High Level Waste (CHLW). The ref­
erence CHLW form is borosilicate glass which is 
poured, while molten, into stainless steel canis­
ters 32 cm in diameter and 300 cm long. As with 
West Valley waste and defense high level waste, 
these canisters are filled to about 85% capacity to 
preclude overfilling (Slate et al., 1981). 

The source of this waste form will be spent 
fuel reprocessing plants. If such plants are put into 

operation, the repository will have to be prepared 
to handle a total of 15,350 such packages at a rate of 
660 packages per year. The thermal power will be 
approximately 2210 W per package (Wes-
tinghouse, 1983). CHLW is not considered in de­
tail, but can be accommodated in overpacks. 
West Valley/Defense High Level Waste (WV/ 
DHLW). The reference form of WV/DHLW is bo­
rosilicate glass which is poured, while molten, 
into a 304L stainless steel canister 61 cm in diame­
ter and 300 cm long. The canister is filled to only 
85% capadty to preclude overfilling (Baxter, 1983). 

The primary source of this waste will be the 
West Valley Plant and possibly the Savannah River 
Plant, which is expected to produce a total of 6720 
packages at a rate of 500 packages per year. These 
packages are expected to have a maximum ther­
mal output of 423 W per package, assuming 10-
year-old waste. The West Valley Plant is expected 
to produce an additional 310 packages which are 
expected to be disposed of over a period of a single 
year. These packages are expected to have a ther­
mal output of less than 300 W per package (Wes-
tinghouse, 1983), and will be overpacked in aus-
tenitic stainless steel overpacks. 

Repository Location and Waste Package 
Environment 

The NNWSI Project has selected the Topopah 
Spring member of the Paintbrush Tuff as the can­
didate horizon for a repository sited at Yucca 
Mountain. A typical plan view of the repository is 
presented in Figure 3 (Scully et al., 1983b). The re­
pository will be located in a welded portion of the 
tuff unit at an elevation of about 2900 ft (884 m) 
and will lie approximately 350 to 400 m below sur­
face level. The static water level is more than 100 
meters below the repository level. The depths 
given here are based on information obtained 
from geologic and hydrologic boreholes placed 
around the edge of the repository block and from 
the principal borehole (USW G-4) at the Explor­
atory Shaft location. The exact depth of the reposi­
tory horizon will be established during the site-
characterization phase of the program. 

The choice of the unsaturated zone marks a 
departure from the conventional environment in 
which repository siting has been proposed. There 
are many characteristics of the unsaturated zone 
that make use of this regime particularly attrac­
tive for a high-level-waste (HLW) repository site. 
Table 4 lists environmental conditions that consi-
tute the waste package design basis. 
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Table 3. Waste emplacement schedule for the first repository. 
PWR containers BWR 

Year Intact Consolidated Intact 

1996 92 31 % 
1999 81 23 120 
2000 109 26 104 

2001 287 56 219 
2002 622 98 447 
2003 0 610 0 
2004 0 642 0 
2005 27 727 0 

2006 89 662 0 
2007 136 626 0 
2008 131 647 0 
2009 127 652 0 
2010 128 638 0 

2011 137 645 0 
2012 130 650 0 
2013 138 628 0 
2014 137 654 0 
2015 121 643 0 

2016 116 642 0 
2017 115 772 0 
2018 93 799 0 
2019 84 793 0 
2020 92 712 0 

2021 60 710 0 
2022 75 749 0 
2023 63 935 0 
2024 86 1024 0 
2025 3 31 0 

Total 3279 15825 986 

Waste Package Emplacement Configurations 

Two waste emplacement configurations are 
being considered. These configurations are verti­
cal and horizontal. The reference configuration, 
vertical emplacement, consists of emplacing the 
waste canisters in vertical holes bored in the floors 
of mined drifts. There will be one waste package 
per borehole. In this report, the reference waste 
package designs are configurations that are ex­
pected to meet NRC criteria in the presently un-

lainers Total Total WVHUV 
Consolidated containers (kW) containers 

32 251 284 0 
34 258 288 0 
24 263 2% 0 

43 605 675 0 
71 1238 1375 0 

436 1046 2075 155 
401 1043 2141 155 
430 1184 2536 0 

464 1215 2658 0 
478 1240 2801 0 
458 1236 2867 0 
455 1234 2931 0 
469 1235 3009 0 

457 1239 3129 0 
456 1236 3245 0 
474 1240 3338 0 
448 1239 3461 0 
468 1232 3547 0 

472 1230 3652 0 
470 1357 3779 0 
458 1350 3877 0 
468 1345 4019 0 
534 1338 4083 0 

553 1323 4212 0 
511 1335 4289 0 
518 1516 4361 0 
445 1555 4557 0 
17 51 151 0 

10544 30634 77636 310 

derstood repository environment. The alternative 
designs are considered to be designs that will be 
resorted to if, as new information is developed, it 
is found that the reference designs will not meet 
the performance requirements because of higher 
than expected corrosion and release rates. The 
horizontal waste emplacement configuration con­
sists of emplacing the waste canisters in long hori­
zontal holes drilled in the walls of mined drifts. In 
this case, there will be multiple waste canisters 
(approximately 40) placed in each borehole. Plan 
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Figure 3. Plan view of the proposed Yucca Mountain repository (not to scale). 
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Table 4 . Assumed waste package environmental conditions 
(Oversby, 1983). 

1. The waste canisters will not be submerged in a continuum of water. Rather, 
they will be subjected to constant contact with water vapor and to intermit­
tent contact with limited amounts of liquid water. 

2. The pressure exerted on the canisters by the environment will be approxi­
mately 1 atm. There is no hydrostatic pressure because there is no continuum 
of water above or around the canisters. A small amount of pressure might be 
applied to the canisters if localized rock sloughing occurs in emplacement 
boreholes. 

3. The gases to which the canister is exposed will be air plus water vapor if the 
temperature is more than 95 °. This is a consequence of the absence of hydro­
static pressure and elevation (884 m above sea level). 

4. Aqueous corrosion of the canister/overpack will begin after the temperature 
has dropped to less than 95 °. This is because liquid water cannot exist in the 
unsaturated zone at temperatures higher than 95°, the 1-atm boiling point of 
water at the Ibpopah Spring elevation. 

5. The vadose water and atmosphere of the repository will be mildly oxidizing. 
Possible increases in salt concentration may result from evaporation of 
groundwater that drips on canisters. 

6. Water available for corrosion and waste-form dissolution is limited to the 
small amount supplied by downward infiltration from the overlying unsatu­
rated media, a seepage rate currently estimated to be < 1 mm per year (Mon-
tazerand Wilson, 1984). 

7. Other environmental conditions might arise during transportation, handling 
and emplacement operations; during retrieval operations, from sloughing of 
rock in the emplacement boreholes due to gravity or earthquake loads and 
vibrations, or as a result of thermal or residual stresses. 

8. Conditions (pre-emplacement) resulting from free fall from up to 30 ft on an 
unyielding surface and from fire imposing an 800 °C, 30-min boundary condi­
tion (O'Neal et al., 1984). 

views of the repository for each emplacement con­
cept are shown in Figures 4 and 5. Detailed eleva­
tions of typical emplacement drifts and holes are 
presented in Figures 6 and 7 (Scully, 1983). 

The primary difference between these two 
configurations is that the horizontal emplacement 
configuration will require special horizontal bor­
ing technology, but will involve the removal (min­
ing and boring) of less rock. This will result in a 
lower degree of disruption of the natural reposi­
tory geology and less cost, but introduces a higher 
level of uncertainty as to whether the holes are 
technically feasible to bore. The equipment and 
methods required to bore the vertical holes are 
standard. The boring equipment required to drill 
the relatively long horizontal emplacement holes 
is not presently available in the relatively small 
diameters that are required for waste emplace­
ment. It is anticipated that existing tunnel-boring 
technology can be adapted to this purpose, but 
more equipment development will be required 
than for the vertical holes (Dravo, 1984). 

Waste Package Conceptual Design Selection 
Philosophy 

Given in this report are approximate dimen­
sions of conceptual waste package designs for 
High Level Waste (HLW) and four candidate mate­
rials that are being considered for the primary 
(300-to-1000-year) corrosion resistant barrier. The 
package designs are for vertical and horizontal 
emplacement configurations. The horizontal 
boreholes have a carbon steel liner that is assumed 
to be required for reliable emplacement and re­
trieval operations. 'Vertical emplacement is the ref­
erence emplacement configuration for all the 
package designs, and may require a partial bore­
hole liner. 

The waste package designs accommodate 
three basic types of high level waste: SF, WW 
DHLW, and CHIW. Both WV/DHIW and CHIW 
are in the foi at of glass that has been poured into a 
stainless steel pour canister. The reference designs 
call for the insertion of the pour canisters into 
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Plan view 

Figure 4. Repository plan view: vertical emplacement where ADC = access drift spacing, CDC = em­
placement drift spacing, BS = borehole spacing, and ADS = access drift standoff, 

overpacks that are designed to be the primary con­
tainment barrier which will meet the 30(l-to-1000-
year containment design requirement. A design 
for reprocessed waste involving pour canisters 
emplaced directly into vertical boreholes with no 
further corrosion-resistant barriers was consid­
ered. In this case, the stainless steel pour canister 
would serve as the 300-to-1000-year containment 
barrier. This design was considered based on sim­
plicity, but we do not have sufficient information 
about the pour canisters to determine if they will 
be acceptable containment barriers by themselves. 
The particular concerns are that the thermal cycles 
associated with the glass-pouring operation 
will result in the canisters being highly stressed 
(Baxter, 1983) and sensitized (McCright et al., 
1983). These conditions could alter the canister-
corrosion mechanism and result in a container 

that would not be a satisfactory long-term contain­
ment barrier.. 

Because of the different PWR and BVVR de­
signs, there are a variety of PWR and BWR fuel rod 
and assembly dimensions (Westinghouse, 1983). 
The reference package design consists of rods con­
solidated into 304 stainless steel space frames and 
placed into a 70-cm-diameter austenitic stainless 
steel canister that serves as the 300-to-lOOO-year 
containment barrier. The ability to dispose of the 
intact (nonconsolidated) or preconsolidated 
boxed fuel rods, as they are received, is retained 
because it is possible that the operation of consoli­
dating the fuel rods at the repository may be found 
to be uneconomical or impossible for the fraction 
of the fuel rod assemblies that may be damaged. 
Therefore, canister designs have been developed 
for disposal of consolidated and preconsolidated 
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Figure 5. Repository plan view: horizontal emplacement. 
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Figure 6. Detailed drift elevation view: vertical emplacement (section of Figure 4). 
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Figure 7. Detailed drift plan view: horizontal emplacement (section of Figure 5). 

fuel rods and intact assemblies. The canisters are 
placed into the emplacement holes with no addi­
tional metal containment barriers. It is expected 
that these canisters can be designed to meet the 
300-to-1000-year containment requirement using 
austenitic stainless steel as the canister material. 

The need for an alternative design for SF 
arises not from the need to meet the containment 
design requirement, but rather from the need to 
meet the long term release-rate design require­
ment. Segregated phases within the SF (UO,) are 
considerably more soluble in water than the 
DHtW and CHLW glass-waste forms. Bare spent 
fuel is thus less likely to meet the post-
containment period release rate design objective, 
but the Zircaloy cladding may be a barrier to the 
release. If ongoing testing proves that Zircaloy 
cladding is not a suitable release barrier, packing 
may be required (Oversby, 1983). Therefore, the 
alternate SF waste-package designs employ a 
packing material around the canister designed to 
reduce the release rate (after the overpack has cor­
roded through) by controlling water flow and 
sorbing radionuclides. The proposed packing ma­
terial design consists of an outer low-permeability 
container of packing material, approximately 
15 cm thick, consisting of crushed and pressed 
tuff, and perhaps containing a binder. 

Alternative Designs That Have Been Eliminated 
Three basically different waste package de­

sign concepts were considered earlier in the pro­
gram and have been eliminated from consider­
ation for the NNWSI repository. They are the 
self-shielded package, the titanium-shell-over-

steel package, and the three-in-one package. They 
are discussed below. 
Self-Shielded Package (Westinghouse, 1983). 
This design, proposed by Westinghouse Electric 
Corporation, consisted of cast or gray iron over-
packs with sufficient thickness to provide radia­
tion shielding to allow contact handling. Such a 
package design would have the many advantages 
associated with minimizing the personnel shield­
ing that would be required for handling. How­
ever, calculations indicated that the walls would 
have to be approximately 30 cm thick to accom­
plish this task. This made the package more ex­
pensive and many times heavier than our present 
selected reference package (Westinghouse, 1983). 
It did not appear that the advantages associated 
with the self-shielding would compensate for the 
additional expense associated with fabricating the 
package and for handling the extra weight. 

Titanium-Shell-Over-Steel Package (Wes-
tingh'ouse, 1983). This waste package was de­
signed to combine the corrosion resistance of tita­
nium with the strength of the relatively 
inexpensive carbon steel. The design involves 
covering a thick, strong carbon steel package with 
a thin, corrosion-resistant titanium shell. It was 
initiated primarily for service below the water ta­
ble where the package is subjected to a high hy­
drostatic head. Initial corrosion information indi­
cates that very thin shells (1 mm or less) of 
titanium would be sufficient to provide the corro­
sion resistance needed to meet the 300-to-1000-
year containment requirement, and steel thick­
nesses of several centimeters or more would be 
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required to prevent crushing by the hydrostatic 
head present in repositories below the water table. 
Thick titanium walls would be far too expensive to 
be used to meet these strength requirements. 
Thus, the combination package, using a thin ex­
ternal shell of titanium for corrosion resistance 
and a thick inner shell of steel for strength, was de­
signed to meet both requirements in a cost effec­
tive manner. The critical difference introduced by 
the NNWSI repository candidate horizon is that it 
is located above the water table and thus there is 
no hydrostatic head and the groundwater has a 
relatively low corrosivity. Therefore, thick walls 
are not required to prevent crushing, and corro­
sion conditions are not severe, Thus, the simpler 
designs presented in this report, made of stainless 
steel with a 1-cm-wall thickness will meet the re­
quirements in a more cost-effective manner. 
Three-in-One Package. This package concept 
explored the possible economy of placing three 
DHLW canisters in a triangular array in one over-
pack. In this way more canisters would be placed 
in a particular hole and fewer overpacks would 
have to be fabricated. However, a preliminary cost 
study of this design variation indicated that there 
would be little if any economy in this design. In 
fact, for some scenarios, it was considerably more 
expensive than individually overpacked canisters. 
It was therefore discarded since the large changes 
that it introduced in i ickage diameters and 
weights were not justified by economics. 

Regulatory Requirements for Waste 
Package Design 

The regulatory requirements that the waste 
packages must satisfy are given in 10 CFR Part 60 
(NRC, 1983). They are summarized below. 

Containment 
Regulation: "60.113 Performance of particular 

barriers after permanent closure." "The engi­
neered barrier system shall be designed, assum­
ing anticipated processes and events, so that: (A) 
Containment of HLW within the waste packages 
will be substantially complete for a period to be de­
termined by the Commission taking into account 
the factors specified in 60.113(b) provided, that 
such period shall be not less than 300 years nor 
more than 1000 years after permanent closure of 
the geologic repository." (NRC, 1983) 

Discussion: All the waste package designs 
rely on a corrosion-resistant metal barrier to meet 

the containment design requirement. This pri­
mary containment barrier may either be the canis­
ter or the overpack, depending on the specific de­
sign. The thickness of metal needed to meet this 
requirement will depend on the corrosion rate and 
mechanism in the expected tuff environment. The 
corrosion rate and mechanism will depend on a 
number of parameters including the state of 
stress, the type of metal and, the microstructure, 
the number and characteristics of defects, the tem­
perature history, radiolysis effects, galvanic ef­
fects, and the groundwater characteristics. All of 
these parameters will have to be taken into consid­
eration in modeling and predicting the contain­
ment life of the package. 

To meet this requirement the waste package 
must also be strong enough that it will not be 
crushed by hydrostatic or lithostatic pressures. 
Since the NNWSI repository is above the water ta­
ble, there is no hydrostatic head, but there may be 
some lithostatic pressure due to rock sloughing on 
the packages. Earthquake loads must also be con­
sidered. 

Release Control 
Regulation: "60.113 Performance of particular 

barriers after permanent closure." "The engi­
neered barrier system shall be designed, assum­
ing anticipated processes and events, so that:... (B) 
The release rate of any radionuclide from the engi­
neered barrier system following the containment 
period shall not exceed one part in 100,000 per 
year of the inventory of that radionuclide calcu­
lated to be present at 1000 years following perma­
nent closure, or such other fraction of the inven­
tory as may be approved or specified by the 
Commission; provided, that this requirement 
does not apply to any radionuclide which is re­
leased at a rate less than 0.1% of the calculated to­
tal release rate limit. The calculated total release 
rate limit shall be taken to be one part in 100,000 
per year of the inventory of radioactive waste, 
originally emplaced in the underground facility, 
that remains after 1000 years of radioactive de­
cay." (NRC, 1983) 

Discussion: The primary approach to ensur­
ing that this design requirement is met is to use a 
low solubility waste form. This, in combination 
with the low groundwater seepage rate at the 
NNWSI repository, generally ensures a radionu­
clide release rate that meets this requirement. The 
low waste form solubility is accomplished for 
DHLW and CHLW by incorporating the waste into 
a low solubility glass. For spent fuel rods, release 
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can be effectively reduced by keeping intact the 
very corrosion-resistant Zircaloy cladding sur­
rounding the fuel. The release rate from spent fuel 
without cladding is considerably greater than for 
the glass waste forms and may not meet this re­
quirement by itself. Therefore, if it is determined 
that the Zircaloy cladding will not provide a suffic­
ient barrier, a packing material will be emplaced 
around the canister. The packing material may be 
made of crushed, compressed tuff possibly mixed 
with a binder material and will be designed to con­
trol water flow and sorb the radionuclides suffi­
ciently so that the release requirement is met. 

CriticaHty Control 
Regulation: "60.131 General design criteria for 

the geologic repository operations area." "(b) 
Structures, systems, and components important 
to safety." "(7) AH systems for processing, trans­
porting, handling, storage, retrieval, emplace­
ment, and isolation of radioactive waste shall be 
designed to ensure that a nuclear criticality acci­
dent is not possible unless at least two unlikely, in­
dependent, and concurrent or sequential changes 
have occurred in the conditions essential to nu­
clear criticality safety. Each system shall be de­
signed for criticality safety under normal and acci­
dent conditions. The calculated effective 
multiplication factor (krf,) must be sufficiently be­
low unity to show at least a 5% margin, after al­
lowance for the bias in the method of calculation 
and the uncertainty in the experiments used to 
validate the method of calculation." (NRC, 1983) 

Disscussion: The neutron multiplication fac­
tor, k ,̂, will be calculated for all the designs and 
emplacement configurations selected. However, it 
is anticipated that all the waste package designs 
will meet criticality requirements of 10 CFR 60 for 
either emplacement configuration. 

In postulating potential configurations for 
evaluation, it is useful to think in terms of three 
time frames: (1) assembly, emplacement, and 
short times (decades) thereafter; (2) intermediate 
times after emplacement (hundreds of years); and 
(3) very long times (up to thousands of years after 
emplacement). We expect that, in the short term, 
the nominal geometry at assembly and emplace­
ment will exist. As time passes, first the canister 
and then the space frame corrodes, after which the 
fuel rod cladding fails, releasing the fuel pellets, 
and finally the fuel pellets disintegrate to powder. 
At all times the potential for water intrusion will 
be considered. These scenarios give rise to many 
potential configurations, some dry, and some 
flooded. For all credible configurations, the effec­

tive neutron multiplication factor (k r t) will be 
shown to be less than 0.95 unless at least two un­
likely, independent, and concurrent or sequential 
changes have occurred in the conditions essential 
to nuclear criticality safety. 

RetrievabUity of Waste 
Regulation: "60.111 Performance of the geo­

logic repository operations area through perma­
nent closure." "(b) Retrievability of waste. (l)The 
geologic repository operations area shall be de­
signed to preserve the option of waste retrieval 
throughout the period during v/hich wastes are 
being emplaced and, thereafter, until the comple­
tion of a performance confirmation program and 
Commission review of the information obtained 
from such a program, lb satisfy this objective, the 
geologic repository operations area shall be de­
signed so that any or all of the emplaced waste 
could be retrieved on a reasonable schedule start­
ing at any time up to 50 years after waste emplace­
ment operations are initiated, unless a different 
time period is approved or specified by the Com­
mission." "(3) For purposes of this paragraph, a 
reasonable schedule for retrieval is one that would 
permit retrieval in about the same time as that de­
voted to construction of the geologic repository 
operations area and the emplacement of wastes." 
(NRC, 1983) 

Discussion: To meet this requirement, the 
waste canister, pintle assembly, pintle attachment 
welds, and waste package emplacement configu­
ration must be designed so that they are compati­
ble with both the initial emplacement operations 
as well as the retrieval operations. 

Transportation and Handling 
Regulations: "60.135 Criteria for the waste 

package and its components: (a) High-level-waste 
package design in general:" "(2) The design shall 
include but not be limited to consideration of the 
following factors: solubility, oxidation/reduction 
reactions, corrosion, hydriding, gas generation, 
thermal effects, mechanical strength, mechanical 
stress, radiolysis, radiation damage, radionuclide 
retardation, leaching, fire and explosion hazards, 
thermal loads, and synergistic interactions." (b) 
Specific criteria for HIW package design." "(3) 
Handling: Waste packages shall be designed to 
maintain waste containment during transporta­
tion, emplacement and retrieval." (NRC, 1983) 

"60.131 General design criteria for the geo­
logic repository operations area." "(b) Structures, 
systems, and components important to safety." 
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"(2) Protection against dynamic effects of equip­
ment failure and similar events: The structures, 
systems and components important to safety shall 
be designed to withstand dynamic effects such as 
missile impacts, that could result from equipment 
failure, and similar events and conditions that 
could lead to a loss of their safety functions. (3) 
Protection against fires and explosions, (i) The 
structures, systems, and components important 
to safety shall be designed to perform their safety 
functions during and after credible fires or explo­
sions in the geologic repository operations area." 
(NRC, 1983) 

Discussion: The regulation governing the 
transport of high-level radioactive materials is 
covered in 10 CFR 71 (NRC, 1982). This regulation 
presents numerous requirements that the ship­
ping container must meet, with the waste canister 
inside. However, these shipping requirements 
will apply almost exclusively to the shipping cask 
and will have little effect on the design of the 
waste canister, unless the canister comprises the 
inner container of the required double container 
for shipping casks. The regulation governing the 
handling of the canisters and overpacks outside of 
the shipping casks at the repository is covered in 
10 CFR 60, which is quoted above. This regulation 
requires that the canisters be safe to handle in the 
repository under normal and credible accident 
conditions. However, unlike 10 CFR 71, it does not 
specify what these conditions are. Therefore, us­
ing 10 CFR 71 as a guide, a more specific set of re­
pository handling requirements has been formu­
lated to guide the waste package design effort. It is 
assumed that handling the waste package within 
the repository should be made as safe as trans­
porting the waste to the repository, considering 
the differences in expected handling loads and 
credible-accident scenarios. Therefore, th? re­
quirements should be similar to the transportation 
requirements presented in 10 CFR 71 for highly ra­
dioactive material. -

Normal Handling Conditions. The first han­
dling requirement is that the waste package must 
be designed to sustain the normal stresses result­
ing from transporting, handling, emplacing, and 
retrieving waste while preserving the package's 
capability to contain the waste. Such require­
ments are treated in 10 CFR 71, Subpart C — Pack­
age Standards. They are as follows: 

"71.31 General standards for all packaging: 
(a) Packaging shall be of such materials and 

construction that there will be no signifi­
cant chemical, galvanic, or other reaction 

among the packaging components, or be­
tween the packaging components and the 
package contents. 

(b) Packaging shall be equipped with a positive 
closure which will prevent inadvertent 
opening. 

(c) Lifting devices: 
(1) If there is a system of lifting devices 

which is a structural part of the package, 
the system shall be capable of support­
ing three times the weight of the loaded 
package without generating stress in 
any material of the packaging in excess 
of its yield strength. 

(2) Each lifting device which is a structural 
part of the package shall be so designed 
that failure of the device under excessive 
load would not impair the containment 
or shielding properties of the package." 
(NNWSI is not designing to this require­
ment because the pintle is stronger than 
the canister.) 

"71.32 Structural standards for type B and 
large quantity packaging: 

Packaging used to ship a type B or a large 
quantity of radioactive material, as defined in 71.4 
(q) and (f), shall be designed and constructed in 
accordance with the structural standards of this 
section. 

(a) Load resistance: Regarded as a simple 
beam supported at its ends along any major 
axis, packaging shall be capable of with­
standing a static load, normal to and uni­
formly distributed along its length, equal to 
5 times its fully loaded weight, without 
generating stress in any material of the 
packaging in excess of its yield strength. 

(b) External pressure: Packaging shall be ade­
quate to assure that the containment vessel 
will suffer no loss of contents if subjected to 
an external pressure of 25 pounds per 
square inch gauge." 

Credible Accident Conditions. The waste pack­
age must also be designed so that it can be handled 
safely under credible-accident conditions. In gen­
eral, the credible-accident conditions place the 
most severe set of requirements on the package 
design, and if these requirements can be met, the 
package should easily meet the normal handling 
requirements. The credible-accident condition re­
quirements of 10 CFR 71 are presented as follows: 

Regulation: 10 CFR 71, Appendix B— 
Hypothetical Accident Conditions; 
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"The following hypothetical accident condi­
tions are to be applied sequentially, in the order in­
dicated, to determine their cumulative effect on a 
package or array of packages. (NNWSI has not an­
alyzed the package's ability to resist the cumula­
tive effects of the three accident conditions, only 
the effects of each individual accident scenario.) 

(1) Free Drop: A free drop through a distance of 
30 feet onto a flat essentially unyielding horizontal 
surface, striking the surface in a position for which 
maximum damage is expected. 

(2) Puncture: A free drop through a distance of 
40 Inches striking, in a position for which maxi­
mum damage is expected, the top end of a vertical 
cylindrical mild steel bar mounted on an essen­
tially unyielding horizontal surface. The bar shall 
be 6 inches in diameter, with the top horizontal 
and its edge rounded to a radius of not more than 
one-quarter inch, and of such a length as to cause 
maximum damage to the package, but not less 
than 8 inches long. The long axis of the bar shall be 
perpendicular to the unyielding horizontal sur­
face. 

(3) Thermal: Exposure to a thermal test in 
which the heat input to the package is not less 
than that which would result from exposure of the 
whole package to a radiation environment of 
1,475°F (800°C) for 30 minutes with an emissivity 
coefficient of 0.9 assuming the surfaces of the 
package have an absorption coefficient of 0.8. The 
package shall not be cooled artificially until 3 
hours after the test period unless it can be shown 
that the temperature on the inside of the package 
has begun to fall in less than 3 hours. 

(4) Yhter Immersion (fissile material packages 
only): Immersion in water to the extent that all 
portions of the package to be tested are under at 
least 3 feet of water for a period of not less than 8 
hours." 

Labeling 
Regulation: "60.135 Criteria for the waste 

package and its components." "(b) Specific crite­
ria for H1VV package design." "(4) Unique identi­
fication: A label or other means of identification 
shall be provided for each waste package. The 
identification shall not impair the integrity of the 
waste package and shall be applied in such a way 
that the information shall be legible at least to the 
end of the period of retrievability. Each waste 
package identification shall be consistent with the 
waste package's permanent written records." 
(NRC, 1983) 

Desirable Design Features 
There are a number of design features that are 

not specifically identified in 10 CFR 60, but which 
would be desirable to incorporate in the waste 
package designs. They are listed below: 
Standardization. The waste package designs 
will use Federal and commercial standards and 
standardized components whenever possible. 
This includes standardizing such fixtures as pin­
tles for all the packages as well as using standard 
pipe sizes and materials for the fabrication of the 
canisters and the horizontal borehole liners. Such 
standardization will simplify the operation of the 
repository. 
Design Simplicity and Fabric*bUity. The waste 
package will be designed with an emphasis on 
simplicity and ease of fabrication, without com­
promising the performance requirements. This 
approach should improve the reliability and pre­
dictability of the package performance. 
Technical Conservatism. The waste package de­
signs will be technically conservative. This will be 
accomplished by using proven materials, ade­
quate safety factors, thorough and accurate analy­
ses, prototype testing, and quality assurance pro­
cedures compatible with 10 CFR 60. 
Use of Conventional Materials and Fabrication 
Techniques. Emphasis will be placed on using 
conventional materials and reliable and well-
understood fabrication techniques. 
Repository Interface Requirements. The pack­
age will be made compatible with all of the waste 
processing, transportation, and repository opera­
tions. 
Cost Effectiveness. The package will be de­
signed to be cost effective without compromising 
design requirements. 

Conceptual Waste Package 
Configurations and Dimensions 

This section presents reference and alternate 
conceptual waste package designs for the three 
high-level waste forms — SF, CHLW and WV/ 
DHIW — for vertical or horizontal emplacement 
configurations. The dimensions given on the 
drawings are expected to be within 10% of the final 
design dimensions (see Table 5). The reference 
waste canister material is austenitic stainless steel, 
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Table 5. Reference and alternative design dimensions 
(cm) for NNWSI waste packages for vertical or horizontal 
emplacement. 

Spent Fuel WV/DHUV' 
Ref 

CHUV" 
Canister Ref Alt 

WV/DHUV' 
Ref Ref 

Diameter 
Length 
Thickness 

70 
400-475 

1 

70 
4C "• 

i 

61 
300 

0.95 

31 
300 

0.95 

Overpack 
Diameter 
Length 
Thickness 

- -
70 

324.5 
1 

36 
324.5 

1 

Packing 
Diameter 
Length 
Material 
Thickness 

-
108 
455-530 

preformed tuff 
15 

-

1 
1 

1 
i 

Canister for spent 
fuel hardware 

Diameter 
Length 
Thickness 

70 
324.5 

1 
- - -

* No alternative designs. 

but a more detailed discussion of the selection of 
materials ana the selection issues is given in the 
next section. The designs are the same for the ref­
erence vertical emplacement or alternative hori­
zontal emplacement. 

Conceptual Waste Package Designs for 
Spent Fuel 

The reference emplacement configuration for 
SF is vertical emplacement in a canister without a 
packing material. Drawings of the SF canisters for 
vertical and horizontal emplacement are shown in 
Figures 8 to 10. For this canister design, three 
lengths are used to accommodate BWR and PWR 
fuel rods both in consolidated and boxed form. 
The same diameter accommodates different ther­
mal loading densities for each configuration. The 
different lengths are needed to accommodate the 
variety of fuel rod lengths used by different reac­
tors. 

The alternative design of an SF canister em-
placed vertically in a packing material container is 
shown in Figure 11. For this emplacement mode it 

is planned that the packing material will be pre­
formed and encased in a steel container to facili­
tate the emplacement operation. The reference 
pintle design is the same design as that used for 
the WV/DHIW and CHLW pour canisters. 

Spent fuel hardware left over from consolida­
tion operations (spacers, tie plates, lifting bails, 
etc.) will be placed in 70-cm-diameter by 324.5-cm-
long canisters of the same design used for spent 
fuel. 

Conceptual Waste Package Designs for 
Commercial High Level Waste 

The CHLW pour canister is 300 cm long and 
has a 32-cm outer diameter. It was assumed to 
have the same length as the WV/DHLW canister 
and a diameter consistent with the emplaced 
package meeting the temperature-design criteria 
for the waste form. The diameter was established 
using preliminary thermal calculations for a repos­
itory areal power density (APD) of 57 kW/acre, but 
thermal calculations indicate the possibility of ei­
ther some upward modification cf this APD, a 
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-400-475 cm - 16.5 cm 

Rotated 
cross section 

of space frame Pintle 

Accepts: 
Consolidated, 10 yr, HBU,* 
Consolidated, 10 yr, ABU, 
Consolidated, 5 yr, ABU, 
Intact, 10 yr, ACU, 
Intact, 5 yr, ABU, 
Intact, 5 yr, HBU, 

12 assems X 280w = 3360* 
14 assems X 190w = 2660w 
12 assems X 280w = 3360w 
7 assems X 190w = 1330w 
7 assems X 280w = 1960w 
7 assems X 435w = 3045 w 

*HBU = high burn-up 
ABU = average burn-up 

Figure 8. BWR spent fuel canister, 7/14 assemblies vertically emplaced. 



IS 

,•16.5 cm 

1 cm wall thickness 

-Pintle 

86.4 cm I.D. 

-78.7 cm I.D. 

Accepts: 
Consolidated, 10 yr, ABU, 6 assems X 550w = 3300w 
Intact, 10 yr, ABU, 3 assems X 550w = 1650w 
Intact, 5 yr, ABU, 3 assems X 846w » 2538w 

Figure 9. FWR spent fuel canister, 3/6 assemblies horizontally emplaced. 



B 

-400-475 cm 

70 cm O.D. an 3E 

•-24 cm -* 

^x/x\vxv ^x/xxy/xvx^wAS^y^N </x\y/x v 
Rotated 

cross section 
of space frame -

Canister •J 1< 

16.5 cm 

Pintle 

Accepts: 
Consolidated, 10 yr, HBU, 4 atsems X 846w « 3384w 
Consolidated, 5 yr, ABU, 4 assents X 846w - 3384w 
Intact, 5 yr, HBU, 2 assents X 1316w - 2632w 

Figure 10. PWR spent fuel canister, 2/4 assemblies, vertically emplaced. 



- Pintles 

Rotated 
cross section 

\ showing consolidated 
yy spent fuel - PWR • 

four assemblies 

1 cm thick canister wall 

iy -̂Compressed 
/ / crushed tuff 
Y packing 

^ Carbon steel 
container 

diameter 
108 cm — 

Figure 11. Alternative design for consolidated spent fuel waste packages if packing is needed to reduce 
release rate. 

larger canister diameter, or for a higher waste 
loading. The reference emplacement configura­
tion is vertical emplacement with an overpack (see 
Figure 12). For either configuration the overpack 
has an outside diameter of 36 cm and an overalil 
length (including pintle) of 324.5 cm. 

Conceptual Waste Package Designs for West 
Valley/Defense High Level Waste 

The WV/DHIW pour canister is 300 cm long 
and has a 61-cm outer diameter. The reference em­
placement configuration is vertical emplacement 
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with an overpack. Figure 12 is a drawing of the 
WV/DHLW canister overpacked and emplaced 
vertically. For either configuration the overpack 
has an outside diameter of 70 cm and an overall 
length (including pintle) of 324.5 cm. 

Candidate Waste Package Materials 

Metallic Materials 
Functional Requirements for Metallic Waste 
Package Components. The metallic components 
of the waste package (the canister, pintle, over-
pack, and hole liner), must be designed so that the 

waste package meets the requirements for con­
tainment, rerrievability, transportation and han­
dling, labeling, and desirable design consider­
ations. In summary, the metals help provide a 
strong container for transportation and handling, 
a corrosion-resistant barrier for the 300-to-1000-
year containment requirement, and a steel hole 
liner for horizontal emplacement to keep the hole 
free of sloughed rock for emplacement and re­
trieval operations. 

Metals Nomination (Russell et al., 1983 and 
McCright et al.,1983). A total of 17 different 
promising metallic materials were reviewed as 

Pintle 

1 cm 

Overpack 

324.5 cm 

:- Pintle 

Overpack 

^ A W / 

WV/DHLW (defense high-level waste) 
package emplaced in vertical borehole 

CrSLW (commercial high-level 
waste) package emplaced 

in vertical borehole 

Figure 12. Conceptual designs for WV/DHUV and CHIW canisters, vertically emplaced. 
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candidates for the canister, overpack, and bore­
hole liner. The following categories were included 
in the review: austenitic stainless steels, ferritic 
stainless steels, titanium alloys, zirconium alloys, 
copper-nickel alloys, low-carbon steels, and cast 

irons. These metals are all commercially available 
(see Table 6). From this list, five materials were se­
lected for further evaluation. 

The selection procedure involved determin­
ing and evaluating the properties considered to be 

Table 6. Candidate metals for overpacks. 
Commercial material 

designation Chemical composition (wt %) 

1. AlSIMMcs 
UNSG10200 

2. ASTMA537Bcs 

3. AlSI409ss 
UNSS40900 

4. 26Cr-lMost 
UNSS44626 

5. AISI304Lss 
UNSS30403 

6. AISI321ss 
UNSS32100 

7. AISI316Lss 
UNSS31603 

8. AISI317Lss 
UNSS31703 

9. Nitronic33 
UNS S2400 

10. |S 700 
UNSN08700 

11. Ferralium 255 
UNS S32550 

12. Incoloy825 
UNSN08825 

13. Inconel625 
UNSN06625 

14. Ti Grade 2 
UNSR50400 

15. Ti Grade 12 

16. Zr702 
UNSR60702 

17. Cupronickel 70/30 
UNSC71590 

C 0.18-0.23, Mn 0.3-0.6, P 0.04 max, S 0.05 max, Fe rem 

C0.24max,Mn0.7-1.35, P0.035 max, S0.04 max, Si 0.15-
0.5, Cr 0.25 max, Ni 0.25 max, Mo 0.08 max, Cu 0.35 
max, Fe rem 
C 0.08 max, Cr 10.5-11.75, Mn 1.0 max, Ni 0.05 max, P 
0.04 max, S 0.045 max, Si 1.0 max, Ti 6xC min - 0.75 
max, Fe rem 
C 0.06 max, Cr 25.-27., Cu 0.2 max, Mn 0.4 max, Mo 0.75-
1.50, N 0.04 max, Ni 0.05 max, P 0.04 max, S 0.02 max, Si 
0.75 max, Ti 0.20-1.00, Other Ti 7x(C + N) min, Fe rem 
C 0.030 max, Cr 18.00-20.00, Mn 2.00 max, Ni 8.00-12.00, 
P 0.045 max, S 0.030 max, Si 1.00 max, Fe rem 
C 0.08 max, Cr 17.00-19.00, Mn 2.00 max, Ni 9.00-12.00, P 
0.045 max, S 0.030 max, Si 1.00 max, Ti 5 x C min, Fe rem 
C 0.030 max, Cr 16.00-18.00, Mn 2.00 max, Mo 2.00-3.00, 
Ni 10.00-14.00, P0.045 max, S 0.030 max, Si 1.00 max, Fe 
rem 
C 0.030 max, Cr 18.00-20.00, Mn 2.00 max, Mo 3.00-4.00, 
Ni 11.00-15.00, P 0.045 max, S 0.030 max. Si 1.00 max, Fe 
rem 
C 0.08 max, Cr 17.00-19.00, Mn 11.50-14.50, N 0.02-0.40, 
Ni 2.50-3.75, P 0.060 max, S 0.030 max, Si 1.00 max, Fe 
rem 
C 0.04 max, Ni 24.0-26.0, Cr 19.0-23.0, Mo 4.3-5.0, Nb 
8 xC min-0.04 max, Si 1.0 max, Mn 2.0 max, P 0.04 max, 
S 0.03 max, Cu 0.5 max, Fe rem 
C 0.04 max, Cr 24.0-27.0, Mo 2.0-4.0, Ni 4.5-6.5, Si 1.0 
max, Mn 1.5 max, N 0.10-0.25, Cu 1.5-2.5, Ferem 
Al 0.2 max, C 0.05 max, Cr 19.5-23.5, Cu 1.5-3.0, Mn 1.0 
max, Mo 2.5-3.5, Ni 38.0-46.0, S 0.03 max, Si 0.5 max, Ti 
0.6-1.2, Ferem 
Al 0.40 max, C 0.10 max, Nb 3.15-4.15, Cr 20.0-23.0, Fe 
5.0 max, Mn 0.50 max. Mo 8.0-10.0, P 0.015 max, S 0.015 
max, Si 0.50 max, Ti 0.40 max, Ni rem 
C 0.10 max, H 0.015 max, Fe 0.30 max, N 0.03 max, O 
0.25 max, Ti Rem 
N 0.03 max, C 0.08 max, H 0.015 max, Fe 0.3 max, O 0.25 
max, Mo 0.2-0.4, Ni 0.6-0.9, Ti Rem 
C 0.05 max, H 0.005 max, Hf 4.5 max, N 0.025 max, Zr + 
Hf 99.2 min, Fe + Cr 0.2 max 
At 0.002 max, As 0.001 max, Bi 0.001 max, C 0.03 max, 
Co 0.05 max, Cu 67.0 min, Hg0.0005 max, Fe 0.005 max, 
Mn 0.001 max, Ni 29.0-33.0, P 0.001 max, Pb 0.001 max, 
S0.003max, SbO.OOl max, Si 0.02max, Sn0.001 max, Ti 
0.001 max, Zn 0.001 max. Other Ag included in Cu, Co 
included in Ni, Cu + all named elements 99.5 min 
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important. These fell under the four general cate­
gories: 

1. General and local corrosion resistance. 
2. Material and fabrication costs. 
3. Desired and required mechanical proper­

ties. 
4. Weldability. 

The desired quantitative values for candidate 
metals properties are summarized in Table 7. 

The corrosion requirement is based on the 
economy of using a canister/overpack wall fhick-
ness no greater than that required for transporta­
tion and handling. This handling thickness re­
quirement is estimated to be approximately a 1-cm 
(0.39 in)-wall thickness. A corrosion rate of 1 mil/ 
year (0.0025 cm/year) would correspond to a cor­
rosion depth of 0.76 to 2.54 cm (0.3 to 1.0 in) in the 
300-to-1000-year containment period. Thus, a 1-cm 
thickness will fall between these two limits. The 
yield strength at 800°C is based on the require­
ment that the package be able to contain the waste 
when exposed to a credible fire accident. The im­
pact strength is required to meet the puncture and 
drop accident requirements. The ductility require­
ment at -18°C is to ensure that the canister will not 
fracture when dropped at the low temperatures 
frequently experienced in the winter at Yucca 
Mountain. The weldability requirement is to en­
sure that the material can be welded reliably and 
economically. The cost requirement is to ensure 
that the material is cost effective. 

In the selection process, general and local cor­
rosion data were obtained from the available liter­
ature and preliminary LLNL corrosion tests. AH 
important corrosion mechanisms to which each 
metal would be subjected in the Yucca Mountain 
repository environment were considered. These 
are: general corrosion; pitting, crevice, transgran-
ular and intergranular corrosion; galvanic corro­
sion; and stress corrosion cracking (McCright 
et al., 1983). Information about the other proper­
ties listed above was readily available for each of 
the materials being considered because the mate­

rials are commonly used in industrial applica­
tions, and such information is generally needed. 
A detailed description of the selection process is 
given by McCright et al. (1983). 
Nonmetallic Waste Package Packing Materials 

A variety of functions have been described for 
packing materials (i^rmerly called ' ackfill) that 
might be emplaced around waste package con­
tainers. These include reducing access of water to 
the container or waste form, modifying ground­
water chemistry, limiting stress on or cushioning 
the package, and retarding the movement of nu­
clides release ' fr̂ m t*>» waste form. The materials 
capable of performing these functions have the 
common drawback that their thermal conductivity 
is lower than the host rock and therefore the tem­
peratures of all the components that they sur­
round are raised. This adverse characteristic may 
require reduced waste loading in each package 
and therefore more packages with attendant in­
creased costs and complexity. 

In the unsaturated zone tuff environment, 
preliminary assessments indicate that a packing 
material should not be necessary around the boro-
silicate glass waste forms (Oversby, 1984). In the 
case of spent fuel the need for packing material 
will depend on the effectiveness of the fuel clad­
ding in reducing the nuclide release rate and the 
dominant water flow mechanism in the near-field 
rock mass. 

An investigation of the feasibility of fabricat­
ing preformed crushed tuff materials that might 
be preemplaced in disposal holes has been initi­
ated. Small samples have been pressed using both 
crushed tuff alone and with a low percentage ad­
dition of a binder material. The thermal conductiv­
ity of these samples has been measured (0.65 W/ 
mK) which is about 1/3 that of dehydrated host 
rock (Oversby, 1984). 

During 1984 to 1985, additional samples will 
be fabricated and tested f iv conductivity at appro­
priate temperatures and thermal gradients 
(Ballou, 1983). 

Table 7. Key properties of candidate metals. 
Attribute Desired value 

Corrosion (general or local) 
Yield strength (800°C) 
Impact strength 
Ductility at (-18 °C) 
Wettability 
Cost (for 1-cm-thick plate) 

1 mil (0.00254 cm)/year maximum 
2,000 psi (13.8 MPa) minimum 
15 ft-lb (20J) charpy v-notch, minimum 
25% elongation, minimum (annealed) 
As good as 304L stainless steel 
$l/in'($0.061/cm3) 
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Section II 
Information R< quired to Demonstrate 

Regulatory Compliance 
by the Conceptual Waste Package Designs 

Selection of Candidate Waste Package 
Containment Barrier Metals for the Tufi' 
Repository 

Five candidate metals have been selected from 
an initial list of 17 for conceptual design of canis­
ters, overpacks, and borehole liners, and for use in 
corrosion tests under repository conditions (see 
Section I under "Candidate Waste Package Mate­
rials.")' Important materials-properties data re­
flecting engineering design requirements for 
potential-candidate materials were considered in 
screening candidates. 

Nomination of Candidate Metals 
The 17 candidate metals that potentially met 

our design requirements are given in Table 6. 
These metal alloys fall in three categories: (1) iron-
base alloys with a ferritic structure; (2) iron-base to 
nickel-base alloys with an austenitic structure; 
and (3) others, e.g., copper-, titanium-, and 
zirconium-base alloys. The list of metals was 
screened to yield the best five. 

Iron-Base Alloys with a Ferritic Structure. The 
ferritic metals initially considered for this group 
are low-carbon steels, despite the fact that low-
carbon steels may have a high corrosion rate in the 
anticipated oxidizing environment of the reposi­
tory. The redeeming properties of these steels are 
as follows: lowest overall unit cost; acceptable 
strength at room temperature and 800 °C; and 
good weldability. The two low-carbon steels that 
we considered are AISI 1020 steel and ASTM 
A537B steel. Carbon steel is the reference metal for 
borehole liners, based on its low cost and pro­
jected survival during the retrieval period. 

Alloys of carbon steels containing chromium 
and molybdenum have increased corrosion resist­
ance under oxidizing conditions. The ferritic alloy 
steels under consideration are expected to be re­
sistant to attack by pitting and crevice corrosion as 
well as to stress corrosion cracking. The shortcom­
ings of this group are low fracture toughness val­
ues as well as poor weldability. The ferritic alloy 
steels considered are AISI 409 Ti stabilized stain­
less steel and 26 Cr - 1 Mo stainless steel. 

Iron-Base to Nickel-Base Alloys with an Austen­
itic Structure. The NNWSI reference canister/ 
overpack metal is austenitic stainless steel. The 
engineering properties of austenitic stainless steel 
are excellent with the exception of possible sus­
ceptibility to localized corrosion and to stress cor­
rosion cracking in some alloys. If intergranular 
stress corrosion cracking is excessive for 304L or 
316L stainless steel in the tuff environment, other 
stabilized austenitic stainless steels such as 321 
stainless steel, or a high-nickel austenitic alloy 
such as Incoloy 825, are appropriate choices. If 
transgranular stress corrosion cracking is a prob­
lem, an alloy with greater than 20% nickel content, 
such as Incoloy 825, is appropriate. 

If pitting and/or crevice corrosion attack is ex­
cessive, an alloy with increased molybdenum, 
e.g., AISI 317L stainless steel or Incoloy 825, will 
increase the resistance to these forms of corrosion. 
All of the 300 series stainless steels should be man­
ufactured in the extra-low carbon (0.02% max) 
modification to avoid sensitization in the final top-
cap weld on canisters and overpacks. 
Copper-, Titanium-, and Zirconium-Base Al­
loys. The titanium alloys are expected to be very 
resistant to conditions that may occur in a strong 
gamma radiation field. These alloys are also very 
resistant to localized forms of corrosion, but lose 
most of their mechanical strength at 800 °C. When 
compared with the other metals, cupronickel 70/ 
30 has excellent engineering properties in all cate­
gories we consider important except for the forma­
tion of nitric acid in aqueous, radiolyzed 
environments, and strength at 800°C. Zirconium 
alloys have proven performance in aqueous, ra­
diolyzed environments, but exhibit low mechani­
cal strengths at 800 °C as well as marginal fracture 
toughness values at -18 °C, and are the most costly 
of the candidate metals considered. 

Summary of Candidate Alloys 
Analysis of the data resulted in selection of the 

four highest ranking metals out of the 17 candi­
dates for canisters or overpacks. Table 8 shows the 
scores and ranking of the candidates. AISI 1020 
carbon steel was chosen for hole liners. Summary 
statements are given on these metals. 
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Table 8. Ranking summary for candidate metals. 
Material 

designation Corrosion Mechanical 
or composition resistance1 properties" Voidability" Cost' Score* Rankb 

A1SI1020 steel 0 1 2 2 5 3 

A537steel 0 2 1 2 5 3 

409st. steel 1 1 1 1 4 3 

26Cr-lMosteel 1 1 0 0 2 3 

304L st. steel 1 2 2 2 7 1 

321st.steel 1 2 2 2 7 1 

316L st. steel 1 2 2 2 7 1 

317L st. steel 1 2 2 1 6 2 

Nitronic33 1 2 2 1 6 2 

JS700 2 2 0 1 5 3 

Ferralium255 1 2 1 1 5 3 

Incoloy825 2 2 2 1 7 1 

Inconel625 2 2 2 0 6 2 

TiCode2 2 0 1 0 3 3 

TiCodel2 2 0 0 0 2 3 

Zr702 2 0 0 0 2 3. 

Cu-Ni70/30 0 0 1 1 2 3 

* 0 - some disadvantages, 1 - suitable, 2 « superior. 
b 1 = highest, 3 - lowest. 

Reference Materials. Our reference material is a 
low carbon, austenitic stainless steel. One candi­
date is AISI316L, a stainless steel with 2 to 3% mo­
lybdenum for resistance to pitting corrosion. We 
will further specify a premium grade with an extra 
low carbon content of less than 0.02% C if experi­
mental results and analysis indicate that chro­
mium carbide precipitation (sensitization) will oc­
cur during welding. A nuclear grade such as 
316LN may be specified to help prevent long-term 
low temperature sensitization. 

A second candidate material, AISI 321 stain­
less steel, is a general-purpose, austenitic stainless 
steel with a titanium addition for stabilization of 
the carbon. Stabilization prevents the formation of 
chromium-carbides (sensitization) during weld­
ing, as well as over long periods of time at low 
temperatures (100 to 300°C). 

A third candidate is AISI 304L stainless steel, a 
low carbon, general-purpose austenitic stainless 

steel. We will further specify a premium grade 
with an extra low carbon content of less than 
0.02% C if experimental results and analysis indi­
cate that chromium carbide precipitation (sensiti­
zation) will occur during welding. (Type 304 is 
used for space frames to stabilize spent fuel inside 
the canisters.) 

Incoloy 825 is a fourth candidate. It is a nickel-
iron-chromium-molybdenum-copper austenitic 
alloy designed for use in extremely corrosive envi­
ronments. This alloy is stabilized with titanium to 
resist intergranular corrosion and intergranular 
stress-corrosion cracking. The nickel content 
makes it very resistant to transgranular stress-
corrosion cracking. The molybdenum and copper 
give this alloy resistance to pitting and crevice cor­
rosion. The high chromium content gives it resist­
ance to various types of oxidizing environments. 
Reference for Borehole Liners. AISI 1020 steel is 
a low carbon, general-purpose steel, for borehole 
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liners, appropriate for a 50-year retrieval period. 
AISI1020 steel has satisfactory properties for use 
as hole liners and is very attractive from a cost 
standpoint. 

The remaining materials were not selected for 
the following reasons: 

• ASTM A537B steel: low corrosion resist­
ance for overpacks and canisters and more expen­
sive compared to AISI 1020 steel for borehole lin­
ers. 

• AISI 409 stainless steel: relative weldabil-
ity problems. 

• 26 Cr-1 Mo steel; relative weldability 
problems. 

• AISI 317L stainless steel: more expensive 
compared to AISI 316L stainless steel, with limited 
improvement in corrosion resistance. 

• Nitronic 33: more expensive than AISI 
304L stainless steel, with minor improvement in 
properties. 

• JS 700: more expensive than to AISI 304L 
stainless steel and weldability problems. 

• Ferralium 255: unacceptable nil-ductility 
temperature and more expensive than AISI 304L 
stainless steel. 

• Inconel 625: more expensive than Incoloy 
825. 

• Ti Code 2: expensive, low yield strength at 
800°C. 

• Ti Code 12: expensive, relative weldability 
problems, low fracture toughness. 

• Zr 702: expensive, relative weldability 
problems, low fracture toughness. 

• Cupronickel 70/30: potentially has low 
corrosion resistance in gamma-irradiated moist air 
and aerated water, and has low strength at room 
temperature and at 800°C. However, this alloy is 
now (8/84) included in the list of candidate metals 
because of the need for an alternative alloy system 
to austenitic stainless steels. 

Thermal Analysis 

Many aspects of waste package design and 
testing depend in part on the temperature envi­
ronment to which the emplaced packages will be 
exposed. In the design and analysis process, infor­
mation produced by thermal analysis was used for 
the following purposes: 

• To demonstrate that designs will not ex­
ceed maximum temperature criteria for the vari­
ous waste forms: 623 K (350 °C) for SF, 673 K 
(400°C) for CHIW glass, and 773 K (500°C) for 
WV7DHLW glass. 

• To provide the calculated temperature en­
vironment for transportation, handling, storage, 
and retrieval analyses. 

• To calculate approximate time periods of 
steam/water contact with waste package. 

• To predict temperatures (and therefore ef­
fects on materials) that would result from canister 
fire tests. 

Model 
TAC02D (Burns, 1982), a two-dimensional im­

plicit finite-element code, was used to analyze 
waste package conceptual designs. TAC02D re­
quires temperature-dependent material proper­
ties data, a mesh representing the physical geome­
try, and the time-dependent thermal loading of 
the waste form as input. Code output consists of 
temperature histories at all nodes of the mesh. Us­
ing TACO, both the vertical and horizontal em­
placement schemes have been analyzed. 

TAC03D (Mason and Burns, 1981), a three-
dimensional implicit finite-element code, was also 
used to analyze waste-package conceptual de­
signs. This code requires input similar to and gives 
output similar to TAC02D. TAC03D was used to 
calculate temperature histories in the host rock 
and to analyze the vertical emplacement configu­
ration where three-dimensional modeling gave 
improved accuracy over two-dimensional model­
ing. 
Assumptions and Approximations. Aside from 
the modeling approximations, a number of other 
assumptions and approximations have been made 
that are though; to have a minimal effect on the ac­
curacy of the results. However, ventilation in the 
drifts was not assumed and could have a signifi­
cant effect in reducing waste package tempera­
tures during the preclosure period for vertical em­
placement. The general assumptions are as 
follows, but minor variations from these were 
made in certain calculations: 

• The thermal properties of dry air or he­
lium were used for gaps inside the outermost con­
tainment barrier. The current design plans are for 
the canisters to be backfilled with argon. Since ar­
gon has a lower conductivity than air or helium, its 
use would raise temperatures. However, heat 
transfer is mainly by thermal radiation, which 
would minimize the effect of the fill gas. 

• The thermal properties of 100% humid air 
were used for gaps between the outermost con­
tainment barrier and the surrounding tuff up to a 
temperature of 373 K (100 °C), at which point the 
properties of 100% steam were used. 
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• Heats of vaporization and recondensa-
tion, and fluid transport were not included in the 
analyses; however, changes in the thermal con­
ductivity and specific heat due to fluid phase 
changes in the rock were considered. Fluid trans­
port with vapor evaporation and condensation 
could lower the waste package temperatures 
given in this report. 

• No initial geological temperature gradient 
in the tuff was used. An initial value of 302 K 
(29 °C) was used throughout the rock with the ex­
ception that a constant temperature boundary 
condition of 295 K (22 °C) was used to represent 
the earth's surface 350 m above the repository. In 
addition, for the runs modeling vertically em-
placed waste, a constant temperature boundary 
condition of 309 K (36°C) was used to represent a 
plane 350 m below the repository. Calculations 
showed that the effect on the waste package of not 
including the geothermal gradient in the problem 
was negligible. 

• An initial temperature of 373 K (100 °C) 
was assumed for each waste package at emplace-

• ment. 
• The boiling point of water was assumed to 

be 373 K (100°C). More recent estimates show the 
boiling point to be near 368 K (95 °C) when altitude 
and impurity effects are considered. Using 95°C 
might increase the peak waste temperature 
slightly because of the greater heat capacity and 
conductivity of rock with water compared to 
vapor. 

• Generally, all air gaps and spaces (includ­
ing the access drift) include the effects of conduc­

tion, natural convection and thermal radiation by 
means of a temperature-dependent equivalent 
thermal conductivity. This approach has been suc­
cessfully used by others (Davis, 1979; Southwest 
Engineering Enterprise, 1979). In some analyses, 
thermal radiation was modeled (as radiation) sep­
arately from conduction and convection. Sensitiv­
ity analyses are needed to determine the exact ef­
fects of the modeling used. 

• All materials (including the consolidated 
spent fuel rod assemblies) were assumed to be iso­
tropic. Tables 9 and 10 show the material property 
values used for spent fuel and tuff respectively. 
The values in Table 9 reflect the fact that the con­
solidated spent fuel rod assemblies are not truly 
isotropic partly because of the air gaps between 
the rods (i.e., radial versus axial conductivity of 
assemblies). Axial heat generation variations were 
not included. The combination of higher axial con­
ductivity and axial heat-generation variation is un­
der evaluation. 

Vertical Emplacement 
In the vertical emplacement configuration, 

packages are emplaced in boreholes drilled verti­
cally in the access drift floor (Scully, 1983). 

Thermal calculations were made for wastes 
consisting of preconsolidated (boxed) spent fuel 
with a package configuration as shown in 
Figure 9, Each canister contained six assemblies of 
10-year-old waste with a power ol 3.3 kW at time 
of emplacement. 

Two cases (see cases 24 and 25, Table 11) were 
calculated with pertinent dimensions given in 

Table 9. Equivalent spent fuel material properties used for 
thermal analyses (Westinghouse, 1983, pp. 337,340). 
Density 2000 (kg/m') 

Specific heat 26400'kgK) 

Thermal conductivity T(K) k(W/mK) 

273 0.060 
323 0.070 
373 0.093 
423 0.135 
473 0.190 
523 0.263 
573 0.355 
623 0.460 
673 0.590 
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Table 10. Tuff material properties used for thermal analyses. 
Density 

Specific heat 

Thermal conductivity 

Table 11. The difference between the two cases is in 
drift and package spacing. 

The calculations were made in two stages. The 
first stage was a calculation to determine the bore­
hole wall temperature history. A three-
dimensional model using TAC03D was used. This 
model consisted of a spent-fuel-like heat source 
inside the borehole surrounded by tuff with ap­
propriate symmetry planes between boreholes 
and between drifts. A linear analysis was made 
using dry tuff thermal properties and an initial tuff 
temperature of 25°C. The second stage modeled 
the waste package inside the borehole and used 
the temperature history of stage 1 as a boundary 
condition at the borehole wall. A two-
dimensional, variable-property, infinite-cylinder 
model using TAC02D was used to calculate the 
temperature history of the waste package. 

Figure 13 shows temperature histories calcu­
lated in case 25 for peak fuel, canister outer diame­
ter, borehole wall and host rock at one meter from 
the borehole wall. Peak fuel temperatures of 
299°C and 322CC foroses 24 and 25 occurred four 
years after emplacement and are below the 350°C 
allowable limit. The higher (but acceptable) tem­
perature in case 25 resulted from reducing the 
package pitch (spacing) from 8 m (ref) to 5 m and 
increasing the drift pitch from 30.48 m (100 ft) to 
46.86 m (154 ft). This reduces the number of drifts, 
which lowers mining costs. 

Horizontal Emplacement 
In the horizontal emplacement configuration, 

horizontal boreholes of lengths of 180 m would be 

2244 (kg/m3) 

T(K) CpO'kgK) 

273 971.4 
372 971.4 
373 689.0 
673 689.0 

T(K) k(W/mK) 

273 1.8 
372 1.8 
373 1.6 
673 1.6 

bored at predetermined spacings perpendicular to 
the access drifts. A two-dimensional model ori­
ented perpendicularly to the axis of a borehole of 
infinite length was used to model this emplace­
ment mode. This is a reasonable approximation 
since the ratio of borehole length to borehole 
diameter is about 200. The accuracy of results pro­
duced by this model is better for packages em-
placed near the center of the borehole where end 
effects do not play a significant role until very late 
times. Temperatures near the ends of the bore­
holes are cooler than at the modeled central re­
gion. 

In the horizontal configuration, packages are 
placed end to end in the boreholes. However, 
even when canisters are touching, space does ex­
ist in the borehole volume that does not contain 
waste (e.g., pintles, partially filled canisters). To 
account for this in the two-dimensional infinite 
cylinder model, a combination of two computer 
runs was used. To model the waste package, the 
first run assumed a cylinder of fully loaded waste 
with no allowance for gaps and partially filled can­
isters. To model the borehole and rock, the second 
run allowed for gaps by means of a lower loading 
density, with the total heat load per package 
spread evenly over the volume of the borehole. 
The temperature drop across the waste form and 
canister from the first run was then superimposed 
onto the temperature history of the borehole wall 
from the second run. This superposition tech 
nique is necessary to approach three-dimensional 
accuracy using the more efficient two-
dimensional code. 
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Table 11. Significant input parameters and output results for the 10-year-old waste thermal analyses. 
WWDHUV CHUV 

Case number 1 2 3 4 

Directory number D50H0.38B D69H0.56A D69H0.68A C50H2.21A 
Emplacement mode H" H* H" H' 
Areal power density (kW/acre) 41.5 56.8 57.3 44.9 
Package power at burial (W) 380 556 680 2210 
Canister diam (cm), 61 81 81 32.4 

material ssr ssr ssr ssr 
Overpack diam (cm), 66 86.1 B6.1 37.5 

material ssr ssr ssr ssr 
Borehole liner diam (cm) 72.4 92.4 92.4 43.8 

material CS J CS J CS J CS J 

Packing outer diam (cm), - - - -
material 

Borehole diam (cm) 81.3 101.6 101.6 54.0 
Borehole pitch (m) 8.8 9.4 11.5 44.0 
Package pitch (m) 3.5 3.5 3.5 4.0 
Drift pitch (m) - - - -
Number of internal fins, - - - -

materia) 
Model 1CS K? ICS ICS 

Temperature limit (°C) 500 500 500 400 
Peak waste ternr (°C), 121 154 165 333 

time (yr) 17.5 30 17.5 2.0 
Waste temp at 300 yrs (°C); 62 78 73 101 
Waste temp at 1000 yrs (°C) 44 54 30 59 
Peak borehole temp (°C), 101 136 135 206 

time (yr) 35 35 30 4.2 
Peak temperature (CC) ~ 1 m 96 129 127 145 

from borehole surface 

Thermal calculations were made for preconso-
lidated (boxed) spent fuel from a pressurized wa­
ter reactor. The design consisted of three boxes of 
fuel (six assemblies) in canisters emplaced end-to-
end in long horizontal boreholes at a depth of 
400 m with 52-m spacing between boreholes, re­
sulting in an areal power density of 40.6 kW/acre. 
The canister had a 68-cm outer diameter with a 
1-cm-wall thickness of 304-type stainless steel and 
a length of 4.5 m. Figure 14 shows the package. 
The canisters were placed ; _n 84-cm-diameter 
horizontal borehole lined with a 76-cm-inside-
diameter carbon steel liner that has a 1-cm-wall 
thickness. Saturated air is assumed in the gap be­
tween the borehole wall and the liner. Dry air is as­
sumed between the liner and canister, and helium 
is contained inside the canister. 

The PWR spent fuel was 50 years out of the re­
actor core with a decay power of 1.1 kW per con­
solidated box, which for three boxes resulted in a 
power of 3.3 kW per canister. This power repre­
sents the highest power expected for a PWR canis­
ter. The boxes were 21.42 cm square surrounded 
by a 1-cm-thick carbon steel space frame. The fuel 
length was 3.89 m. 

Calculations from the time of emplacement 
up to 1000 years were made and are shown in 
Figure 15. Table 11, case 22, shows the key dimen­
sions and results for this case. Table 11 also con­
tains a summary of significant input and output 
parameters for the thermal analyses completed to 
date. Also, see Figure 16 for results of VW/DHIW 
emplaced horizontally. 
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Table 11. (Continued) 
PWR 

Cue number 13 14 15 16 17 

Directory number P56H3.3A P56H3.3B P56H3.3C P57H3.3C. P57H3.3B 
Emplacement mode H" H' H" H* H" 
Areal power density (kW/»cre) 43.2 43.2 43.2 43.6 43.6 
Package power at burial (W) 3300 3300 3300 3300 3300 
Canister diam (cm), 45.0 45.0 45.0 50.0 50.0 

material ssr ssr ssr ssr ssr 
Overpack diam (cm). - - - - -

material 
Borehole liner diam (cm) 51.4 86.4 86.4 62.2 62.2 

material CSd CSd CSd ' c s d CSd 

Packing outer diam (cm), - 80.1 80.1 - -
material COT CCTT 

Borehole diam (cm) 61.0 96.5 96.5 69.0 69.0 
Borehole pitch (m) 48.9 48.9 . 48.9 52.0 52.0 
Package pitch (m) 4.8 4.8 4.8 4.5 4.5 
Drift pitch (m) - - - - -
Number of internal fins, 6 6 - 6 12 

material ssr ssr — CSd CSd 

Model K? 1C5 IC8 IC* ICS 

Temperature limit (°C) 350 350 350 350 350 
Peak waste temp (°C), 342 379 449 343 327 

time (yr) 2.5 2.0 2.5 3.0 3.0 
Waste temp at 300 yrs (°C) 148 155 185 153 144 
Waste temp at 1000 yrs (°C) 109 111 129 109 105 
Peak borehole temp (°C), 237 215 223 252 246 

time(yr) 4.0 7.0 7.5 4.0 3.5 
Peak temperature (°C) - lm 

from borehole surface 170 158 167 175 175 

Effect! of Packing on Waste Temperature 
Special attention should be paid to completed 

analyses that gave the thermal effects of introduc­
ing packing into the design. The analyses (cases 13 
and 14) incorporated a 15-cm annular thickness of 
compressed crushed tuff packing around horizon­
tally emplaced canisters containing PWR spent 
fuel (thermal conductivity, k - 0.97 W/mK). Note 
that after this analysis was completed, a value for 
compressed tuff conductivity was measured to be 
0.65 W/mK. The results showed that with no pack­
ing the peak fuel temperature was about 613 K 
(340°C) but when packing was included the peak 
fuel temperature was 681 K (408 °C), which is 
above the design limit of 623 K (350°C) for spent 
fuel. 

The use of 15 cm of crushed, compressed tuff 
packing necessitated redesign of the reference 
spent fuel canister to avoid raising the peak fuel 
temperature above allowable limits. Analysis 

showed that a canister containing no more than 
four PWR spent fuel rod assemblies would 
be needed to satisfy the temperature limit (see 
Table 11, case 21). The thermal penalty of incorpo­
rating packing would be 50% mere packages with 
the additional economic effects of larger bore­
holes, additional costs for packing assemblies, as 
well as the.addivional handling required. 

Fire Test Thermal Analysis 
A computer simulation of a fire test was per­

formed using TAC02D on a 57-cm-diameter canis­
ter containing BWR spent fuel with 3.42 kW of 
thermal power. An 800 °C constant-temperature 
boundary condition was applied to the outer sur­
face of the canister for a period of 30 min to simu­
late the fire test required in 10 CFR 71 (NRC, 1982). 
The canister was assumed to be standing vertically 
in a hot cell. 
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Table 11. (Continued) 
PWR 

24 Case number 20 21 22 23 24 25 

Directory number P57H3.3A P57H2.2A P50H3.3A P50H1.65A P50V3.3A P57V3.3A 
Emplacement Mode H* H" H' H" V" V 
Areal power density (kW/acre) 43.6 42.0 40.6 40.6 46.9 48.4 
Package power at burial (W) 3300 2200' 3300 1650 3300 3300 
Canister diam (cm), 50.0 40.0 68.0 68.0 70.0 70.0 

material ssr ssr ssr ssr ssr ssr 
Overpack diam (cm), - - - - - -

material 
Borehole liner diam (cm) 86.0 76.4 '/.-.O '6.0 — -

material CS* CSd cs" CSd 

Packing outer diam (cm). 82.4 72.5 - - - -
material C O T CCT2' 

Borehole diam (cm) 92.8 81.3 84.0 84.0 76.2 76.2 
Borehole pitch (m) 52.0 34.7 52.0 52.0 - -
Package pitch (m) 4.5 4.5 4.5 4.5 8.0 5.0 
Drift pitch (m) - — - - 30.48 46.86 
Number of ,'itemalfins, 24 12 - - - -

material CSd CS* 
Model ICe IC8 IC* IC8 2D/3D* 2D/3D1' 
Temperature limit (°C) 350 :JO 350 350 350 350 
Peak waste temp (°C), 374 326 335 295 299 322 

time (yr) 2.5 3.0 3.4 5.0 4 4 
Waste temp at 300 yrs (°C) 156 152 161 147 165 171 
Waste temp at 1000 yrs (°C) 112 108 112 105 127 130 
Peak borehole temp (°C), 242 188 244 244 200 236 

time (yr) 7.0 12.0 7.5 7.5 33 9 
Peak temperature (°C) - lm 

from borehole surface 178 147 180 180 147 188 

. * H - Horizontal. ' CCT2* = Compressed crushed tuff(k »= 0.65 W/mK, measured). 
b V - \ferticd. 6 IC = 2D infinite cylinder. 
' SST <• ?.<ML Stainless steel. " 2D/3D = 2D infinite cylinder inside borehole, 3D outside borehole. 
d CS = Carbon steel. 'Four fuel assemblies instead of six. 
0 CCTl = Compressed crushed tuff (k - 0.97 W/mK, estimated). 

Internal heat-conducting fins were modeled 
horizontally through the waste. In the reference 
design these fins are configured in a vertical direc­
tion because they also serve to contain the rods 
during consolidation operations. However, to 
model the problem in the less complex axisym-
metric mode (i.e., two dimensional vs three di­
mensional), the fins were configured in the hori­
zontal direction with the equivalent total volume 
of fin material (final designs w.-'31 be modeled in 3D 
to improve accuracy). In each of thr> air spaces 
shown, thermal radiation, convection, and con­
duction were modeled by means of an equivalent 
thermal conductivity. An effective thermal con­

ductivity was also used for the spent fuel as sug­
gested in a report issued by Westinghouse (1983). 

The initial temperatures throughout the canis­
ter (before applying the 800 °C boundary condi­
tion) were calculated using s natural convection 
boundary condition of 5 W7m2K coupled with ther­
mal radiation to a blackbody at 22°C. The problem 
was run until a steady state temperature in the 
canister was obtained. The temperatures of the 
package were then used as the initial tempera­
tures for the simulated fire test with the new 
800 °C constant-temperature boundary condition 
applied. 
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Figure 13. Temperature histories of waste package components and host rock for vertically emplaced 
spent fuel canister (case 25). 
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Tuff 

76 cm diam. 
C ^"^- Canister centerline 

84 cm diam. 

Figure 14, PWR spent fuel canister model: horizontal emplacement (case 22). A similar model v/as used 
for vertical emplacement without a liner. 

Figure 17 shows the results of the TAC02D fire 
test simulation. The upper curve shows the tem­
perature history of a typical node located in the air 
space directly above the fuel rods. The maximum 
temperature reached in 30 minutes was 788 °C. 
The middle curve represents the top of a typical 
Zircaloy clad fuel rod. The top of the fuel rod 
reaches a temperature near 730°C in 30 min. The 
lower curve represents the temperature history of 
the node at which the highest initial temperature 
occurred near the geometric center. As can be ob­
served the geometric center of the fuel rod bundle 
was not affected in the relatively short time of the 
fire test. These results were used to calculate the 
pressure build-up in the canister (see "Structural 
Analysis" below). 

Conclusions 
• The reference and alternative conceptual 

designs do not exceed the temperature limits. 

• A significant thermal penalty results if a 
packing is used in the reference waste-package de­
sign. This effect is highly dependent on the mate­
rial properties of the particular packing used. To 
stay within the temperature limits when packing 
is used, a lower heat output per package (implying 
more packages) has been specified in the current 
SF alternative design. 

• The fire test simulation provided input 
temperatures to fire test structural analysis (see 
"Fire Test Structural Analysis" below). 

Recommendations for Future Work 
Before the design process is completed, a 

number of additional analyses will have to be 
done. The most significant of these will be a three-
dimensional modeling of canister and repository. 
Once the number of conceptual designs is re­
duced, three-dimensional analysis could be used 
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Figure 15. Temperature histories of waste package components and host rock for horizontally emplaced 
preconsolidated (boxed) PWR spent fuel (case 22). 
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Figure 16. Temperature histories of waste package components and host rock for horizontally emplaced 
WV/DHIW canister (case 2). 
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Figure 17. Results of simulated fire test analysis. 

in a more economical way (both time and money) 
to provide more accurate final results. 

In addition, some uncertainty is involved in 
the choice ot material properties used in the calcu­
lations. This is partly the result of uncertainties in 
the experimentally measured tuif properties and 
partly the result of assumptions concerning air, 
water, and stesm behavior near emplaced canis­
ters. Parameter studies may be used to bound the 
effects of some of these material-property uncer­
tainties. 

Other param.etei studies shudd be employed 
so thai cost effectiveness is reflected in the final 
designs. Thermal analyses, including additional 
variation in areal power density, drift spacing, 
package spacing, package power, and canister 
diameter, are examples of potential studies which, 
when completed, could h,fmence final designs. 

Lastly, TAC02D and TAC03D should be re-
verified and revalidated using methods required 
by regulatory agencies (Silling, 193?). This will be 
necessary for computer codes used in design ac­
tivities which provide input re the licensing of the 
repository. 

Nuclear Criticality Analysis 
Background 

In 1983, Westinghouse conceptual designs for 
spent fuel waste packages were modified by LLNL 
for the unsaturated zone. The canisters contained 
fuel elements from six PWR or 18 BWR spent fuel 
assemblies consolidated (with no poison rods) in 
cylindrical space frames with triangular holes.* 
An analytical effort by Westinghouse Electric Cor­
poration's Waste Technology Services Division in 
Pittsburgh, PA, was subcontracted by LLNL to de­
termine if these designs conformed to the 10 CFR 
60 criticality safety requirements (Weren et al., 
1983). The analytical study was limited to a few 
scenarios and configurations over long time peri­
ods in order to identify any initial or rearranged 
configurations and any unlikely events which 

* The final reference design is 70 cm in diameter and contains 
six PWR or 14 BWR assemblies in square holed space frames. 

39 



might prevent conformance to 10 CFR 60 require­
ments. This section describes the scenarios con­
sidered and the results of the report. 

When the analysis was undertaken, the refer­
ence spent fuel configuration specified that all 
spent fuel was to be consolidated; therefore, intact 
spent fuel assemblies were not analyzed. Because 
intact assemblies have pin spacings that provide 
room for water between pins, the effective neu­
tron multiplication factor kcfr of intact assemblies in 
a flooded condition can exceed 0.95. To avoid this, 
neutron absorbing material is required in spent 
fuel waste packages containing intact assemblies. 

Description of Configurations Analyzed 
The reference fuel for the purpose of this nu­

merical analysis is unirradiated fuel rods from six 
Vtestinghouse PWR standard 17 x V fuel assem­
blies containing U0 2 fuel pellets enriched to 4.5-
wt% U-235. The nominal configuration is closely 
packed spent fuel rods in a container placed in a 
borehole in a tuff geology. The 1584 fuel rods from 
the six fuel assemblies are maintained in a closely 
packed arrangement by a fabricated steel con­

tainer, with no poison rods, shown in Figure 18. 
This container is placed inside a 304L stainless 
steel canister which is inserted in a borehole. The 
canister and borehole are shown in Figure 19. 

In postulating potential configurations for 
evaluation, it was useful to think in terms of three 
time frames: (1) emplacement and short times 
(decades) thereafter; (2) intermediate times after 
emplacement (hundreds of years); and (3) long 
times (up \ thousands of years) after emplace­
ment. It is assumed that in each successive time 
period, fewer controls will remain on the geome­
try of the waste form because of chemical degrada­
tion of materials and subsequent changes in ge­
ometry due to disintegration of structures. 

It is expected that, in the short term, the nomi­
nal geometry at emplacement will exist. For this 
study we assumed that as time passes, first the 
container and the canister corrode and are lost, 
then the fuel rod cladding fails, releasing the fuel 
pellets, and finally the fuel pellets disintegrate to 
powder. At all times the potential for water intru­
sion must be considered. This scenario gives rise 
to 11 potential configurations, some dry and some 
flooded. 

Tube for lifting/handling 

-Container -
carbon steel 

Fuel rods 
(close-packed 
triangular 
pitch) 

Figure 18. Spent fuel container cross section. 
(Figures 8 to M show current reference designs.) 
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• Pintle 

'WkVKV 
Figure 19. Spent fuel waste package used in 
this analysis. (Figures 8 to 10 show current refer­
ence designs.) 

Current practice in safety analyses uses 0.95 as 
the upper limit for the effective neutron multipli­
cation factor (Kn). Many criticality studies have 
been performed for unmoderated (dry), fresh U0 2 

fuel. In particular, a safety assessment document 
(NVO, 1978; reports that no amount of fresh U0 2 

enriched up to 7-wt% U-235 can be made critical 
without moderation and that an infinite array of 
dry closely packed PWR fuel assemblies would 
have a k,,„ less than 0.8. Based on this and numer­
ous other references not mentioned here, it was 
concluded that all of the dry potential configura­
tions would be subcritical. 

Some of the flooded configurations were ex­
pected to be critical using the initial assumptions. 
Various studies (Gore et al., 1980; McNair and 
Gore, 1980) conclude that demonstration of criti­

cality safety in the geologic disposal of spent fuel 
will require taking credit for depletion (burn-up) 
of the fissile inventory during irradiation. Those 
conclusions are confirmed by the results of this 
study (for disposal of spent fuel with no neutron 
absorbing poison rods). 

Potential Configurations 
Eleven potential configurations are identified 

and summarized in Table 12. Each of these config­
urations was described in Weren et al. (1983). Con­
figurations 1, 2, 6, and 10 were evaluated in this 
study. Figure 20 illustrates configuration 6. 

The extreme assumptions of Configurations 9 
and 11 — that all of the cladding is gone and that 
only fuel powder (Configuration 9) or an optimal 
mixture of fuel powder and water (Configuration 
11) remains — are apparently unrealistic since it is 
believed that the cladding will not be leached 
away faster than the fuel. A more realistic configu­
ration (number 10) is thought to be some mixture 
of cladding, fuel powder and water in the bottom 
of a borehole with the remaining cladding and 
more water above as shown in Figure 21. To deter­
mine the proportions in the fuel/clad/water mix­
ture, it was assumed that all of the fuel was in 
powdered form in a cylinder the diameter of the 
borehole; the height of the cylinder was deter­
mined so as to accommodate all of the fuel plus the 
volume of cladding that would normally be in­
cluded in that height. The water volume fraction 
was assumed to be that of the void fraction in dry 
powder (i.e., water would fill the void spaces in 
the powder as opposed to assuming optimum 
moderation). The remaining clad and water were 
assumed to be present in a layer above the fuel/ 
clad/water mixture. Configuration 9 (dry) will be 
subcritical. According to Heaberlin and Selby 
(1978), with no cladding, a cylinder diameter of 
ten inches or less of optimally moderated 3.5-
wt%-enriched UO; would be required to achieve 
an acceptable reactivity. Thus Configuration 11 
was expected to be critical assuming fresh fuel. 
Configuration 10 was found to be critical as antici­
pated, and an assessment of the burn-up effects 
was made. 

Accounting for Fissile Inventory Depletion 
The assumption of fresh fuel for-spent-fuel-

storage-criticality studies has been shown to be 
very conservative. Although this approach is the 
simplest and is typically of use where acceptable 
results are obtained, recently licensed designs oi 
spent fuel storage racks have been based on taking 
credit for the fissile inventory depletion that 
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Table 12. Potential configurations. 
Configuration 

number Description 

1" Nominal configuration — dry 
2" Nominal configuration — flooded 
3 Nominal configuration — partial flooding 
4 Structure1'gone — rods uniformly spaced — dry 
5 Structure gone — rods uniformly spaced — flooded 
6* Container partially gone — optimal rearrangement of rods — 

flooded 
7 Structure and clad gone — pile of pellets — dry 
8 Structu; •; and clad gone — pile of pellets — flooded 
9 Structure and clad gone — pellets disintegrated to powder — dry 

10' Clad and disintegrated pellets (powder) optimally mixed—flooded 
11 Structure and clad gone — pellets disintegrated to powder — 

flooded 

' Configurations analyzed. 
b Structure is defined as the container and canister. 

(space frame) (close-packed 
carbon steel triangular 

pitch) 

Figure 20. Configuration 6 — partial container failure. 
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2-270.65 

X = Y = 61.5 
square 

Z = 0.0 

Note: dimensions are 
in centimeters. 

Figure 21. Configuration ID —geometry. 

results from irradiation of the fuel. Demonstration 
of criticality safety in the geologic disposal of spent 
fuel will also require taking credit for fuel burn-up 
unless poison rods are placed in the canisters. 

The actual reactivity change that results from 
accounting for fuel burn-up is, of course, depen­

dent on many parameters including the fuel type, 
geometry, initial enrichment, and burn-up. The 
signif :ance of taking credit for fuel burn-up is 
demonstrated by the results of Weren et al. (1983) 
and Petrie et al. (1975). These studies showed, re­
spectively, a reduction of approximately 0.01 Ak 
per 1000 megawatt days per metric ton of uranium 
(MWD/MTU) for PWR assemblies and a 0.188 Ak 
reduction for a fresh-to-21,000 MWD/MTU burn-
up B&W 15 x 15, 3.1-wt% U-235 initial enrichment 
assembly, where Ak is the change in the criticality 
coefficient. 

In this study, where the assumption of fresh 
fuel resulted in an unacceptable reactivity from a 
criticality safety point of view, additional KENO 
calculations were performed for those configura­
tions to define the maximum acceptable equiva­
lent zero burn-up enrichment. Additional calcula­
tions using other available codes are beyond the 
scope of this evaluation; therefore, the maximum 
acceptable zero burn-up enrichments were com­
pared with existing reactivity-equivalence results. 
It is concluded, based on this comparison, that 
sufficient information exists to provide an assess­
ment of the criticality safety, including credit for 
fissile inventory depletion. 

Results 
A total of seven criticality calculations were 

performed using the Monte Carlo computer code, 
KENO-IV, involving four geometric configura­
tions and four fuel enrichments. Table 13 summa­
rizes the results of the seven KENO-IV problems. 
Conclusions 

Criticality is not a problem for the analyzed 
consolidated spent fuel waste package stored in a 
borehole in an unsaturated-zone-tuff geology as 
long as the fuel rods are maintained in the tight-
packed configuration for either dry or totally 
flooded conditions. However, if the rods spread 
out and the canister becomes flooded, k d r in­
creases to unacceptable (kt„ > 0.95) values for 
fresh fuel or partially depleted fuel. The calcula­
tions show that krfI is always below 0.95 for spent 
fuel depleted to < 1.4-wt% U-235. The calculations 
indicate that k,.,, will be less than 0.95 unless, as re­
quired in NRC 10 CFR 60, two unlikely, indepen­
dent, and concurrent changes have occurred in 
the conditions essential to nuclear criticality 
safety. The changes necessary for krf, to exceed 0.95 
are: 

1. The emplaced canister is loaded with 
spent fuel of equivalent (depleted) loading greater 
than 1.4-to-1.6-wt% U-235. (Undepleted fuel rods 
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Table 13. Results of KENO-IV analyses. 

Configuration 
Fuel enrichment 

(wt%u a i ) K„ 

1 Nominal configuration — dry 
2 Nominal configuration — flooded 
6 Container partially gone — 

optima) rearrangement of rods — flooded 
6 Container partially gone — 

optimal rearrangement of rods — flooded 
6 Container partially gone — 

optimal i* jrrangemcnt of rods — flooded 
10 Clad and disintegrated pellets (powder) 

optimally mixed — flooded 
10 Clad and disintegrated pellets (powder) 

optimally mixed — flooded 

* kin - effective neutron multiplication factor. 

4.5 0.37 
4.5 • 0.69 

4.5 1.18 

2.0 1.00 

1.0 079 

4.5 1.16 

1.6 0.95 

may be specially handled in the repository. 
Fuel assemblies are normally depleted to 
1.0-to-1.5-wt%); and 

2. The canister is breached and filled with 
water; and 

3. The spent fuel rods or space frame have 
disintegrated and: 

4. a. The spent rods have rearranged into 
an optimal configuration (>1.6-wt% U-235); or 

b. The Zircaloy cladding has disinte­
grated and all the spent fuel has fallen into a pile 
(>1.4-wt% U-235). 

If fresh or pru.i.uly depleted (> 1.6-wt% U-
235) fuel is emplacf-d ii••• r- ference canisters, poison 
rods will be neei '. io maintain k r i l < 0.95 in 
flooded, rearranged conditions (e.g., cases 6 and 
10). 

Recommendations (or Further Analysis 
This evaluation represents an initial assess­

ment of the criticality potential associated with the 
disposal of consolidated spent fuel in a tuff geol­
ogy. Additional calculations should be performed 
to verify and extend the conclusions of this analy­
sis. For disposal of intact assemblies and assem­
blies consolidated in square-crass-section boxes, 
further design and analysis is needed. To ensure 
criticality safety for flooded conditions, it is neces­
sary to place neutron poison material in canisters. 
Analysis is needed to determine amounts and 
configurations of poison rods. 

Structural Analysis 

To determine if regulatory requirements will 
be met under normal and accident conditions, 

structural analysis must address large-
deformation, inelastic static and dynamic re­
sponses of the waste canister conceptual designs. 
At the LLNL, three computer codes that meet the 
above calculational needs are N1KE2D (Hallquist, 
1979), DYNA2D (Hallquist, 1984), and DYNA3D 
(Hallquist, 1981). For two-dimensional axisym-
metric static analyses, NIKE2D was used; for two-
dimensional, axisymmetric dynamic analyses, 
DYNA2D was used; for three-dimensional dy­
namic analyses, DYNA3D was used. The DYNA 
codes require less core storage on the Cray com­
puter than the NIKE code, and thus the DYNA 
codes were used for the larger problems where 
NIKE would overflow (Russell and O'Neal, 1984). 
Other codes used were the mesh generators, 
MAZE (Hallquist, 1983a), and INGR1D (Stillman, 
1984), and the post processors ORION (Hallquist, 
1983b) and TAURUS (Brown and Hallquist, 1982). 

Handling and Retrieval Loads 

To simulate handling and retrieval loading of 
pour canisters, NIKE2D was used to axially load 
canisters until yielding occurred. For the WW 
DHLW pour canister, the elastic limit was reached 
at an axial force of 38,000 lb (thi yield strength of 
AISI304L stainless steel is 30,000 psi). This is nine 
times the package weight (4300 lb), and is greater 
than the.factor of three safety margin required for 
lifting and retrieval for packages not jammed in 
boreholes. If WV/DHLW pour canisters were re­
trieved when wall temperatures were highest 
(145°C), the yield strength is about 10% less 
(27,000 psi). The margin on yield would be 8. The 
current reference design specifies overpacks for 
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pour canisters, therefore retrieval loads will not be 
applied to pour canisters. 

Handling and retrieval load analyses of 57-cm-
diameter spent fuel canisters indicate that, at 
24 °C an axial load of 92,500 lb is required to pro­
duce yielding (0.2%). This is approximately 6.3 
times the canister weight of 12,597 lb. Figure 22 is 
the finite element mesh of the canister model, Fig­
ure 23 shows that maximum stress occurs at the in­
tersection of the lifting pintle outer surface with 
the canister top head. The yield load on the cur­
rent design 70-cm-diameter canister (13,800-lb 
weight) is estimated to be about 51,000 lb at 260 °C 
using scaling based on a formula for a circular flat 
plate with center ring load with fixed edges 
(Roark, 1965). The mayimum canister wall temper­
ature expected during the preclosure period is 
260°C. The yield-load-to-can-weight margin 
would be 3.7 at this temperature, 

Fire Test Structural Analysis 

Structural analyses using the computer code 
NIKE2D were performed to determine if the con­
ceptual design for a 57-cm-diameter spent fuel 
canister meets the proposed NNWSI design re­
quirement for containing the pressure generated 
inside a canister resulting from an 800°C, 30-min 
fire test. 

For the fire test simulation, the loading config­
uration consisted of an internal pressure that 
ranged up to 300 psig, which was applied uni­
formly over the inside canister surface. The results 
indicate that a maximum effective stress of 9,900 
psig occurs at a pressure of 180 psig near the inside 
corner Where the bottom head is joined to the can­
ister wall. 

A typical internal helium pressure in PWR 
spent fuel rods at ambient temperature is on the 
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Figure 22. Finite element mesh used to calculate waste package stresses during retrieval. 
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Figure 23. Calculated stress contours on waste package resulting from retrieval loads. 

order of 550 psig, although for a small number of 
rods, the pressure has been reported at more than 
1100 psig. The calculated average temperature of 
10-year-old spent fuel rods inside the reference 
canister, in an open area with no radiation shield­
ing at ambient conditions, is about 180°C. (The 
canister wall temperature is up to 91 °C on the 
sides, about 35 °C on the top plate and 25 °C on the 
pintle). At a temperature of 180°C the internal he­
lium pressure of the rods is 845 psig. A calculation 
using the computer code TAC02D (Stein, 1984) in­
dicates that the fuel rod ends, in contact with air 
space at the top and bottom of the canister, reach 
roughly 700°C during the 800°C, 30-min fire test. 
The hoop stress in the Zircaloy cladding at 845 
psig pressure is 5591 psi, which is roughly 5.6 
times greater than the Zircaloy yield strength at 
700 to 800°C (-1000 psi). Thus, pin breaching will 
occur due to gross yielding and rupture of the Zir­
caloy cladding. When the volume of helium in the 

rods is released into a canister (backfilled to 14.7 
psia with helium), and then heated to 800 °C, the 
resulting pressure is —183 psig. The maximum ef­
fective stress in the canister wall under the above 
conditions is 9,900 psi (at 180 psig), which is below 
the 13,000 psi strength of 316L stainless steel 
at 800 °C, and canister breaching would not be 
expected. Figure 24 shows the stress contours 
resulting from the 180 psig, uniformly applied, in­
ternal pressure. 

Based on a linear scaling relationship, the 
stress in the reference 70-cm-diameter canister at 
180 psig is about 15,000 psi (Roark, 1965, p 217, case 
6). This is above the yield stress for 316L but well 
below the ultimate strength of 20,000 psi at 800°C, 
producing a 1.36 margin. 

External Pressure (Flooding) 
To simulate the unexpected flooding of the re­

pository, structural analysis of a 57-cm-diameter 
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Figure 24. Calculated stress contours on waste package resulting from a fire-test-induced internal pres­
sure of 180 psi. 

BWR spent fuel canister under external pressure 
was carried out using the computer code NIKE2D. 
Results indicated that compressive yield strain 
(0.2%) of the canister would occur when the pres­
sure reaches 600 psig, which corresponds to 
1382 ft (421 m) of water. (Temperatures of canisters 
are not known for flooding conditions.) The load­
ing configuration consisted of an external pres­
sure that ranged up to 1230 psi, which was applied 
uniformly over the entire outer surface of the can­
ister. 

The area of the canister where yielding occurs 
is near the inside corner where the bottom head is 
joined to the canister wall. At yield, a stress of 
30,000 psi occurs in the bottom head as well as in 
the canister wall adjacent to where the head is 
joined. The canister is not expected to breach or 
collapse at this pressure (600 psig). For a 70-cm-
diameter canister, a pressure of about 400 psig 

would cause yielding based on linear scaling with 
a Roark formula (Roark, 1965, p217, case 6). Tem­
peratures above 100 °C would reduce the yield 
strength of austenitic stainless steels. 

Drop Test 
The drop test simulation (9 m onto an unyield­

ing surface) was performed for 57-cm-diameter 
spent fuel canisters. The calculated temperature 
on the canister surface ranges from 25 °C to 91 °C. 
At these temperatures, properties vary little from 
room temperature values. 

The results of three drop-test analyses are as 
follows: 

• A test of an empty reference spent fuel 
canister dropped on its base was simulated using 
NIKE2D. Rebound occurred 2.7 ms after a 45-ft/s 
impact. The 1-cm-thick side walls of the canister 
bulged out about 1 cm (near the base). The peak 
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stress was 54,000 psi, which is below the ultimate 
strength of about 80,000 psi. 

• A fully loaded spent fuel canister dropped 
onto its base was simulated using DYNA2D. 
Results indicated that bulging of the canister wall 
occurred adjacent to the base. The peak effec­
tive stress (at roughly 3 ms after impact) was 
68,000 psi. This is above yield but below the ulti­
mate strength of 316L stainless steel. Plastic strain 
was 21%, which is below the 40% elongation of 
316L stainless steel. Based on these preliminary 
conservative results, canister beach should not oc­
cur in this simulation. 

• A fully loaded spent fuel canister dropped 
onto its pintle was simulated using DYNA2D. The 
maximum stress in the deformed pintle/top plate 
was 74,000 psi, and occurred in the corner be­
tween the pintle outside surface and the top plate. 
The maximum plastic strain was 25%. The stress 
and strain for this conservative analysis are below 
failure (80,000 psi, 40%). The top plate tempera­
ture is calculated to be about 35 CC where the ten­
sile strength is not significantly reduced below 
room-temperature values. 

Figure 25 shows graphically the deformations 
resulting from a pintle drop and a base drop of a 
fully loaded spent fuel canister from 9 m onto an 
unyielding surface. Stresses in 70-cm-diameter 
canisters would probably be larger and additional 
detailed analysis will be required. 

Future Analyses Needed 
The future structural analyses needed to aid in 

prototype design will consist of the following; 
(a) more two-dimension*! analysis of PWR/ 

BWR spent fuel waste packages with more design 
detail of waste form; 

(b) three-dimensional analyses to include 
simulation of corner drops of fully loaded spent 
fuel canisters onto unyielding surfaces, side drop 
on a 6-inch-diameter steel post; and 

(c) simulation of other scenarios as required 
to satisfy additional regulatory requirements. 

Labeling 

Identification information for the spent fuel or 
WV/DHLW in each canister will be placed on the 
top plate or top surface of the pintle during pack­
aging. The label can be in the form of an em­
bossed, machined or etched stainless steel plate 
welded or mechanically attached. Alternatively, 
the information can be etched or machined di­
rectly onto the top plate or pintle. The letter size 

will be large and deep enough to be read at a dis­
tance and large and deep enough not to Le cor­
roded beyond legibility during the operational 
period of the repository. Other options include 
binary-coded dimples or some kind of bar code. 
No difficulties are expected in meeting the perma­
nent labeling requirement. 

Design Performance 

In this section, each reference and alternative 
design is evaluated relative to the design require­
ments given in the section under "Regulatory Re­
quirements for Waste Package Design". Some o( 
the material given in this section has been covered 
elsewhere in the report undei Uscussion of ther­
mal, structural, and criticality safety analysis. In 
this section, the material is organized around de­
signs rather than topics. The objective here is to 
show that each design meets requirements, or to 
identify areas of designs where more analysis is 
needed to show conformance to requirements. In 
this report, containment and release-rate perform­
ance are not analyzed. Future reports will discuss 
long-term performance. 

Spent Fuel Canisters 
Containment Period - Waste Package Contain­
ment. (Not covered in this report). 
Isolation Period - Control of Radioactivity Re­
lease Rate. (Not covered in this report). 
Retrievability Period. The waste package shall 
be designed to be retrievable for 50 years after em­
placement of the first waste package. Structural 
analysis of the pintle and canister strength of a 57-
cm-diameter canister indicates that a retrieval 
force of 92,500 lb (355 kN) can be applied to the 
pintle without exceeding the room temperature 
yield strength of 316L stainless. For the advanced 
conceptual design canister (70-cm diameter, 
14,000 lb), the yield load is 51,000 lb at 260°C, 
which is the maximum canister wall temperature. 
This is about 3.6 times the canister weight and is 
considered adequate (including a safety margin) 
to retrieve canisters from either vertical or hori­
zontal boreholes without breach, under expected 
retrieval conditions. 

The analysis on the 57-cm canister was done 
using NIKE2D, a finite-element, two-dimensional 
structural-analysis code (see the section under 
"Structural Analysis"). The assumption was 
made that there was no reduction in wall thick­
ness and that there were no cracks or pits present 
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Figure 25. Calculated canister deformations resulting from a simulated drop test. 
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in the canister and pintle, as a result of corrosion. 
The amount of corrosion anticipated in 50 years is 
not expected to significantly reduce canister 
strength. 

Based on the results of analysis on the 57-cm-
diameter canister, the 70-cm-diameter canister 
used with preconsolidated rods and with canisters 
used in conjunction with packing, can be detail 
designed to have the same or greater strength. 
Therefore, it is expected that final designs of all 
spent fuel canisters will be strong enough to meet 
the normal retrievability requirements in vertical 
or horizontal emplacement configurations. Nor­
mal conditions are defined as those in which bore­
holes have not collapsed to a degree that would 
prevent withdrawal of canisters without exceed­
ing allowable pintle loads. 

Criticality Control. Criticality is to be controlled 
so as not to exceed an effective multiplication fac­
tor (k,„) of 0.95 unless more than two unlikely 
changes occur. A criticality analysis of a spent fuel 
canister containing six PWR consolidated assem­
blies indicates that k^ of 0.95 would be exceeded 
only under a combination of flooding and several 
other conditions. No two changed conditions 
would cause a higher than allowable k^. There­
fore, the design meets the criticality safety require­
ments (see the section under "Criticality Analy­
sis"). 

The analysis was done on a 57-cm-diameter 
canister containing six PWR assemblies. Based on 
the result's of this analysis, it is expected that BWR 
canisters, and canisters with larger or smaller 
diameters (which contain less waste), will also 
meet the criticality requirements. However, the 
void space in canisters containing close-packed, 
consolidated SF provides room for fuel rods to 
spread out and reposition into more reactive ge­
ometries when water (moderation) is present. To 
help avoid reactivity increases, detailed designs of 
spent fuel canisters will include neutron-
absorbing poison rods consisting of boron carbide 
in Zircaloy tubes. 

For intact assemblies, the pin spacing is at an 
optimum for criticality in flooded conditions. Final 
designs will include neutron-absorbing poison 
rods in canisters containing intact assemblies to 
keep kn, below 0.95. 
Temperature Limitations. Temperatures are to 
be kept below limits for the waste forms, which 
are 773 K (500 °C) for WV/DHWL glass, 673 K 
(400°C) for CHIW glass, and 623 K (350°C) for 
spent fuel cladding. To avcid degradation of waste 
forms, upper temperature limits have been estab­

lished. Waste packages are to be designed to avoid 
exceeding the limits, taking all uncertainties into 
account. This section shows that the peak temper­
atures of current reference and alternative designs 
are expected to be below the temperature limits of 
350°C for spent fuel at 50 kW/acre. 

Reference Design Spent Fuel Canisters -
Consolidated Assemblies. The temperature 
limit established by NNWSI for spent fuel is 350°C 
(to prevent degradation of the Zircaloy cladding). 
A number of parameter studies have been made 
using TAC02D and TAC03D to calculate waste 
package temperatures (see the section under 
"Thermal Analysis"). The studies indicate that 
reference 3.3-kW, 70-cm-diameter waste packages 
containing 6 PWR or 14 BWR consolidated assem­
blies can be emplaced vertically or horizontally at 
48 kW per acre or more without exceeding 350CC. 
For horizontal emplacement at 48 kW/acre, canis­
ters probably cannot be placed touching end-to-
end, but must be spaced apart, and this results in 
more boreholes (see below). Therefore, the refer­
ence spent fuel canister designs meet the tempera­
ture limit requirement. (No backfill is used in the 
reference and most of the alternative designs). 

Preconsolidated Spent Fuel. Thermal analy­
sis was performed on horizontally emplaced, pre­
consolidated assemblies packaged into 68-cm-
diameter canisters. For end-to-end emplacement 
in boreholes spaced 52 m apart (40.6 kW/acre) the 
peak fuel temperature was 330 °C (see Table 11, 
case 22). If the spent fuel is emplaced at higher ar-
eal power densities, the peak fuel temperature 
will increase. Further analysis is needed to deter­
mine whether this design will have a temperature 
sufficiently below the 350°C limit at over 40.6 kW/ 
acre with end-to-end spacing. If not, canister spac­
ing can be increased and borehole spacing de­
ceased to more evenly distribute the heat. 

Intact Assemblies. The reference case for in­
tact assemblies is the mixing of these canisters 
with consolidated spent fuel canisters. The canis­
ter is 70 cm in diameter and contains 6 PWR or 
12 BWR intact assemblies (1.65 kW) with no back­
fill. The calculated peak temperature for 3 PWR as­
semblies is 295°C at 40.6 kW/acre (case 23). At 57 
kW/acre, the peak temperature is expected to be 
well below 350°C. Therefore, the design meets 
temperature limit requirements. 

Alternative Spent Fuel Canister with Con­
tainerized Packing. Spent fuel may require 
packing to meet the release rate requirement. Due 
to the low thermal conductivity of the packing, the 
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amount of waste per canister must be reduced to 
lower the thermal power below the temperature 
limit of 350°C. A canister has been designed that 
contains four 10-year-old PWR consolidated as­
semblies. The canister is surrounded by a con­
tainer holding a 15-cm thickness of crushed com­
pressed tuff to surface-absorb radionuclides. No 
backfill is placed around the packing container. 

Thermal analysis of this design (case 21) em-
placed horizontally end to end at 42 kW/acre areal 
power density (APD) resulted in a peak pin tem­
perature of 326 °C. Since this value is sufficiently 
below the temperature limit, the design meets 
the requirement. Higher areal power density may 
be possible for more uniformly spaced canisters 
and for canisters emplaced in the vertical-
emplacement configuration. 
Drop lest Requirements. Waste packages shall 
be designed to preclude leakage of radioactive ma­
terial in excess of applicable state and federal stan­
dards after undergoing drop tests onto an un­
yielding surface, at the minimum anticipated 
temperature. 

NNWS1 has selected some of the drop test re­
quirements of 10 CFR 71 (Transportation of Radio­
active Materials) against which to compare waste 
package strength. This is conservative because 10 
CFR 71 drop tests are done with the waste canister 
inside the shipping cask. NNWSI is designing 
waste canisters to contain waste after a 30-ft drop 
test when separate from a shielding transporting 
cask. This will provide safety in hot cell and em­
placement operations when the canisters are not 
protected by the cask. 

Structural analysis has been performed on a 
57-cm-diameter x 4.5-m-long spent fuel canister at 
room temperature. In the first case, a fully loaded 
spent fuel canister dropped onto its base was sim­
ulated using the elastic-plastic, dynamic computer 
code DYNA2D with a two-dimensional, axisym-
metric mesh. Results indicated that bulging of the 
canister wall occurred adjacent to the base. The 
peak stress (at 3.2 ms after impact) was 68,000 psi. 
This is above yield but below the ultimate strength 
of 316L stainless steel. Plastic strain was 21%, 
which is below the 40% maximum elongation. 
Based on these preliminary results, canister 
breach did not occur in this simulation. 

In the second case, a computer simulation was 
performed on the same canister design dropped 
on its pintle from a height of 30 ft. The maximum 
stress in the deformed pintle/end plate was 74,000 
psi with a strain of 25%. The stress and strain are 
below failure (80,000 psi, 40%). 

This was a severe drop test configuration and 
stresses were approaching the ultimate strength 
of 316L stainless steel. Drops on corners of the can­
ister may be more severe. At present we have not 
developed criteria for design safety margins for 
drop tests. It may not even be liksly that bare can­
isters will be raised to a height of 30 ft during han­
dling. This will not be known until subsurface and 
surface facility conceptual design is further along. 

The reference material, austenitic stainless 
steel has satisfactory fracture toughness, strength, 
and ductility at the expected minimum tempera­
ture at Yucca Mountain of -18°C. Physical proper­
ties and strength of austenitic stainless steels vary 
from -18 °C to + 100°C, but based on the room tem­
perature analysis and comparison with properties 
over this temperature range, the current concepts 
perform without breach, and could be detail de­
signed to increase safety margins for prototype 
and final designs. 
Fire left. The waste package shall be designed to 
prevent leakage of radioactive material after sus­
taining a 1073 K (800°C), 30-min fire test. A com­
puter simulated fire test analysis was performed 
on a canister (without cask) containing spent fuel 
with a thermal loading of 3.42 kW/pkg. An 800°C 
constant temperature boundary condition was ap­
plied to the outer surface of the canister for a per­
iod of 30 rriin using TAC02D. 

The maximum temperature reached in the air 
space in 30 min was 787 °C; the top of the fuel rods 
reached, a temperature of 705 °C in 30 min. The ge­
ometric center of the fuel rod bundle was not af­
fected in the relatively short time of the fire test. 
The calculated temperatures were then used in 
structural analysis of the canister. 

A significant pressure increase occurs during 
the fire test. A typical internal helium pressure in 
PWR spent fuel rods at ambient temperature is on 
the order of 550 psig, although for a small number 
of rods, the pressure has been reported at over 
1100 psig. A calculation using the computer code 
TAC02D indicates that the average temperature of 
10-year-old spent fuel rods inside the reference 
canister, in an open area with no radiation shield­
ing at ambient conditions, is about 180°C. At this 
temperature the internal helium pressure of the 
rods is 845 psig. In another TAC02D analysis, fuel 
rod ends, in contact with air space at the top and 
bottom of the canister, reach roughly 700°C dur­
ing the 800°C, 30-min fire test. The hoop stress in 
the Zircaloy cladding at 845-psig pressure is 
5591 psi, which is roughly 5.6 times greater than 
the Zircaloy yield strength at 700 to 800 °C 
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(-1000 psi). Thus, helium release will occur due 
to gross yielding and rupture of the Zircaloy clad­
ding. When the volume of helium in the rods is re­
leased into a canister (backfilled to 14.7 psia with 
helium), and then heated to 800°C, ths resulting 
pressure is 183 psig. The maximum effective stress 
in the canister wall under the above conditions is 
15,000 psi, which is below the 20,000 psi ultimate 
tensile strength of 316L stainless steel at 800 °C, 
and canister breaching would not be expected. 
Based on these results, the SF canister design is 
expected to meet the fire test specifications given 
in 10 CFR 71. Safety margins could be increased by 
increasing the canister end plate corner thickness 
where the stress concentration occurs. 
Canister Integrity. The waste package shall be 
designed to prevent leakage of radioactive mate­
rial in excess of applicable federal and state stan­
dards under expected loads during or after trans­
portation, handling, emplacement, retrieval, and 
seismic events. Further, these loads must not com­
promise long-term performance. 

The loads normally expected during transpor­
tation at the repository, handling, emplacement, 
retrieval, and seismic events are small compared 
to impact loads during drop tests. The normal 
loads imposed on the pintle and canister body 
during retrieval and lifting are no more than two 
times canister weight. The resulting stresses are 
estimated to be well below yield (see the section 
under "Retrieval Loads"). Seismic loads are not 
expected to exceed 1 g, and will result in stresses 
well below yield. 

A 70-cm-diameter canister was analyzed as a 
simply supported beam using an analytic beam 
stress formula. For a canister lying on its side, 
loaded to five times canister weight, the calculated 
stress was about 7000 psi, which is well below the 
allowable yield stress of 19,000 psi at 260°C. 

To simulate the unexpected event of deep 
flooding of the repository, a structural analysis of a 
BWR spent fuel canister under external pressure 
was carried out. Results indicated that yielding of 
the 70-cm-diameter canister will begin when the 
pressure reaches 400 psig, which corresponds to 
923 ft (281 m) of water. The loading configuration 
consisted of an external pressure that ranged up to 
1230 psi, which was applied uniformly over the 
entire outer surface of the canister. The canister is 
not expected to breach or collapse at this pressure. 

Federal Traniportation Regulatory Require­
ments. Nuclear waste shipped from utilities and 

from West Valley, N.Y. or Savannah River will be 
shipped in NRC-licensed shipping casks and lin­
ers designed by organizations other than NNWSI. 
Waste will not be shipped to the repository in 
NNWSI canisters or overpacks that are not specifi­
cally designed to meet Federal transportation reg­
ulatory requirements (NRC 10 CFR 71). If WV/ 
DHLW pour canisters form the liner of a shipping 
cask, the design and licensing responsibility for 
the pour canister will fall under an organization 
other than NNWSI. The pour canister will not be­
come the disposal canister because it will be over-
packed in another container designed to meet the 
NRC 10 CFR 60 requirements as given in this re­
port. 

West Valley/Defense High Level Watte Packages 
The WV/DHLW pour canister (61 cm in diame­

ter by 300 cm long) will be overpacked in an aus-
tenitic stainless steel overpack identical in design 
to the SF canister. The length of the overpack is 
324.5 cm including pintle, which is shorter than 
the shortest SF canister (4.0 m). The preceding 
section, "Spent Fuel Canisters'' shows the accept­
able design performance of this container with 
heavier loads and higher powers than that of WV/ 
DHLW. Therefore, since the preclosure design 
performance of the detail-designed SF canister is 
expected to meet all requirements, it should also 
meet requirements when used as an overpack for 
WV/DHLW. 

Some thermal calculations have been com­
pleted. These results show peak temperatures of 
the glass to be considerably lower than the allowa­
ble 500°C temperature for the WV/DHUV refer­
ence canister. 

Commercial High Level Waste Packages 
The reference design for CHLW consists of a 

CHLW pour canister 32 cm in diameter by 300 cm 
long overpacked in an austenitic stainless steel 
canister nearly identical in design to the SF canis­
ter. The overpack is 36 cm in diameter by 324.5 cm 
long. 

The relevant preclosure design performance 
analysis done for the heavier, larger SF canister in­
dicates that the CHLW reference waste package 
concept can be detail designed to meet all require­
ments. Thermal analysis done on CHLW indicates 
no problem in staying under the 400 °C tempera­
ture limit in the reference repository configura­
tions for vertical and horizontal emplacement. 
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Consideration of Desirable Design 
Characteristics 
Standardization 

Standard sizes and shapes have been consid­
ered in conceptual design, but it will be more im­
portant to select standard sizes and shapes during 
final design. Standard,, commercially available 
metals have been selected for the conceptual de­
sign. 

Standard ASTM/AISI specifications will be re­
quired in the detailed drawings and specifications 
for the waste package. Also standard fabrication 
specifications will be used in welding, quality as­
surance, nondestructive testing and other applica­
ble areas of canister manufacturing. NNWSI will 
develop design and testing specifications for 
waste package design or will use Office of Civilian 
Radioactive Waste Management (OCRWM) speci­
fications when they become available. 

Design Simplicity 
No unnecessarily complicated design features 

are extant in the designs. 

Technical Conservatism 
Various alternative designs have been consid­

ered and analyzed for thermal, criticality, and 
structural performance. 
Thermal Design. The amount of spent fuel in a 
waste package and the spacing between waste 
packages has been restricted to avoid exceeding 
the temperature limit of350°C, which is a conserv­
ative number. To allow for uncertainty in data and 
analysis, design temperatures are conservatively 
limited to about 335°C. Accurate two-dimensional 
and three-dimensional heat transfer codes have 
been used in the analysis. 

Criticality Control. Detailed criticality safety 
analyses of early conceptual consolidated spent 
fuel canister designs were carried out. The results 
showed that after canister and space-frame degra­
dation over time, fuel pins could rearrange into 
potentially higher k* configurations (in the pres­
ence of water) due to empty spaces inside the can­
ister. For conservatism, space frames were rede­
signed to include neutron-absorbing poison rods 
to improve criticality control. 
Structural Design. Detailed 2D structural analy­
ses were performed of SF canister-design re­

sponses to accident and flooding conditions. De­
sign modifications were made which resulted in 
canisters that can withstand such environments 
without breaching. However, more modifications 
are needed to reduce impact stresses in canisters 
which occur in 30-foot drop tests. Although a 
breaching condition (excess of ultimate strength) 
did not occur, stresses near ultimate were encoun­
tered in the drop-test simulations. The stresses 
probably should be lowered to more conservative 
values, and such action is planned for the ad­
vanced conceptual design or preliminary design 
phase. 

Material Selection. The reference canister mate­
rial, an austenitic SS, has been conservatively se­
lected because of its excellent corrosion resistance, 
fabricability, strength, ductility, and fracture 
toughness over a wide temperature range. It has 
been used extensively in critical applications in 
chemical, nuclear, and other fields, and is com­
mercially available at economical prices. 

In case one of the candidate austenitic stain­
less steels develops problems during long term 
corrosion testing, other candidate materials with 
excellent properties have been designated. These 
include 316L, 304L SS, 321 SS, Incoloy 825, and 70-
30 cupro-nickel. 

Conventional Materials and Fabrication 
Techniques 

The spent fuel canisters and pour canister 
overpacks are designed with conventional materi­
als and fabrication processes. The candidate mate­
rials, 316L stainless steel, 304L, 321, Incoloy 825 
and copper-nickel alloy are not unusual in compo-
„.;ion or microstructure. Normal forming, ma­
chining, and welding techniques can be used in 
fabricating the designs. Copper is less easily 
welded than the other materials. 

The alternative design waste package with 
compressed tuff packing is not conventional. To 
our knowledge, compressed tuff sand has never 
been used. Samples have been fabricated and 
tested at LLNL in 1984. If this alternative is neces­
sary for spent fuel, which currently appears 
unlikely, research and development will be 
conducted to demonstrate the feasibility of com­
pressed tuff for use as a radionuclide sorbent in 
the NNWSI repository. 
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Compatibility with Waste Processing, 
Transportation, Consolidation, and 
Emplacement Operations 

The conceptual waste package designs are 
compatible with other interfacing systems. Com­
patibility is designed into wrote package configu­
rations based on the needs of, and physical inter­
faces with waste processing, storage, trans­
portation, handling, consolidation, emplacement, 
possible retrieval, and permanent disposal. LLNL 
maintains awareness of the needs and interfaces 
by keeping abreast of NRC and OCRWM develop­
ments through meetings, telephone discussions, 
seminars, workshops, conferences, informal and 
formal interfacing workshops with NNWSI proj­
ect participants, with emphasis on Sandia Na­
tional Laboratory (SNL) interfaces. Exchange of 
formal and informal reports, letters and memos 
occurs frequently between SNL, LLNL, and other 
NNWSI participants. 

Some of the specific physical interfaces that 
have been thoroughly coordinated are pintle/ 
grapple compatibility, spent fuel consolidation 
and assembly into space-frame configurations, 
canister/cask/borehole diameters, canister diame­
ter standardization, canister welding and Q A pro­
cedures, emplacement and retrieval scenarios, 
compatibility with grout, thermal effects on the re­
pository host rock, and compatibility with the 
near field environment in the repository. 
Cost Effectiveness 

Nuclear waste package economics codes for 
the numerous design and emplacement options 
being considered for the NNWSI program have 
been brought to an initial stage of completion and 
a large number of runs have been made to evalu­
ate economic impacts of different design options. 
All costs shown are in 1983 dollars and have not 
been adjusted for inflation, interest rate or year of 
expenditure. 

As a result of these analyses and subsequent 
design changes, cost effectiveness has been 
achieved in waste package design by the follow­
ing: 

1. Working towards a design suitable for 
horizontal emplacement, which reduces mining 
costs by over $800 M compared to vertical em­
placement (Scully, 1984). 

2. Choice of an austenitic stainless steel for 
the reference canister material based on several 
technical factors including material cost. 

3. Maximizing the diameter (and contents) 
of the canisters consistent with not exceeding the 
temperature limit. 

4. Standardizing the diameter of the canis­
ters to a single diameter and pintle to simplify han­
dling fixtures, transport casks, etc. 

5. Using a single type design for the space 
frame (square holes) instead of two types (square 
hole, and pie-shape radial fins). Although this in­
creases canister diameter for repository consoli­
dated rods, it simplifies consolidation operations. 

6. Not selecting more costly designs such as 
(a) the self-shielded design; (b) another design 
consisting of a titanium sheath over a carbon steel 
reinforcement; and (c) a large-diameter canister 
containing three WV/DHLW pour canisters. 
Model Development Approach. The basic ap­
proach employed to formulate the economics 
codes was to program a set of spread sheets on a 
Northstar Horizon personal computer using the 
commercially available Supercalc software. A sep­
arate spread sheet was programmed for each ma­
jor design change and was used to calculate the ef­
fects of dimensional variations for that particular 
design. 

The calculations include the direct cost of 
space-frame and waste-package fabrication, bore­
hole plugs, the costs for SF rod consolidation, 
processing, and emplacement of the waste pack­
age in the repository, and the incremental mining, 
muck handling, drilling, and ventilation costs as­
sociated with the emplacement of each additional 
package and the cost of additional facilities re­
quired for vertical emplacement (Scully, 1983a). 
AH these are affected by the waste package be­
cause changes in package design can result in sig­
nificant changes in emplacement costs due to 
changes in the emplacement hole diameters as 
well as their spacing along the mined drifts. Thus, 
package design and specific emplacement config­
uration are tightly coupled and must be evaluated 
together as a system in order to properly assess 
the economic impact of specific waste package de­
sign changes. However, no attempt is made to in­
corporate all the repository costs, such as the cost 
of surface facilities (other than consolidation facili­
ties), since such costs are not presently known and 
change very little for the design variations pre­
sented in this report, except for costs of consolida­
tion of spent fuel. Such costs are to be included in 
the overall repository conceptual design and cost 
evaluation being developed by Sandia National 
Laboratories, Albuquerque. 

Cost Data and Sources. 
Waste Package Costs. We were unable to 

identify any significant cost difference between 
316L and 321 stainless steels, and thus they are 
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treated as being the same cost throughout the 
analysis. 

Glass Pour Canister Costs for WV/DHLW and 
CHLW. The glass pour canister costs were ob­
tained from a Westinghouse cost study and used 
without change. They are given in Table 14. 

Cylinder and End Cap Costs. These costs 
were estimated by calculating the weight of the 
cylinder and end caps from their dimensions and 
density and then computing their individual costs 
using estimated cost per pound numbers for each 
provided by Russell et al. (1983). This cost per 
pound information is presented in Table 15. 

Welding Costs. It is assumed that the weld­
ing costs will scale with the volume of the weld. It 
is also assumed that the width of the weld will in­
crease linearly with the thickness of the material. 
Therefore, the volume of the weld will increase 
proportionally to the length times the thickness of 
the material squared. It was estimated that weld­
ing canister circumferential joints would cost ap­
proximately $3.18/in3 of weld. Thus the welding 
cost C in dollars was calculated with the following 
equation: 

C « *• x Dc„ x tL, x (1) 

where D„„ is the diameter and t t„ is the thickness 
of the canister (weld) in inches at cost per unit vol­
ume sin $/in3. 

Pintle Costs. It was estimated that the pintle 
would cost approximately five hundred dollars to 
fabricate and eighty dollars to weld on to the end 
cap. 

Space-Frame Costs. To estimate the direct 
(material plus labor) cost of a space frame, its 
weight was calculated and multiplied by a unit 
costof$3/lb. 

Shipping Costs. Westinghouse estimated 
that shipping costs external to the repository will 
be approximately $0.10/lb. 

Overhead Costs. The overhead costs were 
calculated as a fixed percentage of the direct canis­
ter, space-fiame, and overpack manufacturing 
costs. It was estimated that such costs, including 
10% for quality assurance and general administra­
tive overhead, would run approximately 50% of 
the direct manufacturing costs. This percentage is 
consistent with estimates made by Westinghouse 
(1983). 

Steel Hole Liner Costs. Scully et al. (1983a) 
estimated that the fabricated and installed 3/4-in.-
wall steel hole liner for the horizontal emplace­
ment holes would cost $890/waste package. 
Therefore, the cost of the steel hole liner per waste 
package was calculated from the cost per waste 
package times the number of emplaced packages. 

Repository Handling Costs. There are a 
number of costs that can be attributed to the han­
dling of the waste packages after they reach the re­
pository. The ones that have been included in the 

Table 14. Pour canister costs for WV/DHLW and CHLW 
($/canister) including material, labor, overhead, shipping, and 
profit. 

Pour canister material 
Waste form 304L 316Lor321 1825 

WV7DHIW 
CHIW 

5,183 
3,231 

6,328 
3,899 

14,049 
7,935 

Table 15. Cylinder and end cap unit costs ($/lb) for ove;-packs 
and canisters. 

Material 
Part 304L 3I6Lor321 1825 

Cylinder 
End caps 

2.14 
2.86 

2.50 
3.21 

6.07 
7.80 
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cost estimates presented in this report are given 
below. 

Waste Package Processing. Waste pack­
age processing includes receiving, transporting, 
labeling, surface storage, and general accounting 
for each package at the repository. Westinghouse 
has estimated this cost to be approximately $3800 
per package (Westinghouse, 1983). 

Canister and Overpacking Labor. There 
will be an additional labor cost for placing the SF 
assemblies in canisters and overpacking of WV/ 
DHUV and CHIW pour canisters. Westinghouse 
has estimated this cost to be approximately $4250 
per waste package for the reference canisters con­
taining 6 PWR or 18 BWR assemblies. It is assumed 
that this cost will vary in proportion to the number 
of assemblies in the waste package. 

Spent Fuel Rod Consolidation. In the 
event that the spent fuel rods are consolidated, 
there will be an additional labor cost for this con­
solidation process. Westinghouse has estimated 
this cost to be approximately $21,000 per canister 
for the reference canisters containing 6 PWR or 
14 BWR assemblies. However, LLNL estimates 
this cost to be much lower at $3000 per canister (40 
man hours @ $75/hr).* The consolidation hot cells 
are estimated at $100 million (Steams-Roger, 
1983). For 26,000 canisters of SF and 5000 canisters 
of SF hardware, this amounts to $3226/canister. It 
is assumed that this cost will vary in proportion to 
the number of assemblies in the waste package. 

Subsurface Facilities Costs. Costs of the 
following subsurface construction were included 
in the calculations (Scully et al., 1983a): 

Vertical Horizontal 
Emplacement Emplacement 

Mining and muck handling $0.88/ft> $1.65/ft3 

Drilling $39.80/fP $27.33/fP 
Additional facilities 2.3 M -
Ventilation 215.3 M 53.6 M 
Emplacement (including plug) 101.8 M 23.8 M 

Total unit cost for a waste package was gener­
ally based on Scully's total costs divided by the 
number of waste packages. (Scully's totals were 
based on 59,000 waste packages). For intact as­
semblies, unit costs were based on 52,000 pack­
ages, and 31,000 waste packages for consolidated 

* Based on a throughput of 2-3 canisters/shift with 12-13 
people (direct labor) operating a hot cell. 

spent fuel, including 5000 canisters of spent fuel 
hardware. For WVHIW, 300 canisters were as­
sumed. A more recent schedule (Table 3) gives a 
total of 26,359 consolidated packages, 4265 intact 
packages and 310 WVHIW packages. 

Table 16 gives a summary of comparative costs 
for vertically emplaced reference and alternative 
designs for a 70,000 MTU repository. Table V dis­
plays the entire spread sheet for these calcula­
tions. The study is intended to show cost compari­
sons between: bare pour canisters (col F) and 
overpacked pour canisters (col G); and consoli­
dated SF (col H, I, and J) and intact SF (col K and 
L). The actual planned quantities of waste include 
both intact and consolidated SF (see Table 3). 

Conclusions and Recommendations 

The analyses discussed in this report were 
performed to determine if current (at-the-time-of-
analysis) concepts met an NNWSI nominal set of 
then-current requirements and design bases. 
Over the period the work was done, there was an 
evolution of these parameters. Based on the 
results of the analyses, it is concluded that the 
now-current concepts can be detail designed to 
meet any similar set of final requirements. 

The final design for strength during normal 
handling and design-basis accidents will depend 
on the final requirements for drop testing and fire 
testing, on the final material selection, and on the 
safety margins required on stress and strain dur­
ing these tests. 

The final design of spent fuel waste packages 
for criticality control depends on interpretation of 
NRC 10 CFR 60 and on specific scenarios for 
changes in the waste package and its long-term 
environment. The numbers of poison rods and 
their locations in the waste package need to be de­
termined and documented by analysis. 

Further two-dimensional and three-
dimensional thermal analyses are needed to deter­
mine the optimum arrangement of canisters in 
vertical and horizontal emplacement. Borehole 
and drift spacing should be determined for each 
class of waste, e.g., 5-year-old, 10-year-old, high 
burnup, average burnup, intact, consolidated 
waste. 

Cost-effectiveness studies with more accurate 
data and more systems cost factors need to be per­
formed. The costs calculated to date are probably 
accurate enough for decisions concerning gross 
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design variations. Wbrk is needed to more accu­
rately d jtermine the cost of spent fuel consolida­
tion as it is affected by canister and space frame de­
signs. The optimum spacings of emplaced waste 
packages are determined by cost as well as ther­

mal analysis. Finally, consideration should be 
given to appropriate discount rates for waste 
packages and re)' ted facilities costs when making 
decisions on consolidation vs nonconsolidation of 
spent fuel. 

Table 16. Summary of waste package (WP) and related costs for vertical emplacement. 
Spread sheet 
row numbers A F G H I J 

116 
117 Summary 8/30/84 (WPCOSTV6) no. cans 
118 Q A cost factor- 0,10 
119 Waste form ] 
120 WP thermal power (W/WP) 
121 Can. total fab cost ($/can.) 
122 Space frame total cost ($/frame) 
123 Processing cost/can. (incl. canistering) ($) 
124 Consolidation cost/can. {$) 
125 Emplacement cost/can. (incl. hole plugs) ($) 
126 Sub total can. hardware &assem. costs ($/can.) 5519 
127 Mining 4 mucking/can. ($) 
128 Vert, hole cost/can. ($) 
129 Consolidation facility cost/can. ($) 
130 Additional facilities/can. ($) 
131 Ventilation cost/can. ($) 
132 Subtotal facilites & mining costs ($/c.in.) 
133 Grand total cost/WP($) 
134 Metric tons of U/canister 
135 Total cost/metric ton uranium ($) 
136 CostofallWPs/type SMfflions 
137 Total (VW/DHUV+spent fuel) SMillions 

138 * Spent fuel hardware included in total consolidated cost. 

26,000 cans. 52,000 cam. 
300 300 5000 10,400 15,600 20,800 31,200 

VHUV WVHUV Spt. Fuel 14GE8XB 6BW15X15 7GE8X8 3BW15X15 
lr can. overpkd hrdware BWR-Cons PWR-Cons BWR-Intc PWR-Intc 

420 420 420 2660 3300 1330 1650 
- 8240 8240 10297 10297 10675 10297 
- - - 15215 11252 16010 11252 

3800 8050 8050 8050 8050 8050 8050 
- - — 3000 3000 — — 

1719 1719 1719 1719 1719 1719 1719 
5519 18009 18009 38281 34318 36454 31318 
3422 3422 3422 9640 12207 4920 6104 
3365 4605 4605 5593 5593 5774 5593 
— - 3226 3226 3226 - -
73 73 73 73 73 44 44 

6879 6879 6879 6879 6879 4117 4117 
13739 14978 18204 25610 27978 14855 15813 
19258 32987 36213 63892 622% 51309 47132 

- - - 2.40 2.82 1.20 1.41 
- - - 32657 29796 42757 33427 

5.78 9.90 181 664 972 1067 1472 
• Consoldtd 1827 Intact 2549 
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Table 17. Spread sheet printout of detailed waste package and related costs. 
Spread sheet 
row numbers A F G 

1 Waste Package Economics Code (WPCOSTV6) QA factor 0.10 
2 8/30/84 26,000 cans, consolidated SF + 5000 SF hardware + 300 
3 SF, 3ML canister, vertical emplacement, 
4 44 kW/acre, without packing material 
5 
6 Waste form 
7 Canister outside diameter (ft) 
8 Canister length w/o pintle (ft) 
9 Thickness of canister cylinder wall (ft) 

10 Thickness of canister bottom cap (ft) 
11 Thkknejjofcanijtertopcap(ft) 
12 Volume of canister cylinder wall (ft3) 
13 Volume of canister bottom (ft3) 
14 Vblume of canister top (ft3) 
15 Volume of pintle (ft3) 
16 Density of canister material (lb/ft3) 
17 Weight of canister (lb) 
18 Cost/weight for can. cylinder body ($/lb) 
19 Cost/weight for can. btm. cap ($/lb) 
20 Cost/weight for can. top cap ($/lb) 
21 Cost of pintle fabrication ($/pintle) 
22 Cost of all 4 can. components ($) 
23 Cost to weld bott. cap/cyl., $3.18/in3 

24 
25 Cost of welding pintle to top cap ($) 
26 Total welding costs for canister ($/can.) 
27 Shipping cost/unit weight for can. ($/lb) 
28 Can. shipping cost ($/can.) 
29 Can. direct cost 
30 Wt. of space frame 
31 Cost/wt. of space frame ($/lb, 304ss) 
32 Direct cost of space frame incl. welding 
33 No. of poison rods 
34 Direct cost per poison rod ($100 ea) 
35 Direct cost of installed poison rods ($) 
36 Space frame shipping cost ($) 
37 Can. & space frame direct cost ($/assem.) 
38 QA cost multiplier 0.10 
39 Overhead, C and A, profit multiplier 0.40 
40 Can. total cost (S/can.) 
41 Space frame total cost (S/frame) 
42 Total can. assem. fab. cost (S/can.) 
43 
44 Access drift spacing (ft) 1512.00 1512.00 
45 Emplacement drift spacing (ft) 100.00 100.00 
46 Unit plan area (ft2) 158200 158200 
47 Areal thermal load (W/acre) 20564.00 20564.00 
48 WP thermal power (W/WP) 420.00 420.00 
49 WPs/unit emplacement area 178 178 
50 Access drift standoff (ft) 42.70 42.70 
51 Calculated borehole spacing (ft) 8.02 8.02 
52 Emplacement drift width (ft) 20.00 20.00 
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WVHUV 
70,000 MTU 

• 31300 tot. cans, (consolidated) 

300 cans. 300 cans. 5000 cans. 26,000 cans. 52,000 cans. 
WVHUV WVHUV Spnt. fuel 14GE8x8 6BW15X15 7GE8X8 3BW15xl5 
pour can. over-pkd hardware BWR-Cons PWR-Cons BWR-Intct PWR-Intct 

2.00 2.30 2.30 2.30 2.30 2.30 2.30 
- 10.29 10.29 14.76 14.76 15.58 14.76 
- 0.03 0.03 0.03 0.03 0.03 0.03 
- 0.13 0.13 0.13 0.13 0.13 0.13 
— 0,13 0.13 0.13 0.13 0.13 0.13 
- 2.43 2 43 3.49 3.49 3.69 3.49 
- 0.52 0.E2 0.52 0.52 0.52 0.52 
- 0.52 0.52 0.52 0.52 0.52 0.52 
- 0.14 0.14 0.14 0.14 0.14 0.14 
— 499.00 499.00 499.00 499.00 499.00 499.00 

1000 1801.28 1801.28 2328.97 2328.97 2425.77 2328.97 
- 2.50 2.50 2.50 2.50 2.50 2.50 
- 3.20 3.20 3.20 3.20 3.20 3.20 
- 3.20 3.20 3.20 3.20 3.20 3.20 
- 500.00 500.00 500.00 500.00 500.00 500.00 
- 5190.25 5190.25 6509.45 6509.45 6751.45 6509.45 
- 42.64 42.64 42.64 42.64 42.64 42.64 

_ 80.00 80.00 80.00 80.00 80.00 80.00 
- 122.64 122.64 122.64 122.64 122.64 122.64 
- 0.10 0.10 0.10 0.10 0.10 0.10 
- 180.13 180.13 232.90 232.90 242.58 232.90 
- 5493.01 5493.01 6864.99 6864.99 7116.67 6864.99 
- - - 3143.00 2323.00 3314.00 2323.00 
- - - 3.00 3.00 3.00 3.00 
- - - 9429.00 6969.00 9942.00 6969.00 
- - - 4.00 3.00 4.00 3.00 
- - - 100.00 100.00 100.00 100.00 
- - - 400.00 300.00 400.00 300.00 
- — - 314.30 232.30 331.40 232.30 
- 5493.01 5493.01 17008.29 14366.29 17790.07 14366.29 

) - 0.10 0.10 0.10 0.10 0.10 0.10 
) - 0.40 0.40 0.40 0.40 0.40 0.40 

- 8239.52 8239.52 10297.48 10297.48 10675.00 10297.48 
- - - 15214.95 11251.95 16010.10 11251.95 
- 8239.52 8239.52 25512.43 21549.43 26685.10 21549.43 

1512.00 1512.00 1512.00 1512.00 1512.00 
100.00 

158200 
100.00 

158200 
100.00 100.00 

158200 158200 
100.00 

158200 
20564.00 44000.00 44000.00 44000.00 44000.00 

420.00 2660.00 3300.00 1330.00 1650.00 
178 60 
42.70 91.90 
8.02 22.11 

20.00 20.00 

48 120 97 
91.90 91.90 91.90 
27.43 11.05 13.71 
20.00 20.00 20.00 



Table 17. (Continued) 
Spread sheet 
row numbers A F G H I J K .<.•: L 

53 Emplacement drift height (ft) 22.00 22.00 22.00 22.00 .22.00 22.00 22.00 
54 E-drift vol./vert. hole (ft3) 3530.03 3530.03 3530.03 9728.07 12068.65 4864.03 6034.33 
55 Cost/unit vol. E-drift mined ($/ft3) 0.88 0.88 0.88 0.88 0.88 0.88 0.88 
56 E-drift mining cost/vert, hole ($) 3106.42 3106.42 3106.42 8560.70 10620.41 4280.35 5310.21 
58 Emplacement drift spacing (ft) 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
59 Access drift width (ft) 20.00 20.00 20.00 20.00 20.00 20.00 20.00 
60 Access drift height (ft) 12.00 12.00 12.00 12.00 12.00 12.00 12.00 
61 Access drift standoff (ft) 47.20 47.20 47.20 91.90 91.90 91.90 91.90 
62 A-drift + standoff length/E-drift (ft) 265,40 265.40 265,40 363.80 363.80 363.80 36L.R0 
63 A-drlft + standoff vol/E-drift (ft5) 63696,00 63696.00 63696,00 87312.00 87312,00 87312.00 87312.00 
64 \fert. holes/E-drift 178 178 178 60 48 120 97 
65 A-drift + standoff length/hole (ft) 1.49 1.49 1.49 6.06 7,51 3,03 3.76 
66 A-drift + standoff vol,/hole (ft') 358.21 358.21 358.21 1453.40 1803.09 726.70 901.54 
67 Cost/unit vol. A-drift mined ($/ft') 
68 
69 Total A-drift cost/hole ($) 
70 
71 Vert, hole depth (ft) 

0.88 0.88 0.88 0,88 0.88 0.88 0.88 67 Cost/unit vol. A-drift mined ($/ft') 
68 
69 Total A-drift cost/hole ($) 
70 
71 Vert, hole depth (ft) 

315.22 315,22 315.22 1278.99 1586.72 639.49 793.36 

67 Cost/unit vol. A-drift mined ($/ft') 
68 
69 Total A-drift cost/hole ($) 
70 
71 Vert, hole depth (ft) 19.84 20.83 20.83 25.30 25.30 26.12 25.30 
72 \fert. hole diameter (ft) 2.33 2.66 2.6*. 2.66 2.66 2.66 2.66 
73 \fert. hole volume (ft3) 
74 
75 Nc. of vertical borehole* 

84.55 115.70 115.70 140.52 140.52 145.08 140.52 73 \fert. hole volume (ft3) 
74 
75 Nc. of vertical borehole* 300.00 300.00 5000.00 10400.00 15600.00 20800.00 31200.00 
76 Drill cost/vol.($/ft!) 
77 
78 \fert. hole cost (S/hole) 
79 
80 Summary 

39.80 39.80 39.80 39.80 39.80 39.80 39.80 76 Drill cost/vol.($/ft!) 
77 
78 \fert. hole cost (S/hole) 
79 
80 Summary 

3365.16 4604.74 4604.74 5592.89 5592.893 5574.16 5592.893 

76 Drill cost/vol.($/ft!) 
77 
78 \fert. hole cost (S/hole) 
79 
80 Summary 
81 Total can. assem. cost (Skin.) — 8239.52 8239.52 25512.43 21549.43 26685.10 21549.43 
82 Emplacement drift cost/hole 3106.42 3106.42 3106.42 8560.70 10620.41 4280.35 5310.21 
83 Access drift cost/hole 315.22 315.22 315.22 1278.99 1586.72 639.49 793.36 
84 \fertical hole drilling cost ($/hole) 3365.16 4604.74 4604.74 5592.89 5592.89 5774.16 5592.89 
85 Consolidation facility cost/can. - - 3225.81 3225.81 3225.81 - -
86 Processing cost/can. (inch canistering) 3800.00 8050.00 8050.00 8050.00 8050.00 8050.00 8050.00 
87 Consolidation cost/can. - — - 3000,00 3000.00 0.00 0.00 
88 Additional facilities/can. 73.48 73.48 73.48 73.48 73.48 43.98 43.98 
89 \fentilation cost/can. 6878.59 6878.59 6878.59 6878.59 6878.59 4116.63 4116.635 
90 Emplacement cost/can. (incl. hole plugs) 1719.00 1719.00 1719.00 1719.00 1719.00 1719.00 1719.00 
91 TOTAL 
92 Total cost/waste package (S'WP) 19257.89 32986.98 36212.79 63891.89 62296.00 51308.72 47175.50 
93 No. of assemblies - — - 14.00 6.00 7.00 3.00 
94 Metric tons of U/canister 2.10 2.10 - 2.40 2.82 1.20 1.41 
95 Total cost/unit wt.U($/MTU) 9170.42 15708.09 - 26621.62 22090.90 42757.27 33457.80 
96 Wt. of waste percan. (lb/can.) 3300 3300 3000 8400 8676 4200 4338 
97 Tot. wt. of waste package (lbs) 
98 
99 Total no. of waste pkgs. 

4300 6101 4801 13872 13328 9940 8990 97 Tot. wt. of waste package (lbs) 
98 
99 Total no. of waste pkgs. 300 300 5000 10400 15600 20800 31200 

100 Total can. assem. fab. costs ^Millions 
101 
102 Total processing SMillions 

- 2.47 41 265 336 555 672 100 Total can. assem. fab. costs ^Millions 
101 
102 Total processing SMillions 1.14 2.42 40 84 126 167 251 
103 Total consolidation SMillions - - - 31 47 - -
104 Total mining & mucking SMillions 1.03 1.03 17 102 190 102 190 
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Table 17. (Continued) 
Spread sheet 
row numbers A F G H I J K L 

105 Total drilling SMillions 1.01 1.38 23 58 87 120 174 
106 Total additional facilites SMillions 0.02 0.02 0.37 0.76 1.15 0.91 1.37 
107 Total consolidation facility SMillions - - 16 34 50 - . -
108 Total ventilation SMillions 2.06 2.06 34 72 , 107 86 128 
109 Total emplacement 
110 
111 CostofallWPs(cosl/WPxno. 

SMillions 0.52 0.52 9 18 27 36 54 109 Total emplacement 
110 
111 CostofallWPs(cosl/WPxno. WPs) SMillions 5.78 9.90 181 664 972 1067 1472 
112 Cost of all WPs (sum of totals) SMillions 5.78 9.90 181 664 972 1067 1472 
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