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ABSTRACT

Two important categories of potential repository wastes, non-LWR spent fuels and
special LWR spent fuels, were evaluated regarding their future quantities and packaging
requirements, including criticality aspects. Assuming that canisters similar to those planned
for vitrified high-level waste and conventional LWR fuel assemblies prove to be acceptable
for these fuels, it is estimated that about 1400 such canisters will be needed for the non-
LLWR and special LWR spent fuels on hand and projected through the year 2020.
Approximately half of these canisters are for HTGR spent fuel (Peach Bottom-1 and Fort
St. Vrain), a quarter are for TMI-2 spent fuel and core debris, and the balance are for fuels
from a score of diverse sources. About two thirds of these spent fuels can be
accommodated in extended vitrified HLW-size canisters (24-in. OD x 12 ft long), and the
remainder will fit into canisters 28-in. OD x 15 ft long, which are about the same size as the
"hybrid" BWR-PWR canisters (28-in. OD x 15 ft 7.5 in. long) proposed for use in a tuff
repository. Since many of these fuels are of higher enrichment and/or lower burnup than
standard LWR spent fuel, estimation of the number of fuel assemblies that could be safely
placed in a canister required preliminary calculations of neutron multiplication factors to
ensure non-criticality. These estimates showed that the canister configurations used would
provide more than adequate volume for the neutron poisons needed for this purpose.
Thermal outputs per canister were estimated for Fort St. Vrain, TRIGA, and Pulstar fuels;
the results showed that these fuels had thermal outputs per canister much lower than those
of standard LWR spent fuels and vitrified HLW.






1. INTRODUCTION

The Nuclear Waste Policy Act of 1982 requires that non-defense spent nuclear fuels be
disposed of in a geologic repository and defines spent nuclear fuel as fuel that has been
withdrawn from a nuclear reactor following irradiation. Thus, under this definition, fuels
from all rion-defense reactors, regardless of type, must go to repository disposal.

There are currently about 250 metric tons (heavy metal content) of non-LWR and
special LWR fuels in storage at eight sites ir the United States: Argonne National
Laboratory West (Idaho Falis), Battelle Pacific Northwest Laboratory, Babcock and Wilcox
(Lynchburg, VA), Hanford Engineering Development Laboratory, Idaho National
Engineering Laboratory and ICPP, Los Alamios National Laboratory, Oak Ridge National
Laboratory, and Savannah River Plant. The purpose of this report is to make a preliminary
assessment of the number and size of canisters that might be required for repository disposal
of these materials.

Non-LWR fuels are detined here as those derived from reactors other than commercial
power reactors of the BWR and PWR types. Special LWR fuels include (1) fuel assemblies
or pieces of fuel assemblies from experimental light water reactors, (2) fuel assemblies or
pieces of fuel assemblies sent from commercial LWRSs to various laboratories for
experimental purposes, (3) scrap pieces of spent fuel or fuel materials resulting from
laboratory operations on LWR fuels, and (4) damaged commercial LWR spent fuel and core
debris such as that from the Three Mile Island-2 reactor. Some types of non-LWR fuels are
suitable for reprocessing in government-owned facilities such as Idaho Chemical Processing
Plant (ICPP) and Savannah River Plant (SRP). Reprocessing of such fuels has already
been performed in a number of cases and is planned to be continued. The high-level wastes
from such reprocessing become part of defense high-level waste, to which they make only a
negligible volumetric contribution (CDB 1987).

In estimating the number of canisters required, quantities of fuels were projected
through the year 2020, including fuels in reactors and projected reloads to replace fuels
discharged from reactors. Approximate calculations of criticality safety were made for
selected fuels to obtain preliminary estimates of the quantities of fuel that could be safely

stored in one container.



1.1 SOURCES OF DATA

Essentially all of the information on quantities of non-LWR spent fuel currently in
storage came from the latest edition of the Integrated Data Base (IDB 1989). Most of the
other data and projections presented here are derived from information in the Waste
Characteristics Data Base (CDB 1987). The CDB contains data on the current and projected
quantities and physical, chemical, and radiological characteristics of spent fuels, high-level

waste, and other types of waste that might become candidates for repository disposal.

1.2 ASSUMPTIONS

It was assumed (Table 1) that fuels of types that have been reprocessed in the past will
continue to be reprocessed, and such fuels were therefore not included in the present study.
Among these fuels are those from the Fast Flux Test Facility (FFTF), highly-enriched U-Al
and U-Mo fuels from government-owned and privately-owned research and test reactors,
and fuels from government-owned critical assemblies and ship-propulsion test reactors such
as those at Knolls Atomic Power Laboratory, Los Alamos National Laboratory, and INEL.
Among the fuels assumed not to be reprocessed are TRIGA, PULSTAR, Peach Bottom-1,
Fort St. Vrain, Fermi-1 blanket, and special LWR fuels.

All non-reprocessed fuels were assumed to require canistering before delivery to a
deep geologic repository. Because the non-LWR and special LWR fuel assemblies and
storage containers have a wide variety of sizes, it was not possible to identify a single
canister size that would reasonably accommodate all types of fuel. It was decided to use
canisters of two sizes, 24-in. OD x 12 ft long (61 cm x 3.6 m) and 28-in. OD x 15 ft long
(71 cm x 4.6 m). The smaller size (hereafter called the 24-in. canister) will handle most of
the fuel types and accounts for about 65% of the total number of canisters. The larger size
(hereafter called the 28-in. canister) is necessary for a few fuel types and storage containers
that are too large for the smaller canister. The 24-in. canister diameter is the same as that
used for vitrifted commercial and defense HLW; these HLW canisters, which are shown in
Fig. 1, are 24-in. OD x 10 ft long. The 28-in. canister diameter is the same as that of the
proposed Yucca Mountain "hybrid" canister (Johnson 1989; see Fig. 2), which is 28-in. x
15 ft 7.5 in. and is designed to hold 4 BWR and 3 PWR assemblies.

It was assumed that the use of solid neutron poisons within the canisters for the
purpose of controlling criticality would be permitted by repository and MRS waste
acceptance criteria. This is an important assumption in determining the number of canisters

required, since it permits multiple numbers of fuel elements to be placed in a single canister.



Table 1. Major assumptions for this study?

Quantities of fuels

1. Quantities of non-LWR and special LWR fuels currently in storage are from Tables C.1
to C.9 of the Integrated Data Base (IDB 1989). Dimensional and radiological
characteristics of fuels and projections of quantities to the year 2020 are from the
Characteristics Data Base (CDB 1987). Quantity projections include in-core fuels.

2. Fuels considered to be reprocessable are assumed to be reprocessed and are not
included in estimates of canisterization requirements. Fuels listed in IDB 1989 Tables
C.1 to C.9 are all assumed to be non-reprocessable for purposes of estimating canister
requirements. Non-reprocessable fuels are assumed to require canisters, even if they
are already in some type of container. However, a few types of fuels were specifically
excluded from the estimation of canister requirements. These were (1) fuels based on
polyethylene blocks, (2) liquid fuels, (3) molten salt reactor fuel, and (4) fuels stored in
large concrete casks at the Hanford 200 Area burial grounds.

Canister sizes

3. Canisters of two sizes are used. The 24-in. canister has an outside diameter of 24 in.
and a length of 12 ft. The 28-in. canister has an outside diameter of 28 in. and a length
of 15 ft.

Reprocessing

4. EBR-2 spent fuel is assumed to be reprocessed except for the minor quantities currently
in storage at ANL-W, Hanford, INEL, Los Alamos, and SRP. FFTF fuel is assumed
to be reprocessed. TRIGA, Fort St. Vrain, Fermi-1 blanket, and Peach Bottom-1 fuels
are assumed not to be reprocessed.

Waste acceptance criteria

5. Itis assumed that the use of solid neutron poisons for criticality control will be
acceptable in the design of waste packages for disposal in a geologic repository or MRS

facility.b

6. Itis assumed that fuel assemblies containing graphite, such as Fort St. Vrain, Peach
Bottom-1 and TRIGA, will be acceptable for disposal in a repository.©

aAdditional assumptions regarding canisterization are given in Sect. 3.1.
bThis is an important assumption from the standpoint of the number of canisters
required. See discussion in Sect. 1.3.

CThis is an important assumption from the standpoint of possible required
pretreatment. See comments in Sect. 3.2.
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The concept used here relies on the use of metal divider plates and solid packing materials
such as borosilicate glass frit to separate the fuel elements within the canister and maintain
them in a noncritical configuration over long periods of time. This study makes no attempt
to design such canisters bui assumes that such designs could be produced, although it is not
clear at this tine whether the use of solid neutron poisons for criticality control in this

manner will be acceptable under repository waste acceptance criteria.

1.3 SUMMARY OF RESULTS

Information in the non-LWR and miscellaneous fuels sections of the IDB and CDB
enabled estimates to be made of the number of canisters that might be required for the
repository disposal of non-LWR and special LWR fuels by the year 2020, based on
rcasonable estimates of the dimensions and characteristics of such canisters. These results
are summarized in Table 2. The total number of canisters required was estimated to be
about 1370. This includes an allowance of 350 canisters for fuel and core debris removed
from the Three Mile Island-2 reactor and an allowance of 100 canisters for non-LWR and
special LWR fuels that are not specifically listed in Table 2. The estimated numbers of
canisters required are very preliminary but should be useful in providing order-of-magnitude
information for waste system planning.

No attempt was made to provide detailed canister designs or to perform the detailed
criticality calculations that will be nceded before canister capacities and waste package
designs are finalized. However, the preliminary criticality studies that were made
(Appendix A) indicate that the conceptual package designs used here will be critically safe
(kegt <0.95), provided that the use of fixed solid neutron poisons such as borosilicate glass
or boron carbide is permissible. These preliminary studies showed that the void volumes
provided in the conceptual canister configurations for neutron poisons are considerably in
excess of the volumes needed to limit kefr to less than 0.95.

Estimates of the thermal ouiputs of some of these canisters were made, based on the
limited information available (Appendix B). For 10-year old fuel, the estimated heat outputs
per canister are 56 W for Fort. St. Vrain spent fuel and 80 to 82 W for TRIGA and
PULSTAR spent fuel. These values are much lower than LWR spent fuel (2000 to 4000
W/canister), and also appreciably lower than vitrified HLW (150 to 900 W/canister).



Table 2. Estimated number of canisters required for repository disposal
of various non-LWR and special LWR spent fuels?

Number of fuel assemblies

Estimated

Estimated fuel  number of
In storage, Total as of assemblies canisters
1988 year 2020b per canister required
24-in, diam x 12 ft canisters
Fort St. Vrain 732 2214 4 554
Peach Bottom-1 1639 1639 12 138
TRIGA 800 4500 112 40
PULSTAR 24 170 48 4
CEUSP material 401¢ 401¢ 24 17
Fermi-1 blanket 510 510 12 43
Elk River 188 188 12 16
EBWR 300 300 24 13
Canned fuel at B&W 58d 58d 24 3
Saxton 14¢ 14¢ 4
Other - - - 60f
Total 4,666 9,994 892
28-in, diam x 15 ft canisters
VEPCO 69 69 48 15
Turkey Point 20 20 4 5
Dresden 1 20 20 8 3
Shippingport LWBR 65 65 1 65
TMI-2 (estimated) - - 350
Other — i - 4Qf
Total 174 174 478
Total number of canisters 1,370

a0nly the major non-LWR and special LWR fuels are listed. An allowance is included

for minor fuels not specifically listed.

bReloads and in-core fuel shown in Table 7 are included in totals.
CCEUSP material is stored in 3.5-in. diameter x 24 in. cans; numbers showrn are

numbers of cans.

dThere are 58 cans of LWR fuel at B&W, Lynchburg. Cans are 4.25-in. diameter x 33

in. long.
eQuantities shown are numbers of cans.

fAn allowance is included here for fuels not specifically listed.
g5ome of these assemblies have been compacied. See Sect. 3.3.4.



1.4 ORGANIZATION OF REPORT

Section 1 gives introductory material, objectives, assumptions, and a brief summary
of the results. Section 2 lists the quantities and types of non-LLWR fuel now in storage at
various sites and the estimated quantities of fuel requiring canistering as of the year 2020,
including fuel in reactors and future reloads. Section 3 discusses canister dimensions,
canister capacities, and the estimated number of canisters required. Section 4 gives the
conclusions of the study, and Sect. 5 lists the references. Appendix A discusses the
preliminary criticality calculations made both generically and for selected fuels such as
TRIGA, CEUSP, Fort St. Vrain, and PULSTAR. Appendix B gives calculated values of
radioactivity and decay heat of certain non-LWR fuels (TRIGA, Fort St. Vrain and
PULSTAR) as functions of time for periods up to 1 million years after discharge. Appendix
C shows the types and quantities of non-LWR and special LWR fuels currently in storage at
the eight sites, as reported in the Integrated Data Base for 1989. Appendix D consists of
sketches of various fuel assemblies and storage containers. To preserve the designers'
dimensions accurately, all dimensions are given in the same units (in., cm, etc.) in which

they appeared on the original source drawings.

2, TYPES AND QUANTITIES OF NON-LWR AND SPECIAL LWR FUELS

2.1 CATEGORIES OF FUELS

The non-LWR and special LWR fuels considered in estimating canister requirements

in this report fall into two categories:

1. Spent fuels that have been removed from reactors through 1988 and have not been
chemically reprocessed, although they may have been mechanically subdivided or
disassembled.

2. Fuels that are currently in reactors, and projected reloads for operating reactors
between 1988 and 2020,

2.2 QUANTITIES OF FUELS CURRENTLY IN STORAGE

Tables 3, 4, 5, and 6 list the types and quantities of fuels in the first category. These
fuels are now in storage at the eight sites previously mentioned. Data are from the 1DB
submittals prepared by the various sites for the IDB and are listed in IDB 1989 and CDB

1987. The data have been organized according to the quantity of fuel in each storage item;



Table 3. Major quantities of non-LWR and special LWR spent fuels in storage?

Number of  Dimensions of kg HM per

Location and type MTHM  assemblies  fuel assembly assembly
Battelle/PNL
Point Beach-1 1.18 3
INEL
LWBR Shippingport 57.15 65 879.
Fermi-1 blanket 34.17 510 67.
Peach Bottom-1 3.32 1603 3.5-in. diamx 12 ft 2.1
Fort St. Vrain 8.42 720 See note b 11.7
VEPCO 30.38 69 437.
Turkey Point 7.90
LOFT (Loss of Fluid Test) 2.20
Three Mile Island-2 82.00¢
Total INEL 225.54
ORNL
CEUSP material 1.04 4024 3.5-in. diam x 24.3 in. 2.6
SRP
Dresden-1 2.54 4.4 x 44 x 135 in.
Elk River 5.04 188 3.5x3.5x81.61n. 26.8
EBWR 7.60
Sodium Reactor Experiment 2.18
Total SRP 17.36
Total major quantities 245.12

aData sources: IDB 1989 and CDB 1987. Major quantities are items greater than 1.0
MTHM. Smaller quantities are shown in subsequent tables.

bHexagonal graphite blocks, 14.2-in. across flats x 31.2-in.

€So far, about 75% of the TMI-2 spent fuel and core debris has been shipped to
INEL. The quantity shown here is the expected total after shipments have been completed
and is based on the MTHM in the core at the time of the accident.

dCanisters of CEUSP material.
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Table 4. Intermediate quantities of Non-LWR and special LWR spent fuels
in storage?

Number of  Dimensions of kg HM per
Location and type MTHM assemblies  fuel assembly assembly
ANL West (Idaho Falls)
Basic research waste and scrap 0.187
EBR-2 blanket assembly 0.105
Total ANL West 0.292
Battelle PNL
Calvert Cliffs 0.678
Cooper 0.368
Miscellaneous 0.075
Total PNL 1.121
Hanford Engineering Lab
EBR-2 0.049
FFTF 0.044
SEFOR and FCFb 0.045
Miscellaneous LWR 0.064
Total Hanford 0.202
INEL
Shippingport PWR 0.760
Power Burst Facility 0.726
H. B. Robinson 0.266 ~0.6
SFD (Severe Fuel Damage) 0.051
Dresden-1 0.166
Connecticut Yankee 0.382
TRIGA 0.131 703 1.5-in. OD x 30 in. 0.19
Pathfinder 0.053 17¢ 9.0-in. OD x 80 in.
PULSTAR 0.252 24 3.5-in. x 3.5-in. x36 in. 10.5
Tory II-A 0.049 147 cans
Tory II-C 0.059 23 cans  2.7-in. OD x 52.5 in.
SM-1A 0.066 93 cans
Misc., high enriched 0.204
Misc., low eariched 0.190
Total INEL 3.355
Los Alamos
EBR-2 0.127
Oak Ridge National Laboratory
Savannah River Oxide 0.067 140d 3.88-in. OD x 10 in.
Inventory item RCP-06 0.066 27¢ 3.50-in. OD x 24 in.
Total ORNL 0.133
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Table 4. (continued)

Number of  Dimensions of kg HM per

Location and type MTHM assemblies  fuel assembly assembly
SRP

CANDU 0.050
Carolinas-Virginia 0.067
Saxton 0.359
GCRE 0.061
HWCTR 0.901
ML-1f 0.059
ORR-LEU 0.096
SRP Misc 0.069

Total SRP 1.662

Total intermediate quantities 6.892

aSources of data: IDB 1989 and CDB 1987. Intermediate quantities are items
between 0.040 and 1.0 MTHM.

bFast Critical Facility.

CThere are 417 rods in 17 cans; the cans are 9.0-in. OD x 80 in. (Berreth 1989).
dUO; powder stored in 140 stainless steel cans, 3.88-in. OD x 10 in.

€U30g - CdO solid cake stored in 27 stainless steel cans, 3.5-in. OD x 24 in.
fMobile Low Power Plant.
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Table 5. Small quantities of non-LWR and special LWR spent fuels in storage?

MAPI (Mitsubishi Atomic Power) 0.023
Gap Con (Gap Conductance) 0.013
CANDU 0.003

Number of Dimensions of kg HM per
Location and type MTHM assemblies fuel assembly assembly
ANL West (Idaho Falls)
LMEFBR test fuel 0.016
NUMEC LMFBR 0.001
Sodium loop safety facility 0.002
Total ANLW 0.019
Babcock and Wilcox, Lynchburg
Arkansas-1 0.012
Consolidated Edison 0.011
Occenee-1 0.043
Oconee-2 0.019
Unknown origin 0.003
Total B&W 0.088
Battelle PNL
H. B. Robinson 0.030
Shippingport 0.004
VBWR 0.012
Glass mix (<.001)
Total PNL 0.046
Hanferd Engineering Dev. Lab
TRIGA 0.017b ~90 3.6ccmOD x 72 cm
Total HANF 0.017
Los Alamos
LWR scrap 0.605
Total Los Alamos 0.005
INEL
OPTRAN (Operational Transient) 0.020
LOC (Loss of Coolant) 0.008
IE (Irradiation Effects) 0.008
LI.R (Loft Lead Rod) 0.004
PCM (Power-Coolant Mismatch) 0.019
TC (Thermocouple) 0.006
RIA (Reactivity-Initiated Accident) 0.009
Halden 0.002
GE (General Electric) 0.019
Saxton 0.008
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Table 5. (continued)

Number of Dimensions of kg HM per

Location and type MTHM assemblies  fuel assembly assembly

VBWR 0.012

EBR Scrap 0.002

GCRE 0,001 lcan  5-in. OD x 25.5 in.
Total INEL 0.157

Oak Ridge National Laboratory

Dresden-1 0.006

Monticello 0.001

Molten Salt Reactor Experiment  0.038

Oconee-1 0.001

Peach Bottom-2 0.001

Quad City-1 0.001

H. B. Robinson 0.001

Inventory items AUA-67/70 0.006 2¢ 3.75 in. x 18 in.

Inventory items CZA-91/HUA-2A 0.001 7d

Inventory items RCP-02/20 0.020 37¢ 3.5in. x 24 in.
Total ORNL 0.076

SRP

LWR samples 0.013

Nereide 0.035

H. B. Robinson 0.001

VBWR 0.004

EBR-2 0.003

HTRE 0.004

ORNL material 0.001

Shippingport 0.017

SPERT-3 0013
Total SRP 0.091

Total small quantities 0.499

aSources of data: IDB 1989 and CDB 1987. As used here, small quantities are items
less than 0.040 MTHM.

bThese TRIGA fuel assemblies are stored at Hanford Unit 200 burial grounds in
thirteen 55-gal drums filled with concrete. There are 6 to 7 fuel assemblies per drum or
about 80-90 assemblies total. Each assembly has a diameter of 3.6 cm and a length of 72
cm.

CUranium metal stored in two 3.75-in. OD x 18-in. stainless steel cans.

dUranium oxide powder stored in two 3.5-in. OD x 13-in. and five 3.75-in. OD x
7-in. stainless steel cans.

eUJO; powder and U metal stored in 37 stainless steel cans, 3.5-in. OD x 24-in.
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Table 6. Non-LWR and Special LWR spent fuels in storage (summary)?

Major Intermediate Small
quantities quantities quantities Total

Location (MTHM) (MTHM) (MTHM) (MTHM)

Argonne National Laboratory West 0.292 0.019 0.311
Battelle Pacific Northwest Laboratory 1.18 1.121 0.046 2.347
Babcock and Wilcox 0.088 0.088
Hanford Eng. Development Lab. 0.202 0.017 0.219
Idaho National Eng. Lab. 225.54 3.355 0.157 229.052
Los Alamos Nat'l Lab. 0.127 0.005 0.132
Oak Ridge Nat'l Lab. 1.04 0.133 0.076 1.249
Savannah River Plant 17.36 1.662 0.091 19.113
Total 245.12 6.892 0.499 252.511

aThis table is the summation of Tables 3, 4, and 5. Major quantitics are items greater
than 1.0 MTHM; intermediate quantities are items between 0.040 and 1.0 MTHM; small

quantities are items less than 0.040 MTHM.
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thus Table 3 lists major quantities (items >1.0 MTHM*), Table 4 lists intermediate
quantities (items from 0.04 to 1.0 MTHM), and Table 5 lists small quantities (items <0.04
MTHM). The items listed under major quantities account for over 96% of the MTHM of
fuels currently in storage. Table 6 is the summation of Tables 3, 4, and 5 and shows both
location and quantity.

2.3 IN-CORE FUELS AND RELOADS

Table 7 lists the types and projected quantities of fuels in the second category, in-core
fuels and reloads for reactors that are still in operation (Fort St. Vrain, TRIGA, and
PULSTAR). Quantities were estimated by making projections of future operating and
refueling schedules. Based on information from Public Service of Colorado, Fort St. Vrain
was shut down permanently in August 1989 and will not reload any additional fuel. TRIGA
and PULSTAR estimates are tentative, since there is little basis for projecting how long
these reactors will remain in operation and what their future rates of fuel consumption will
be. Thus the data projected here for TRIGA and PULSTAR may have to be adjusted for
future changes in operating schedules. '

Fuels that are expected to be reprocessed are not included in Table 7, since they will
become part of defense high-level waste. This includes the FFTF and most of the highly-
enriched fuels used in government-owned research and experimental reactors.

The summation of Tables 6 and 7 gives the projected total of fuels requiring
canisterization as of year 2020, including fuels in reactors at that time. These are the
quantities used in estimating the canister requirements shown in Table 2 and discussed
further in Section 3.

3. NUMBER OF CANISTERS REQUIRED
3.1 ASSUMPTIONS

Major assumptions for canisterization are listed in Table 8. Fuels encased in graphite
blocks or containing graphite sections (Fort St. Vrain, Peach Bottom, TRIGA) are assumed

*MTHM = metric tons of heavy metal (1 metric ton = 1000 kg).
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Table 7. Estimated quantities of reloads and in-core fuel
for non-LWR and special LWR reactors through 20202

Estimated number of fuel assemblies

Total

reloads Estimated
Reloads and total

1988-2020 In-core in-core MTIHM
Fort St. Vrain ob 1,482 1,482 16.76
TRIGA 1,200¢ 2,500 3,700 0.74
PULSTAR 89¢ 57 146 1.60
Total 1,289 4,039 5,328 19.10

aSource: Characteristics Data Base (CDB 1987).
bplant was shut down in August 1989,

CTRIGA and PULSTAR reloads are estimated on the assumption that operations
continue at their present rate through the year 2020. Actual reloads could differ from the
quantitics shown.
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Table 8. Major assumptions for canisterization

1.  Fuels encased in graphite blocks (Fort. St. Vrain) or containing graphite sections
(Peach Bottom-1, TRIGA) are acceptable for repository or MRS disposal without
removing the graphite.

2. For the purpose of estimating the number of canisters required, it is assumed that
fuels containing small amounts of metallic sodium will be acceptable to a repository

or MRS without preprocessing to remove the sodium.?

3. Fuels containing polyethylene blocks or sections are not acceptable and are not
counted in estimating canister requirements.

4.  Fuels in liquid form are not acceptable and are not counted in estimating canister
requirements.

5. Two sizes of canisters are used. The smaller canister has an OD of 24 in. and &
length of 12 ft, and the larger has an outside diameter of 28 in. and a length of 15 ft.
These are referred to subsequently in this report as the 24-in. and the 28-in. canisters,
respectively.

6. The use of solid neutron poisons for criticality control in waste canisters is acceptable
under repository disposal criteria.

aThis assumption was made only for the purpose of estimating canister requirements
in a conservative manner and should not be construed as a recommendation for or
projection of actual repository waste acceptance criteria. From the standpoint of estimating
possible pretreatment or reprocessing requirements, this assumption is obviously not
conservative. However, the primary focus of this report is on the number of canisters that
may be required rather than on pretreatment or reprocessing requirements.
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to be acceptable for repository or MRS disposal without separating the graphite from the
fuel. Fuels in liquid form and fuels containing polyethylene are assumed to be not
acceptable and are not counted in estimating canister requirements. Fuels containing metallic
sodium, such as Fermi-1, are assumed to be acceptable to a repository and are counted in
estimating canister requirements. The possibility that such fuels may have to be
preprocessed or reprocessed is discussed further in Sect. 3.2.

Two canister sizes are used: 24-in. OD x 12 ft for the smaller canister and 28-in.
diameter x 15 ft for the larger. The smaller canister is adequate for most non-LWR and
special LWR fuels and accounts for about 65% of the total number of canisters.

Typical divider-plate layouts assumed for the 24-in. diameter canister are shown in
Fig. 3. Metal thicknesses used in making these layouts were 0.375 in. for the canister wall
and 0.25 in. for the divider plate. In each of these layouts, the number of fuel elements or
fuel cans per canister can be increased by stacking the elements or cans end-to-end. This
was done for some of the fuels discussed in this section.

It is assurned that the use of solid neutron poisons within the canister for the purpose

of avoiding criticality will be acceptable under repository waste acceptance criteria.
3.2 CANISTER REQUIREMENTS FOR NON-LWR FUELS

3.2.1 Fort St. Vrain Fuel

The current (end of 1988) discharged spent fuel inventory of 732 elements (8.42
MTHM) is stored at INEL in steel containers having an OD of 18 in. and a length of 11 f1.
There are 183 containers, each holding 4 fuel elements.” These containers have clamped
lids and are not sealed by welding. The elements do not all have identical fuel loadings, but
the average element contains about 11.6 kgHM (about 96% Th; the balance is 93%-enriched
U) and about 86 kg of graphite, plus about 28 kg of other materials including silicon,
coatings, and matrix materials (CDB, Vol. 7, Table 4.2.2). Figures D.1 and D.2

(Appendix D) show a standard fuel element and a standard control element, respectively.

*The terms "fuel element” and "fuel assembly" are used synonymously in this report.
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ORNL DWG B89A—~1176

12 fuel elements per canister;
spacing is adequate for
5.0-in. x 5.0-in. fuel elements.

24 fuel elements per canister;
spacing is adequate for
3.5-in. x 3.5-in. fuel elements.

Fig. 3. Typical interior layouts assumed for 24-in. diameter canisters. Assumed metal
thicknesses are 0.375 in. for canister wall and 0.25 in. for divider plates.
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Public Service of Colorado announced in December 1988 that final shutdown of the
Fort St. Vrain reactor would take place not later than June 30, 1990. Actual shutdown took
place on August 18, 1989, and no further refucling is planned (Nuclear News 1989). The
total number of spent fuel elements will be the present inventory of 732 at INEL plus the
final in-core inventory of 1482, giving a total of 2,214 elements. Because the present
storage containers are not welded shut, we assumed that outer canisters would be required.
The 24-in. canisters would be large enough for this purpose. The number of canisters
required would be 2214/4 or 554.

The scenario described above assumes that the Fort St. Vrain (FSV) elements stored at
the repository will include the graphite blocks. It is not clear at this time whether graphite
will be considered acceptable for repository disposal, in view of its potential combustibility.
It appears likely that acceptable methods could be developed to render the graphite blocks
noncombustible. For example, a recent U.S. patent describes a procedure whereby graphite
balls containing boron carbide can be hardened and made fire-resistant by the absorption of
molten silicon, followed by firing to produce a hard layer of silicon carbide (Blakely 1988).
Treatment with other fire-retardant substances, such as grout, silica, or alumina, is another
possibility. However, it is conceivable, even after such possibilities have been exhausted,
that waste acceptance criteria will require separation of the graphite blocks from the fuel
compacts prior to disposal. In this case, considerable study would be needed to develop a
disposal procedure for the fuel and the graphite. Such a study is not within the scope of the
present report.

3.2.2 Peach Bottom-1 Fuel

The Peach Bottom-1 reactor started up in 1966 and was shut down in 1974. The
spent fuel consists of two cores; Core 1 contained 819 fuel assemblies and Core 2 contained
820, giving a total of 1639 assemblies. Figure D.3 (Appendix D) shows a standard
Peach Bottom-1 Core 1 fuel assembly, and Figure D.4 shows a Core 1 fuel assembly
packaged in a 4.46-in. OD x 153-in. storage can. Figure D.5 shows the 18-in. diameter x
140-in. storage container in which the Core 2 fuel assemblies are packaged. The latest IDB
(IDB 1989) shows 1603 fuel assemblies at INEL plus a smaller quantity of Peach Bottom-1
material for which the number of assemblies is not specified. Core 1 was packaged in cans
4.46-in. OD x 153-in. long, one fuel assembly per can. Core 2 was first packaged in the
same manner but, after cropping, was later repackaged in containers 18-in. OD x 140-in.

long, 12 fuel assemblies per container. Thus there are approximately 820/12 or 69 of these



18-in. OD containers. It is assumed that both the Core 1 and Core 2 fuel will be packed in
28-in. canisters, 12 fuel assemblies per canister, without removing the fuel assemblies from
their present containers. This will give a total requirement of 69 + 69 or 138 canisters. The
Peach Bottom-1 fuel assemblies, like those of the Fort St. Vrain reactor, are graphite-based.
The comments in Sect. 3.2.1 regarding the allowability of graphite-based fuel elements in a
repository therefore apply to Peach Bottom-1 fuel, as well as to the TRIGA fuel discussed
in Sect. 3.2.3.

3.2.3 TRIGA Fuel

At the end of 1988 there were 703 discharged TRIGA fuel elements in storage at
INEL. These elements are contained in 83 cans; thus the average number of elements per
can is about 8.5. There are also about 80 to 90 elements in concrete-filled drums at
Hanford.

There are 25 TRIGA reactors currently in operation, of which 16 are at educational
institutions, 4 are at private commercial institutions, and 3 are government owned. A typical
TRIGA fuel element contains about 195 g of uranium in the form of a (U, Zr) hydride.
Most of the TRIGA fuel elements use a uranium enrichment of 20%, but there are still some
elements (FLIP-TRIGA) that have an enrichment of 70%. The operating schedules of these
reactors through the year 2020 are uncertain, but the total number of fuel elements to be
disposed of (including fuel in reactors) is estimated to be about 4500 at the end of year
2020.

It is estimated that a 24-in. canister could hold from 112 to 148 fuel elements; thus the
number of canisters required would be about 30 to 40. Figure D.6 shows a standard
TRIGA aluminum-clad fuel element.

3.2.4 PULSTAR

The 24 PULSTAR spent fuel assemblies currently stored at INEL are from the reactor
at the State University of New York at Buffalo. PULSTAR fuel is based on UO; pellets
with an enrichment of about 6%. The assembly dimensions are about 3.15-in. square X
35.5-in. long, and the estimated number of assemblies by the year 2020 is 170. Itis
assumed that these will be packed in four 24-in. canisters, 48 to a canjster.



22

3.2.5 Shippingport LWBR Fuel

The Shippingport Atomic Power Station, located at Shippingport, Pennsylvania, was
the first large-scale central-station nuclear power plant in the United States. It started
operation in 1957, was permanently shut down in 1982, and was decommissioned over the
ensuing few years. It had a net capacity of 60 MW(e). Initially it was a uranium-fueled
pressurized light-water reactor (LWR), but it was converted around 1976-1977 to a light-
water breeder reactor (LWBR) based on the U-233-thorium fuel cycle. The LWR started
operation in 1957 and was shut down in 1974 to prepare for installation of the LWBR core.
During its lifetime (1957 to 1974), the LWR used two cores of different design, referred to
as PWR Core 1 and PWR Core 2. After removal of PWR Core 2, the reactor was modified
to operate as a light-water breeder, and the LWBR core was installed and started up in 1977.
The LWBR core had a total U + Th loading of 42,557 kg HM, in the form of oxide pellets.

Following shutdown, the Shippingport LWBR fuel was shipped to the Naval Reactors
Expended Core Facility at Idaho Falls. The latest IDB report (IDB 1989) shows the total
inventory of Shippingport LWBR fuel at INEL/ICPP as follows:

Component kg
U-233 826.016
U-235 10.349
Total U 982.173
Total Pu 0.177
Total Th 56,167.0
Total heavy metal 57,149.35

The INEL submittal to the IDB shows that this total inventory consists of 65 units.
Thus the average heavy metal per unit is 57149/65 or about 879 kg HM per unit. The units
in storage represent seed, blanket, and reflector fuel assemblies. Dimensions of these were
obtained from an earlier report done for INEL by Westinghouse (Westinghouse 1984). The
Westinghouse document indicates that the fuel on hand at INEL in 1984 was stored dry in
stainless steel containers, some of which have diameters up to 21.5 in. It is not clear
whether the lengths given (up to 158 in.) represent the fuel assembly or the container.
However, it appears clear that the 28-in. canister used in this report will be adequate for any
of the LWRBR assemblies. The estimated number of canisters shown in Table 2 (65

canisters) is based on INEL's reported 65 units, assuming one unit per canister. It is
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possible that the existing storage containers may be adequate for transfer to a repository
without the use of the overpack canisters assumed here; however, we made the conservative
assumption that the overpack canisters would be required.

Figure D.7 shows a cross-sectional schematic view of the LWBR core; Figs. 2.8 and
D.9 show seed and blanket fuel assemblies and modules.

3.2.6 Pathfinder Fuel

The Pathfinder reactor was a 58.5 MW({e) boiling water reactor operated by MNorthern
States Power Company at Sioux Falls, South Dakota from 1964 to 1967. The spent fuel
stored at INEL consists of 417 fuel rods containing UO» pellets with an enrichment of about
92%, stored in 17 cans. Can dimensions are 9.0-in. OD x 80-in. long. The total quantity
of heavy metal in this fuel is 53.4 kglJ, of which 49.2 kg 1s U-235. It is assumed that the

17 cans will be packed in six 24-in. canisters, 3 cans per canister.

3.2.7 EBWR Fue}

The Experimental Boiling Water Reactor (EBWR) at Argonne National Laboratory,
Ilinois, was started up in 1956 and reached its licensed full power of 100 MW(th) in 1962.
Operation of the EBWR in the Boiling Water Program was discontinued in December 1962.
The reactor was subsequently used in support of the Plutonium Recycle Program until its
shutdown in 1967 (OST1 1988). A tull core consisted of 147 fuel assemblies, each 3.75 in
square x 72-in. long, containing a total of 3944.5 kg of U + Pu (ANL 1964). Thus the
average amount of heavy metal per fuel assembly was 3944.5/147 or 26.83 kg of U + Pu
per assembly. The current inventory at SRP is 7597.2 kgU + Pu, which represents about
7597.2/26.83 or 284 fuel assemblies. According to information from SRP, the fuel
assemblies there have a length of 62.5 in., so some cropping of the assemblies must have
been done before shipment. It is assumed here that these assemblies will be packed in
24-1n. canisters, 24 assemblies per canister, thus requiring a total of 12 canisters.

Figures D.10 and D.11 show EBWR fuel assemblies of the U7 and mixed UO3-
PuQ» types.

3.2.8 LOFT Fuel
The Loss-of-Fluid Test (I.LOFT) reactor at INEL started up in 1978 and shut down in
1985. lIts capacity was 55 MW (th). The reactor contained 9 fuel assemblies. Five of these

had a square cross-section, 8.4 in. x 8.4 in., and four had a triangular cross-section,
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7.4 1n. x 7.4 in. x 10.5 in. Figure D.12 shows a LOFT fuel assembly of the square type.
All assemblies had a length of 78.6 in. Fuel pins were 0.42-in. OD x 70.4 in. containing
UQOz pellets in Zircaloy-4 cladding. Enrichment was 4%. A full core contained 1297 kg U
(Burn 1988). The inventory at INEL, as shown in IDB 1989, is 2204 kg of U + Pu; this is
listed as 15+ assemblies. Assuming there are 16 assembilies and that they can be packed 8

to a canister in 28-in. OD x 15-ft canisters, two canisters would be required.

3.2.9 Fermi-1 Fuel

The Enrico Fermi Atomic Power Plant at Lagoona Beach, Michigan, started up in
1963 and was permanently shut down in 1973. It was a sodium-cooled fast reactor with a
licensed thermal power of 200 MW (OSTI 1988). The Fermi-1 blanket fuel at INEL
consists of 510 fuel assemblies containing a total of 34,172 kg U + Pu. The radial blanket
of the Fermi-1 reactor consisted of 548 assemblies, each having 25 rods (5 x 5) containing
depleted U + 2.75% Mo in stainless steel cladding bonded with sodium. The dimensions of
an assembly are 2.65 in. x 2.65 in. x 8 ft (ANS 1979). It is assumed that these assemblies
will be packed in 24-in. OD x 12-ft canisters, 12 assemblies per canister, thus requiring a
total of 43 canisters. This is based on the assumption that these fuel assemblies will be
acceptable for repository disposal without first removing the metallic sodium. If this
assumption proves to be incorrect, pretreatment of the fuel to remove the sodium may be an
acceptable option. If total reprocessing is found to be necessary, it would probably be done
at ICPP, and the waste would become part of the ICPP high-level waste.

3.2.10 EIk River Fuel

The Elk River Rural Power Association reactor at Elk River, Minnesota was a boiling
water reactor with a capacity of 22 MW(e). It was shut down in 1968. Dismantling and
removal of the facility was completed in 1974. The fuel assemblies were 5 x 5 pin arrays
containing UOy - ThO9 pellets. Each assembly had cross-sectional dimensions of 3.5 in. x
3.51n., a length of 81.6 in., and contained 26.84 kg of U + Th. The 5042.9 kg of U + Th
in storage at SRP therefore represents about 188 assemblies. For repository disposal, these
assemblies are assumed to be packed in 24-in. canisters, 12 to a canister. This will require
16 canisters. The fuel contains highly-enriched uranium; total U-235 content of the fuel
currently in storage is given as 186.16 kg, and U-233 content is 14.72 kg (IDB 1989). An
average canister containing 12 fuel assemblies would therefore contain about 11.9 kg of U-
235 and 0.94 kg of U-233.
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3.2.11 CEUSP Fuel

The CEUSP (Consolidated Edison Uranium Solidification Project) material is
described in detail in Appendix A.4. It consists of a thermally denitrated mixture of uranium
oxide, cadmium oxide, and gadolinium oxide. The material is stored at ORNL in 401 cans,
each 3.5-in. OD and 24.3-in. long (see Fig. D.13). For repository disposal, it is assumed
that these will be packed in seventeen 24-in. canisters, 24 cans to a canister.

Figure D.14 shows a package concept for holding 24 cans in a retrievable storage
configuration; however, this package concept is not proposed here for repository use, since
no study has been made of its suitability for that purpose.

3.2.12 Polyethylene Disks and Blocks

There are five reactors in operation that use homogeneous UOp-polyethylene fuel; all
of these are small educational reactors at various universities. The total quantity of fuel to be
disposed of consists of the in-core inventory, since no refueling is expected. This amounts
to about 25 kg of 20% enriched uranium. The total volume of polyethylene matrix in which
this fuel is dispersed is about 0.1 m3 (CDB 1987).

Disposal of this fuel in a repository may or may not be allowable under future criteria.
If disposal is permitted, it appears likely that one canister would be adequate in view of the
small volume. Reprocessing, if required, would presumably require special initial steps to
remove the polyethylene. For purposes of this report, it was assumed that complete
reprocessing will be necessary, and that the waste will become part of defense HLW.

However, multiple encapsulation might be a feasible alternative to reprocessing.

3.2.13 Molten Salt Reactor Experiment

The MSRE was a graphite-moderated, homogeneous-fueled reactor built to investigate
the practicality of the molten-salt reactor concept for application to central power stations. It
was operated from June 1965 to December 1969 at a nominal full-power level of 8.0 MW.
The circulating fuel solution was a eutectic mixture of lithivm and beryllium fluorides
containing uranium fluoride as the fuel and zirconium fluoride as a chemical stabilizer. The
initial fuel charge was highly enriched 235U, which was later replaced with a charge of
233U. Processing capabilities were included as part of the facility for on-line fuel additions,
removal of impurities, and uranium recovery. A total of 4,405 MWd was accumulated in
the two phases of operation.
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Following reactor shutdown, the fuel salt was drained into iwo critically safe storage
tanks and isolated in 2 sealed hot cell, along with a third tank containing the {lush salt. More
than 4600 kg of fuel salt and 4300 kg of tlush salt, containing about 37 kg of nranium
(primarily 233U) and 743 g of plutonium (primarily 239Pu) are present in the drain tanks.
The fission product activities (mainly beta-gamma) of these salts, decayed to 1985, total
about 32,000 Ci. The alpha activity from transuranic isotopes and their daughters amounts
to about 2000 Ci. These isotopes are divided roughly 98 to 99% in the fuel salt and 110 2%
in the flush sali. The total alpha activity of the fue! salt is very high, about 400,000 nCi/g,
while that of the flush salt is about 6000 nCi/g. The total decay heat at present is about 200
W, with thiee-fourths coruing from the beta-gamma component and the remainder from the
alpha emission {CDB 1987).

It appears at this time that the MSRE fuel salts will have to undergo some type of
treatment to convert them to a form suitable for repository disposal (Notz 1988). It has not
yet been determined what the treatment and final waste form might be. For this reason, no
estimate has been made of the number of canisters required for disposal.

3.3 CANISTER REQUIREMENTS FOR SPECIAL LWR FUELS

3.3.1 Three Mile Island-2

Spent fuel and core debris from the TMI-2 reactor accident are being shipped to INEL.
The total quantity of fuel in the core at the time of the accident was estimated to be 82.0
MTHM. The total mass of damaged fuel and core debris to be accumulated at INEL is
estimated at 135 tons. Thus far (end of 1988), about 99 tons have been delivered to INEL
(Metzger 1989). The total volume when shipments are completed is estimated to be about
132 m3 (stated as outside volume of canisters). ‘The canisters in which the spent fuel and
debris are being shipped to INEL have an OD of 14 in. and a length of 150 in. Itis
estimated that about 350 of thesc canisters will have been delivered to INEL when
shipments are completed. It is assurned here that each of the shipment canisters will be
placed in a 28-in. canister for disposal at a repository. The possibility of using the existing
14-in. OD x 150-in. shipment containers for repository disposal without the use of the
overpack canisters might also be considered; however, it is not clear at this time whether the

shipment containers will meet repository waste acceptance criteria without overpacking.
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The shipment canisters used to ship core debris to INEL are of three types. All have
the same external dimensions but differ in internal details, Figure D.15 shows the type used
for most of the dry debris and spent fuel.

3.3.2 Babcock and Wilcox, Lynchburg VA

There are currently in storage 58 aluminum cans containing cut pieces of LWR fuel.
Each can (see Fig. 12.16) has a diameter of 4.25 in. and a length of 33 in. The fuels are
from Arkansas 1, Consolidated Edison, and Oconee I and Il reactors, plus a small guantity
of unknown origin. Total guantity in storage is 87.66 kg U with an average enrichment of
1.6%. Total quantity of fissile material is ~2.15 kg. Ttis assumed in this report that there
will be 24 of these cans in a 24-in. canister, so that 3 canisters would be required for the 58

cans.

3.3.3 Saxton

The Saxton Nuclear Experimental Reactor was a 23.5 MW(th) pressurized water
reactor that achieved initial criticality in 1960 and was shut down in 1969, The Saxion fuel
currently in storage at SRP consists of 567 rods stored in eight cans (5-in. OD x 168 in),
64 rods stored in one can (3.75-in. OD x 50 in.), multiple pins stored in four cans (5-in. OD
x 168 in.), and one bundle stored in one can (12-in. O x 168 in.). The total quantities of
heavy metals are 343 .46 kg total U, 8.28 kg U-235, and 15.64 kg of Pu. It is estimated
that all these cans can be contained in four 28-in. canisters.

3.3.4 VEPCO (Virginia Electric Power Company)

The VEPCO fuel at INEL consists of 69 PWR fuel assemblies containing about 30.4
MTHM. The assemblies are in cans, but the number of cans and their dimensions are not
stated. Thirty-six of the assemblies have been used in an experimental demonstration of
dry-rod consolidation. The compaction ratio was 2:1, indicating that two compacted rod
assemblies occupy a can of the size used for one uncompacted assembly (Vinjarnuri 1988).
At present, thereforé, the total number of cans shounld be about 51. It was assumed that
these cans could be packed four to a canister in 28-in. canisters. This would require about
15 canisters.
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3.4 FUELS STORED IN LARGE CONTAINERS

The fuels at the Hanford 200 Area burial grounds (see Appendix C, Table C.5) are
currently stored in large casks and drums. There are fifteen shielded carbon steel casks, 30-
in. OD x 59.5 in., twenty-two concrete casks, 75.5 in. x 65.5 in. x 65.5 in., thirteen 55-gal
concrete-filied drums, and one 30-in. OD x 69-in. Zircaloy container. The fuels are from a
number of different reactors including EBR-2, FFTF, Fast Critical Facility, SEFOR,
TRIGA, and several light water reactors. The total quantity is about 220 kg HM, including
23.6 kg U-235.

It is assumed in this report that these fuels will be left in their present location. Thus,
in estimating the total number of canisters required for repository disposal, these fuels were
not included. If retrieval and canisterization prove to be necessary, the volume of this
material is roughly equivalent to about 25 of the 24-in. canisters.

4. CONCLUSIONS

4.1 RESULTS

As mentioned in Sect. 1, the total number of canisters required for the non-LWR and
special LWR fuels included in this study through the year 2020 is about 1370. This
includes in-core fuel as well as discharged fuel. A breakdown of this total is given in Table
2 (Sect. 1.4). The largest single contributor is Fort St. Vrain fuel, which will require about
3354 canisters, assuming that each canister would hold four hexagonal graphite-block fuel
elements. An allowance of 350 canisters was included in the total for Three Mile Island-2
fuel and core debris. In the event that a decision is made to dispose of the TMI-2 spent fuel
and core debris in the containers in which they were shipped to INEL, without requiring
overpack canisters, there would still be 350 containers to be disposed of. An allowance of
100 canisters was also included for minor quantities of non-LWR and special LWR fuels
not specifically listed in Table 2. Some of these fuels (Pathfinder, LOFT) are discussed in
Section 3.2,

No attempt was made to produce detailed canister designs or detailed criticality
studies. The preliminary criticality studies discussed in Appendix A show that a small (12
to 15%) volumetric allowance for the introduction of solid neutron poisons could easily
keep keff below a value of 0.95. However, the use of this approach requires an acceptable
package design that would ensure long-terin in-place stability of the added poisons.
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The thermal data presented in Appendix B show that the canisters of non-LLWR and
special LWR fuels described there would have low heat outputs (56 to 82 W/canister), much
lower than canisters of LWR spent fuel (2000 to 4000 W/canister) or vitrified HLW (150 to
900 W/canister).

4.2 ASSESSMENT OF DATA

Additional descriptive information on the items in storage are needed from the storage
sites in order to permit more definitive estimates of disposal requirements for repository
planning purposes. Information needed includes complete physical, chemical, and
mechanical descriptions of the fuels in storage. For those items that are in containers, full
information is needed on the number and dimensions of containers and on the physical and
chemical descriptions of the containers and their contents. It is recommended that action be

taken to begin the collection of such data.

4.3 ISSUES TO BE RESOLVED

For most of the fuels discussed in this report, the major issue requiring resolution is
whether the fuel will be disposed of as canistered spent fuel or reprocessed and disposed of
as vitrified high-level waste. In either case, waste acceptance criteria must be established,
and the fuels and waste forms must be characterized in sufficient detail to establish
compliance with these criteria and applicable regulations.

Proposed repository acceptance criteria are restrictive regarding combustible or
reactive materials in the waste package. It was assumed that canistered Fort St. Vrain fuel
elements in the form of graphite blocks would be acceptable, but this assumption needs to
be verified. As discussed in Sect. 3.2.1, it appears likely that a method could be developed
to render the graphite blocks noncombustible by impregnation with fire-resistant materials
such as silicon carbide, silica, or alumina. If graphite cannot be made acceptable, even after
such treatment, procedures would have to be developed to separate the fuel compacts from
the graphite blocks and dispose of the blocks separately. The same questions concerning
graphite also arise in the disposal of Peach Bottom-1 and TRIGA fuels.

Under proposed criteria, it is questionable whether fuels containing metallic sodium,
such as Fermi- 1, would be acceptable. If treatment or processing of such fuels is required
before disposal, the details of such processing need to be determined. No attempt has been
made here to determine whether chemical reprocessing of such fuels would be a feasible

alternative.
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The acceptability of solid neutron poisons as a means of criticality control is also a
major issue requiring resolution. If the use of such poisons is not deemed to be acceptable,
the number of canisters required would probably be significantly larger than that estimated
in this report.

4.4 OTHER OPTIONS

Although not specifically studied in this report, another option available to DOE for the
disposal of non-LLWR and special LWR fuels is chemical reprocessing followed by disposal
as vitrified high-level waste. The reprocessing option could avoid or simplify many
potentially difficult problems (criticality safety is an example) by converting a variety of
fuels of widely different characteristics into a single waste form that is relatively easier to
define. No information was developed that would indicate whether this option might be

more attractive than the one presenied here.
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APPENDIX A. PRELIMINARY CRITICALITY CALCULATIONS

A.1 INTRODUCTION

Preliminary scoping calculations were made to determine approximate limits on
canister capacities for various non-LWR fuels. In doing this, it was assumed that the use of
solid neutron poisons would not be ruled out by repository waste acceptance criteria. These
preliminary calculations are only intended to show feasibility and do not replace the detailed
criticality calculations that will have to be made when canister and package designs are
finalized for specific fuel configurations.

A.2 GENERIC CRITICALITY SAFETY FOR MODERATED SYSTEMS#

Calculations were performed to obtain a conservative estimate of the volumetric
fraction of neutron poisons that will ensure criticality safety in a waste package containing
spent fuel elements from the various non-LWR reactors (¢.g., TRIGA, PULSTAR, HTGR,
etc.). It was assumed that the fuel is intermixed with water to have a moderated (thermal)
system. Because the waste packages have not been designed at this time, detailed criticality
safety calculations cannot be done. However, a simple and very conservative model may be
used to estimate the required ratio of poison atoms to fission atoms in order to achieve an
effective multiplication (kefs) less than unity. Conversion of this atomic ratio to volume
percent poison is dependent on each fuel element design and mode of its packing in the
waste package.

The four-factor formula (Glasstone 1952) was used for the criticality calculation. This
formula for system multiplication assumes that the reactor is the thermal type, and that it is

infinitely large (i.e., no leakage). Itis given by:

k = nepf, (1)
where

k = infinite media multiplication,

1 = netneutrons liberated/fission,

£ = fast fission factor,

p = Tresonance escape probability, and

f = thermal utilization factor.

aThis section was prepared by H. C. Claibome.
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The resonance escape probability (p) is taken conservatively as unity. The fast fission factor
will also be about unity for research reactors, since the 238U content is relatively small; a
conservative value of 1.03 was assumed for € (the value for natural uranium). For
calculating f, k = 0.95 was assumed (maximum allowable under the regulations).
Substituting these values into Eq. (1) gives

£ = 09223 . 2
n

By definition,

f = N(Oo@/[N(Ho() + N(p)o(p)] (3)
or f = 1/[1+Ro(p)o()]
where

N({f) = atoms of fissionable material,

N(p) = atoms of poison material,

o(f) = thermal-neutron fission cross section of the fissionable isotope,

o(p) = thermal-neutron capture cross section of the poison material,

R = N@JN@.

Combining Eq. (2) and (3) gives

R = /0.9223 - 1) (c(f)/o(p)) (4)

Assume that the fissionable material is 23U and the poison is natural boron; thenn =
2.078, o(f) = 580 b, and o(p) = 760 b (Hughes 1955). Substitution of these values into

Eq. (4) gives R = 0.9563 atoms boron/atom 235U,

Atomic weight of B = 10.81

Atomic weight of 235U = 235
Therefore, 0.9563 x 10.81/235 = 0.0440 g of B/g of U. Similar calculations were made
assuming that the poison was Cd, which has a thermal capture cross section = 2440 b and
an atomic weight = 112.4. The calculations were repeated for 239Pu, which has a fission
cross section =742 b and 1 = 2.116.
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The calculations were also done for B4C, a common ceramic form of boron in nuclear
applications with a molecular weight of 55.29, giving a boron equivalent atomic weight of
13.82.

The results of these calculations are summarized in Table A.1, where (p) = poison and
(f) = fissile.

Table A.1. Poison requirement for noncriticality
in a waste packaged

U-235 Pu-239
Atom (p)/ Grams (p)/ Atom (p)/ Grams (p)/
Poison? atom () grams (f) atom (f) grams (f)
B 0.956 0.0440 1.26 0.0572
B4C 0.956 0.0563 1.26 0.0731
Cd 0.298 0.142 0.0394 0.185

aHomogeneous distribution is assumed in these examples.
b(p) refers to poison; (b) refers to the fissionable isotope.

Converting the values in Table A.1 to volume % of poison required is not possible without
knowledge of the details of the fuel element enrichment and geometry, state of the assembly,

and composition and geometry of the waste package. However, it is possible to determine a
maximum vol % poison based on the conservative values shown in Table A.1. Defining q;p

= grams(p)/density(p) and ¢f = grams(f)/density(f), the volume fraction of poison is given
by:

Volume fraction of poison = op/(0p + 1), or

Volume fraction of poison = 1/(1 + ¢g/p) (5)
where the gram ratios are given in Table A.1 and the densities are a function of the chemical
form.

Possible poisons could be in the form of B4C, whose density is 2.5 g/mL, or cadmium
metal, with a density of 8.64 g/mL. The fuel density will usually be that of UO7 or PuO;.
The density of UOy is 10.9 g/mL; consequently, the highest probable density of 235U is
8.52 g/mL, for a density of 0.95 of theoretical and 93.5% enriched uranium. The density of
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PuQO» is 11.46 g/mL and, assuming that the pluionium fuel is 95% 239Pu at a density of
0.95 of theoretical, the highest probable density of 239Pu is 9.12 g/mL.

Using the above values for fissionable material density, the volume % poison was
calculated from Eq. (5) for each case shown in Table A.1, with the results listed in Table
A2

Table A.2. Calculated volume % poison required
for criticality safety (kegr = 0.95)

Poiscn 2350, 239Pu0),
B4C 13 17
Cd 12 16

These calculations, while very generic in nature, suggest that a volume allowance of 12 to
17% in the waste package is adequate for enough neutron poison to ensure criticality safety
in a thermal system. This provides a preliminary basis for estimating waste canister
capacities for these spent fuels. Detailed criticality safety analyses will of course be required
for specific container models and fuel forms, including efficacy of the method selected over

the period of time during which criticality is potentially possible.

A.3 TRIGA FUEL®

Scoping calculations were performed to define conceptual storage configurations for
FLIP TRIGA reactor fuel (Hopper 1987b). The storage canister configuration was assumed
to be a nominal 26 in. in diameter with a maximum length of 10 ft. The canister would have
a cast concrete liner forming an 11-in. diameter interior cavity for the fuel rods.

FLIP (Fuel Lifetime Improvement Program) fuel is a 70% 235U enriched uranium -
zirconinm hydride mixture with the nominal composition given in Table A.3. The fuel rod
is nominally 29.9-in. long and 1.5-in. OD wiih a 15-in. long central region which contains
the fuel.

*Sections A.3 - A.6 are based principally on material contributed by C. M. Hopper.
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Table A.3. Characteristics of FLLIP TRIGA fuel

Composition
Element (wt %)
2351y 5.98
238y 2.57
Zr 89.88
H 1.57
Total 100.00

The 70%-enriched FLIP fuel was used for conservatism; standard TRIGA fuel has
an enrichment of about 20%.
Preliminary criticality analyses were performed using the KENO code with 148 fuel

elements per canister. When full water moderation and no neutron poisons were used,
values of kefr ranged from 1.016 to 1.167. When Pyrex glass frit at 50% of theoretical

density was added as a poison, the value of kefr dropped to 0.730 in the water-moderated
case. Due to the high reactivity of the FLIP fuel, the neutron poison would have to be
added as the canister was loaded or be in the canister cavity (perhaps as a fixed grid of
borated stainless steel) prior to loading.

A.4 CEUSP MATERIAL

A demonstration involving 233U fuel was conducted by DOE (then the AEC) and
Consolidated Edison at the Indian Point reactor (1962-1965). The spent fuel was
reprocessed at West Valley, New York. The recovered uranyl nitrate solution, containing
both 235U and 233U, was then shipped to ORNL in 1968 to 1969 for storage. The material
was subsequently converted to uranium oxide by a thermal process and canned in 401
stainless steel canisters (McGinnis 1987). Each canister contains about 3 kg of uranium
oxide plus over 1 kg of neutron poisons (cadmium and gadolinium oxides). Canister
dimensions are 3.5-in. OD x 24.33-in. length. The material is in the form of a dry
monolithic oxide and is referred to by the name CEUSP (Consolidated Edison Uranium
Solidification Project). The composition of a typical can is given in Table A 4.

This section gives the results of a scoping study (Hopper 1987a) in which a
conceptual packaging configuration was checked for compliance with WIPP acceptance
criteria (DOE 1985). In this packaging configuration, 52 cans of CEUSP oxide (about 2.6
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kg U/can) are placed in a remotely handled TRU waste package canister, which has a
nominal 26-in. (0.66-m) diameter and a length of 10 ft, 1 in. (3.1 m), including the pintle.
Based on KENO calculations, this configuration (including packaging materials) provides a
near "safety equivalence” with WIPP acceptance criteria for remotely handled wastes with
regard to criticality safety, radiation shielding, radioactive decay thermal output, and
allowable gross weight per canister. The configuration would have a gross weight less than
the acceptable 8000 1b (3630 kg) and would have no criticality safety restrictions on the
placement of canisters within the WIPP repository. The conditions tested included full
water flooding, and no neutron poisons were used except for those in the CEUSP material
itself.

These results are not conclusive with regard to the package design used in the
present report, which is based on 24 cans of CEUSP material per canister and uses added
neutron poisons in the form of Pyrex glass frit or boron carbide. However, the results
strongly indicate that such a configuration would have a high probability of achieving a
value of kefr well below 0.95. Detailed criticality studies, of course, would be needed to

support such a conclusion.

Table A.4. Characteristics of CEUSP material@

Contents of a

Component typical can (g)
CdO 048
Gdp03 144
U30g 3(072b

Total 4164

Isotopic Composition of Uranium wt %
U-233b 9.7
U-234 1.4
U-235 76.5
U-236 5.6
U-238 6.8

Total 100.0

A typical can of CEUSP material.
bThe U-233 contains about 140 ppm of U-232.
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A.5 FORT ST. VRAIN FUEL

A parametric evaluation was pexformed to define a wnceptual storage configuration
for Fort St. Vrain fuel rodlets (Hopper 1987b). The storage canister configuration was
assumed to bée a nominal 26-in. OD with a maximum length of 10 ft. The canister would
have a cast concrete 11n1ng about 6 75 -in. t}uck 1eavmg an 11 5-in. ID cavity for the fuel
rodlets. R '

The Fort St. Vrain fuel clement is a large gmphue block containin g rodlets of fuel in
the form of 93.5% 235U enriched uranium carbide microspheres coated with carbon, and
formed into rodlets. These are 1.94-in. long and 0.5-in. OD with a nominal composition
given in Table A.S. ‘

In estlmdtmg the number of canisters requm:d fOI Port St. Vrain fuel in the main
body of this report, it was assumed that each canister would contain four complete graphite
blocks with their fuel rodlets mtact However an alternate (earhex) Lonﬁgurdtlon was used
in making the calculations descrlbed here, in whmh it was assumed that the fuel rodlets were
pushed out of the graphite block and the block disposed of by some method (e.g.

combustion).

Table A.5. Composition of Fort St. Vrain fuel rodlets

Mass per rodiet
Element (g)
Uranium? 0.2
Carbon 7.7
Th-232 4.2
‘ 12.1

aEnrichment =93.5%.

The Th-232 in the fuel rodlets was ignored in the evaluation which provides a large
margin of conservatism due to the neglect of neutron absorption by thortum. The carbon to
U-235 atom ratio in the rodlets is about 800. The most reactive conditions for the fuel
pellets would be under conditions where the fuel was dumped into the canister cavity and
flooded with water. Evaluation of paramctric data for C/235U/H systems (Stratton 1963)
over the range of possible packing fractions indicates that an interior cavity diameter of 11.4
in. would be safely subcritical for storage of the fuel rodlets. This interior diameter and an

assumed volume fraction of 0.6 would allow six fuel elements worth of rodlets (about
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19,290) to be packed in the assumed 26-in. OD x 10 ft canister with a kefr of 0.90 when

fully flooded with water, and without the use of neutron poisons. More in-depth evaluation
of the fuel including the Th content and the use of neutron poisons would permit larger
quantities of rodlets to be placed in a single canister.

A.6 PULSTAR FUEL

Scoping calculations were performed to define a conceptual storage configuration for
PULSTAR fuel assemblies (Hopper 1987b). The storage canister configuration was
assumed to be a nominal 26 inches in diameter with a maximum length of 10 feet.

A PULSTAR fuel assembly consists of 25 fuel pins containing 6% 235U enriched UO».
The fuel is clad in zircaloy and a finished pin is 1.184 ¢m in diameter and 66.0 cm long.
The finished fuel assembly is about 96.5 cm long with a cross section of about 6.96 cm by
8 cm.

The conceived packaging assumes that the canister is packed with 3 layers of assemblies

with 25 assemblies per layer. With no neutron poisons, KENO calculations showed keff

values of 0.461 without water flooding and 1.102 with water flooding. When Pyrex glass
frit at 50% of theoretical density was added, kegf dropped to 0.36 without water flooding

and 0.43 with water flooding.

A.7 CONCLUSIONS

These preliminary studies strongly suggest that non-LWR spent fuels can be safely
packaged in repository-size canisters to a relatively high degree of canister volume
utilization, leaving only a nominal volume fraction available for neutron poisons and
moderators. After specific package designs are proposed, detailed calculations will be
necessary to verify criticality safety in each case.

The generic study (Sect. A.2), which was very conservative, showed that 12 to 17%
void volume in a canister would provide enough volume to keep kefr at or below 0.95. In
an infinite, close-packed array of cylinders, the geometric void volume is 9.3%, over half as
much as required to meet the above requirement. The specific case studies (Sects. A.3 to
A.6) showed that the intercylinder volume was enough to ensure kefr <0.95, even when
filled to only 50% packing fraction with borosilicate glass, which is a significantly more
dilute source of boren than is B4C; the latter has 24 times the boron concentration of

borosilicaie glass.
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APPENDIX B. RADIOACTIVITY AND DECAY HEAT

B.1 INTRODUCTION

The data available on most of the non-LWR fuels are insufficient to permit estimation of
radioactivity (curies) and decay heat (watts) per canister of fuel. Fort St. Vrain, TRIGA,
and PULSTAR fuels do have sufficient data for such estimates, based on the number of
elements per canister used in this report. Actual fuel burnups, however, can only be
estimated approximately in most cases. On this basis, the values for thermal output were
calculated for the three cases cited. The values obtained are an order of magnitude lower
than those of canisters of LWR spent fuel and are in fact lower than those of canisters of
vitrified HLW.

B.2 FORT ST. VRAIN FUEL

Using data in CDB1987, a full Fort St. Vrain core consists of 1482 fuel elements
with a total of 16,679 kg IHM. This gives an average of 11.25 kg IHM per fuel element.
Table 4.2.6 and Fig. 4.2.5 of CDB1987 give the radioactivity and decay heat of irradiated
FSV fuel per MTIHM as functions of time after irradiation assuming a burnup of 100,000
MWd/MT. These data are summarized in Table B.1. The actual burnup of FSV fuel is much
less than 100,000 MWdJ/MT, and the radioactivity and decay heat will be proportionately

Table B.1. Radioactivity and decay heat of Fort St. Vrain spent fuel per MTIHMA

Time after Radioactivity Decay heat

discharge, years (CG/MTIHM) (W/MTIHM)

1 3.36E06 1.0E04

10 9.82E05 2.5E03

100 1.17E05 4.0E02

1,000 4.42E02 1.5E01

10,000 1.22E03 3.0E01

100,000 1.40E03 3.0E0!

1,000,000 6.17E01 2.0E00

aSource: CDB 1987. Burnup is 100,000 MWd/MTIHM.



46

lower than the values shown in Table B.1. Assuming the actual values are about half of
those shown, and that a canister contains 4 fuel elements or 45 kg THM, the radioactivity
and decay heat per canister can be estimated. These values are shown in Table B.2.

Table B.2. Estimated radioactivity and decay heat per canister of Fort. St. Vrain fuel?

Time after Radioactivity Decay heat
discharge, years (Ci/canister) W/canister
1 75,600 225
10 22,000 56
100 2,600 9
1,000 10 0.3
10,000 27 0.7
100,000 32 0.7
1,000,000 1.4 0.05

4Basis: canister contains four fuel elements (45 kg IHM). Irradiation is 50,000
MWdA/MTIHM. Values are calculated from Table B.1.

B.3 TRIGA FUEL

Table 4.4.13 of CDB 1987 gives the radioactivity and thermal power (decay heat) of
irradiated TRIGA fuel as functions of decay time based on one fuel element (0.198 kg IHM)
irradiated to 30,000 MWd/MTHM. These data were based on standard TRIGA fuel
elements using 19.9% enriched uranium, rather than the 70% enriched uranium used in
TRIGA FLIP elements. Assuming that the burnup of the FLIP fuel is 60,000
MWd/MTIHM, the radioactivity and decay heat per MTIHM will be approximately doubled.
Assuming that a canister contains 100 FLIP fuel elements (about 19.8 kg IHM), the curies
and watts per canister can be calculated as functions of decay time using the data in Table
4.4.13 of CDB 1987 as a starting point. The results are shown in Table B.3 for decay times
of 1 year to 1,000,000 years.
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Table B.3. Estimated radioactivity and decay heat per canister of FLIP TRIGA fuel?

Time after Radioactivity Decay heat
discharge (years) (Ci/canister) (W/canister)
1 9.0E04 380
5 2.0E04 100
10 1.5E04 &0
100 1.6E03 40
1,000 68 ; 2
10,000 9 0.5
100,000 1 0.04
1,000,000 0.16 0.02

4Basis: canister contains 100 FLIP TRIGA fuel elements (19.8 kg THM) irradiated
to 60,000 MWdJ/MTIHM. Source data are from Table 4.4.13 of CDB 1987. FLIP TRIGA
fuel uses a uranium enrichment of 70%. o

B.4 PULSTAR FUEL

Table 4.4.15 of CDB 1987 gives the radioactivity and thermal power of a
PULSTAR spent fuel element as functions of decay time. Burnup was assumed to be
33,000 MWd/MTIHM. Each element contains about 10.9 kgHM. Assuming that a canister
contains 75 fuel elements, the radioactivity and decay heat per canister can be calculated as

functions of decay time. These calculated results are shown in Table B.4 for decay times of
1 to 1,000,000 years. '
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Table B.4. Estimated radioactivity and decay heat
per canister of PULSTAR fuel?

Time after discharge Radioactivity Decay heat
(years) (Ci/canister) (W/canister)

1 1.7E05 750

10 3.0E04 82

100 3.0E03 21

1,000 140 4

10,000 35 1
100,000 4 0.08
1,000,060 04 0.04

aBasis: canister contains 75 PULSTAR 5 x 5 fuel assemblies (about 818 kgIHM)
irradiated to 33,000 MWdJ/MTIHM. Source data are from Table 4.4.15 of CDB 1987.

B.5 REFERENCES FOR APPENDIX B

CDB 1987. Characteristics of Svent Fuel, High-Level Waste. and Other Radioactive
Wastes Which May Require Long-Term Isolation, DOE/RW-0184, December 1987.
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APPENDIX C. TYPES AND QUANTITIES OF
NON-LWR AND SPECIAL LWR

FUELS CURRENTLY IN STORAGE?2

aSource: Int t for 1989: Spent Fuel and Radioactive W. Inventorie

Projections, and Characteristics, DOE/RW-0006, Rev. 5 (in publication).






Table C.1. Inventory cf miscelliansous fuels stored at various sites, as of December 31, 1988

Total Total Total
candidate Uranium content, kg plutoniun thoriwn
materials content content

Storage site and location (kg) Total 235y 2334a (kg) (x2)
Reported petential miscellaneous materials inventory
Argonne National Laberatory-West, Idaho Falls, ID 311.19 332,18 19.830 2,009
Babcock & Wilcox, Lynchburg Research Center, Lynchburg, VA 88.43 87.66 1.378 3.772
Battslle Pacific Northwest Laboratory, Richland, WA 2,347.9 2,311.8 21.8 28.3 6.7
Hanford 200-Area burial grounds, Richiand, WA 218.86 201,17 24,848 18.78
Idaho National Engineering Laboratory, Idaho Falls, IDb 147,058.84 79,846.54 1,864.14 858.48 265.4G £6,847.0
Los Alamos National Laboratory, Los Alamos, M 131.75 101.56 58 .24 0.134 36.19
Cak Ridge National Laboratory, Oak Ridge, TN 1,253.72 1,252.82 ?798.7 280.28 G.801
Savannah River Site, Aiken, SC 18,111.54 10,420.64 761.11 31.18 42,70 8,648.2
Total reported 170,523.5 84,524 ,57 3,549.76 1,271.04 397.0 75,801.9

Estimated potential miscellapepus materials inventory

Three Mils Isiand (Unit 2)°+9¢ 82,023

82,023

2,084 .4

2

33ome of the 33U waste may be certifiable as TRU waste,

any of the fuels at ICPP have a lowsr uremium enrichment than that of fuels normally processed.

special campaign, if reguired.

®Initial fuel loedings have been provided in order to estimate the potential miscellaneous materials inventory.

It is estimated that about 135 ¢ of spent fuel and core debris will be removed from the ITMI (Unit 2) reactor.

These fuels could be reprocessed in a

See Worsham 1988,

16



Table C.2. Miscellaneous, highly radioactive materials stored at Argonne NMational

Laboratory West, Idaho Fails, Idanho, as of December 3%, 19839

U content, kg Total Pu
content
Source of material Composition Descriptionb Total 235U (kg)
Radioactive Waste and Scrap Facility®

Basic research — ANL Scrap Stored in canisterd 181.53 12.869 5.111
EfR-2 blanket subassembly Scrap Stored in canistexd 304,80 0.230 0.180
LMFBR test uel Scrap Stored in caniste:d 13.33 5.253 3.026
Postirradiation test on NUMEC LMFBR Scrap Stored in canister? 0.72 Q.345 0.123
Sodium Loop Safety Facility Scrap Stored in canistex® 1.80 1.242 0.568
Total 302.1:8 19.930 9.009

;See Teunis 1988,

Ko information regarding the burnup of this scrap is available.
“Radioactive Scrap and Waste Facility is located approximately 0.5 miie north of ANL-W site.

anisters are retrievable and constructed of staimiess steel with minimum dimensioas of 8-in. 0D and 5-fit
length. The canister lid is gasketed and tightly screwed on, welded closed, or screwed into a canister fitted with

pipe threads.

cs



Table C.3. Miscellaneous, highly radioactive materials stored at Babcock & Wilcox,
Lynchburg Research Center, as of December 31, 1988%

Source U content, kg Total Pu
of Estimated burnup content
material Composition® Description (MWd /MTTHM) Total 235y ks)
Arkansas I UOZ' Zr-clad Stored in four 4.25-in.- 47,000 11,781 0.046 0.133
diam X 33-in. Al canisters
B&W Test Reactor UOz, Zr-clad Stored in fourteen 4.25-in.- Unkniown® 0.815 0.085 <(.0005
diam X 33-in. Al canisters
Consolidated Ediscon UOZ' Zr-clad Stored in a 4.25-in.-diam X 29,523 10.849 C.060 0.088
33-in. Al canister
Oconee 1 UOZ' Zr-clad Stored in twenty-six 4.25-in.- 18,686 G.531 0.004 06.003
diam X 33-in, Al canisters 24,080 2.158 0.028 0.017
26,480 6.482 0.033 0.056
31,160 4.275 0.041 $6.037
39,180 11.000 0.057 0.101
5¢,000 16.578 0.037 g.117
Oconee I Uoz‘Gdz°3: Zr-clad Stored in four 4.25-in.- 15,000 7.911 0.103 0,048
diam X 33-in. Al canisters
Oconee I1 U0,, Zr-clad Stored in seven 4.25-in.- 17,000 10.711 0.105 0.695
diam X 33-in. Al canisters 31,000 6.329 0,057 0.056
36,000 2.108 0.015 G.018
TMI (Unit 2) UOZ debris Stored in a 4.25-in.-diam X Unknown® 0.047 €.0307 <@.0005
33-in. Al canister
Various fuel scrap U0, Zr-clad Stored in a 4.25 in.-diam X Unknown® 2.908 0.757 <4.0005
samples 33-in. Al canister
Hot cell solid waste Miscellaneousd Stored in one hundred and four - e e <0.0619f
55-gal drums and twenty-three
30-gal drums
Total 87.662 1.378 0.772

35se Long 1989.

Zr-clad = Zircaloy-clad.

CCurrently in underground storage tubes.

Miscellaneous materials from periodic hot cell cleanup.

eNegligible.

Calculated assuming a contaminated level of <0.5 g of plutonium per drum.
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Table C.4. Miscellaneous, highly radicactive materials stored at Battelle Pacific Northwest Laboratory, as of December 31, 19882

Source U content, kg Total Pu Total Th
of Estimated burnup -_— conzent content
material Compositionb Description (MWA/MTIEM) Total 233y ikg) (kg)
Calvert Cliffs UOZ' Zr-clad 0.440-in. diam X 147 in,
{stored as 175 intact rods, 1 cut rod®) 30,000 370.5 2.6 5.3
{stored as 154 invact rods, 1 cut rod®) 45,000 293.2 1.7 7.7
Cooper B0,, Zr-clad 98 rods® 26,000 3865.3 2.5 3.1
Point Beach-1 UOZ' Zr-clad Stored as three intact fuel assemblies, 32,000 1,163.6 10.3 10.86 6.7
miscelianeous cut samples
H. B. Robinson U0p, Zr-clad Stored as 19 cut fuel rod sections® 30,000 30.2 2.2 0.2
Shippingport 3.9 0.1 0.1
VBWRd U0y, Zr-clad Twelve 3-ft fuel rod segments 20,006-30,000 1i.1 0.1 0.7
PNL Lot Numbers:
ATM-5 Giass mix 0.1 e <0.1
ATM-6 Glass mix 0.1 e <0.1
Miscellaneous Cut pieces, Stored in hot cells 68.5 2.0 1.5
scrap and fuel scrap
Miscellaneous Cut pieces Stored in hot cell Unknown 5.4 0.1 0.1
fuel
Total 2,311.9 21.6 29.3 6.7

8See Dickman 1989,
Zr-clad = Zircaloy-clad.
CStored in a hot cell.
Vallecitus boiling-water reactor.
e Lo
Negligible.
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Table C.5. Miscellaneous, highly radioactive materials stored at the Hanford 200 Area burial grounds, as of December 31, 19882

U content, kg Total Pu
content
Socurce of material Composition Descript.ionb Total 2350 (kg)
EBR II (Experimental Breeder Reactor)
From INEL U0, /PuQ,, 3S-clad Stored in four 30-in.-diam X 45,53 7.64 3.60
58.5-in. shiselded carbon
steel casks
From INEL and FFTIF (Fast Flux Test UOZ/PuOZ, SS-clad Stored in five 30-in.-diam X 34.65 7.55 8.81
Facility) at Hanford 58.5-in. shielded carbon
steel casks
Fast Critical Facility and SEFOR U0, /PuC, Stored in twenty-two 75.5-in. X 40.49 4,88 4.70
{Southwest Experimental Fast Oxide 85.5-in. X 65.5-in. concrete
Reactor) from GE, Vallecitos, CA casks
K reactor Unknown 12 americiwm target elements 0.024° 0.024 074
stored in one 30-in.-diam X
69-in. Zircaloy container
LWR from GETR, Monticello Reactor, UOZ pellets Stored in six 30-in.-diam X 63.28 1.28 0.59
Quad Cities 1 Reactor, and 58.5-in. shielded carbon
Millstone Reactor steel casks
TRIGA (Training Reactor, Isotopes, Zr-U hydride 3.6-cm diam X 72 cm fuel 17.2 3.26 0.013
General Atomic)} from Oregon State (8 wt 2 U, assemblies storedfburied in
University Al-clad thirteen 55-gal concrete-filled
drums, six to seven assemblies
per drum
Total 201.17 24 .64 18.78

8See Turner 1989.
No information regarding the burnup of this fuel is available.
CEnrichment of uranium not provided.
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Table C.6. Miscellaneous, highly radioactive materials stored at the Idaho National Engineering Laboratory, as of December 3i, 19832
Estimated U content, kg Total Pu Total Th
burnup content content
Source of material Compositionb Description (MWJ /MTIHM) Total 235y 233y (kg) {kg)
DOE/Defense plus other govermnment agency material stored at ICPP
GCRE (Gas—-Cooled Reactor UOZ-BeO, Hastelloy X One SS tube, 5 in. X 0.984 0.918
Experiment) clad 25.5 in.
[
LWBR (Shippingport Light- Ceramic pellets, 65 units 982,173 10.349 826.016 0.177 55,167.0
Water Breeder Reactor) Zr-clad, Th blanket
Misc. fuels and scrap Scrap Stored in 92 SS ang 168.185 137.330 0.119 g.079 3.0
Al cans
SM-1A (Stationary Media) UOZ' SS-clad Stored in 93 SS cans £5.759 56,648
TORY-11A UOZ—BeO crushed to Stored in 147 Al cans 48.645 45.325
0.25 in. X 0.06 in. 3.25 in, X 1.5 in.
TORY-11C U0,-Y,04-2r0,-Be0 Stored in three Al cans 59.065 55.022
2.88 in. X 52.5 in.
Subtotal 1,324.821 305.592  B26.135 0.25% 56,203.0
DOE/Civilian Development Programs material stored at ICPP
EBR Scrap (Experimental Scrap 1.618 0.839
Breeder Raactor)
Fermi 1 Blanket U-Mo (97% U}, sodium Stored in 510 SS cans, 34,165.000 120.000 6.522
bonded, SS-clad 0.4-in. dzam X 41 in.
or 61 in.
FSVR (Fort St. Vrain U-Th carbide and Th 732 hexagonal graphite 298,758 164.431 87.013 0.752 8,124.0
Reactor) carbide, carbon- blocks 14.2 in. across
coated particles flats X 31.2 in,
in graphite matrix
Pathfinder UOZ-B4C pellets, 417 rods in 17 cans; 53.408 49,242
SS-clad each can is 9-in.
diam X 80 in.
Peach Bottom U-Th carbide, carbon- 1,803 graphite blocks >3 332.420 223.540 46.310 0.970 2,620.0
coated particles 3.5-in, diam X 12 ft

in graphite matrix
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Table C.6 (continued)

Estimated U content, kg Total Pu Total Th
b burnup content content
Source of material Composition Description (Md /MTTEY) Total 233, 233y (kg) (kg)
DOE/Civilian Development Programs material stored at ICPP (continued)
Pulstar, State University UOZ pellets, Zr-clad Stored in 24 SS cans, 251.431 12.083 0.793
of New York at Buffalo 3 in. X 3 in. X 35.5
in.
TRIGA (Training Reactor, Al- or SS-clad 703 units stored in 83 131,285 28.395
Isotopes, General Atomic) elements cans
VEWR (Geneva) UOZ and UOZ-TiOZ, 142 rods stored in four 8¢ 12.383 2.606
{(Vallecitos Boiling- SS-clad B-in.-diam X 36-in. Al
Water Reactor) cans
Subtotal 35,247,301 601.136  133.323 9.037 10,7464,0
DOE material stored at NRFS
Shippingport PWR Core 1 U0, pellets, Zr-clad Seed and blanket fuel 11,100 228 3.2 ~1.5
assemblies
Shippingport PWR Core 2 U0, pellets, Zr-clad Seed and blanket fuel 18,273 530.84 401.78 2.4
assemblies
Subtotal 758.84 404.89 ~3.8
DOE/Civilian Development Programs material stored at INEL (other then ICPP and NRF)
CANDU (Canadian Deuterium 0o, pellets, Zr-clad 8 pins 5,000 2.680 0.261
Reactor)}
Connecticut Yankee U0,, Zr-clad 1 assembly 378,485 5.204 3.774
Dresden U0y, Zr-clad 54 pins {(depleted U) 165.0 Unknown 1.064
EMAD® (Engine Maintenance U0, pellets, Zr-clad 18 assemblies 25,000-30,000 7,831.273 58,103 65.255
Assembly & Disassembly)
GAP COR (Gap Conductance) UOZ pellets, Zr-clad 20 pins 42-115 12.838 1.285
GE (General Electric) UO2 pellets, Zr-clad Pins 18.644 0.394 8.071

LS



Table C.B {(continued)

Estimated U content, kg Total Pu Total Th
burnup 235 23 content content
Source of material Composition® Description (MW /MTIEM) Total it 3y (x8) (x8)
DOE/Civilian Development Programs stored at INEL (other than ICPP and NRF) {continued)
B L AES
Halden Assy U0, pellets, Zr-clad 5 pins 4,000 2.313 0.233 0.005
Halden 226 and 239 Assy U0,-Pu0, pellets, 12 pins 0.324
Zr-clad
IE (Irradiation Effects) U0, pellets, Zr-clad Pins 27-17,600 7.833 0.867 0.012
LLR (LOFT Lead Rod) U0, pellets, Zr-clad 7 pins 36-150 3.510 0.327
LOC (Loss of Coolant) UC, pellets, Zr-clad 60 pins 16-150 7.777 0.816 0.010
LOFT (Loss of Fluid Test) UOZ pellets, Zr-clad ZLS+ assemblies 0-1,050 2,201.696 89.371 2.029
MAPI (Mitsubishi Atomic U0, pellets, Zr-clad 43 pins 2,990-8,770 22.498 1.267 0.032
Power Industries)
Miscellaneous fuel pins U0, pellets, Zr-clad Pins Varies 173.354 1.758 2.628
Miscellaneous rods and Scrap Stored in B cans Varies 13.553 1.197
scrap
OPTRAN (Operational U0, pellets, Zr-clad Pins 0-15,000 19.668 0.472 0.087
Transient)
PBF (Power-Burst Facility) U0,-2:0,-Cald; Zr Pins 725.590 132.880
sleeves, SS-clad
PCM (Power Coolant U0, pellets, Zr-clad 30 pins <70 18.828 6.557
Mismatch)
Peach Bottom U0, pellets, Zr-clad 1 assembly and pieces 354.1 2.512 1.878
RIA {Reactivity Initiated U0, peliets, Zr-clad 23 pins 0-6,080 8.989 0.504 9.013
Accident)
H. B. Robinson U0, pellets, Zr-clad Pins 28,000 263,916 1.890 2.153
Saxton U0, pellets, Zr-clad 21 pins 10,400-18,530 7.607 0.660 0.025
SFD (Severe Fuel Damage) JO, peilets, Zr-clac 143 pins 50.867 2.711 0.150



Table C.8 {continued)

Estimated U content, kg Total Pu Total Th
burnup 235 content content
Source of material Compositionb Desseription {MWd /MTTHM) Total U 233U (kg) (kg)
DOE/Civilian Development Programs stored et INEL (other than ICPP and NRF) {continued)
TC {Thermocouple) U0, pellets, Zr-clad Pins 0-<20 6.186 0.683
TMI-2 (Three Mile Island) Rubble (Quantities unknown until entire core received)
VEPCO (Virginia Electric . 69 assemblies 30,207.285 252 457 172.685
Power Company )
Subtotal 42,514,582 552.419 252.203
Total at INEL 79,846, 544 1,864 137  §58.458  265.398 86,947.0

2Berreth 1989, Many of the fuels at INEL have lower uranium encichment
could be reprocessed in a special campaigu, if required.
Zrx-clad = Zircaloy~clad.
°Bata axpressed in percentage.
See Connors 1988 and 1988.
eTurkey Point Fuel.

than is found in those fuels that are normally processed. These fuels

6%



Miscellaneous, highly radioactive materials stored at the Los Alamos

Table C.7.
National Laboratory, as of December 31, 15882
U content, kg Total Pu
Source of content
material Composition Description Total 235U 233y (kg)
EBR-2 U-Pu oxide, carbide or nitride 0.3-in. diam X 13.5 in.b 96,52 53.99 0.134 30.19
SS-clad fuel rod segments
B&W U0, spent fuel elements Stored in racks 5.04° 4.25
(Lynchburg, VA)
101.56° 58.24 0.134 30.19

Total

33ee Erkkila 1989.
No information regarding the burnup of this fuel is available.

SIncludes 0.30 kg of “°°U.
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Table C.8. Miscellaneous, highly radicactive materials stored at the Oak Ridge National Laboratory, as of December 31, 1988

U content, kg Total Pu
Estimated burnup > content
Scurce of material Compositicm‘a Description (MWa /MTTHM) Total 235(.! 330 {kg)
CEU (Consolidated Edison U50g-Cd0 solid cake Stored in 401 3.5-in.- b 3,044,383 787.70 101.32
Uranium) 0D X 24-in. SS cans
Dresgden-1 UOZ' Zr-clad Sheared fuel pins ~24,800 5.00 0.024 0.02C
stored in two 1l-gt
paint cans
9716-in. -diam X 8-in. 20,000 .830 5.005 38.0608
fuel rod sections
plus short lengths
GETR (General Electric UOZ' Zr-clad 9/18-in.~diam X &-in. 1,000-2,000 0.388 8,022
Test Reactor} fuel test capsules
Monticelloe UOZ' Zr-clad 1/2-in.-diam X B-in. 40,006 1.00 .00 0.¢o8
fuel rod sections
plus short lenpths
MSRE® (Moltern Salt Reactor LiFy-BeF,-Zrf,-UF, See ref. 8§ ~5 X 10& Ci total 38.85 0.940 31.02 0.743
Experiment} {see ref. 9)
Cconee~1 U0,, Zr-clad 1/2-in.~diam X §-in. 38,000 1.00 G.0C5 0.605
fuel rod sections
plus short lengths
Peach Bottom—2 Uo,, Zr-cled 8716-in.~diam X 6-in, 10,060 . ©.324 0.001 0,001
fuel rod sections
plus short lengths
Quad City-1 UOz, Zr-clad 1/2-in.~diam X §-in, £G, 000 1.99 ¢.004 0.008
fuel rod sections
plus short lengths
H. B. Robinson UOZ‘ Zr-clad 1/2-in.-diam X 12-in. 30,00¢ 1.00 3.005 4.004
fuel rod sections
plus short lengths
BR-3 (Belgium) UOZ, Zr-clad 3/8-in.-diam X B-in. 42,080 0.837 G.020 3.006

fuel rod lengths



Table C.& (continued)

{J content, ¥ Total Pu
Estimated burnup o - content
Source of material Composition® Description (MWG /MTTHEM) Total 235y 233y (x8)
ORNL Inventory item Nos.
AUA-67/AUA-70 from LANL U metal chunks Stored in twe 3.75-in.- b 5.02 5.89
OD X 18-in. SS cans
CZA-91 from ANL UOx powder Stored in two 3.5-in.- b 0.881 0.858
0D X 13-in. S8 cans
HUA-2A from HEDL UOx powder Stored in five 3.75-in.- b 0.317 0.307
0D X 7-in. SS cans
LAE-03 Metal Stored in one 3-in.-0D X b 0.01 0.C1
10-in. SS can
RCP-02 from SRO UOZ powder Stored in thirty-two b 11, 14 10.72
3.5-in.-0D X 24-in.
S5 cans
RCP-03 from SRO UQ, powder Stored in 140 3.88-in.-~ bl 57.41 61.6%
OD X 10-in. 83 cans
RCP-04 from SRO UF,-LiF, powder Stored in six 3.5-in.- b 3.19 2.92
convertad from 0D X 24-in. SS cans
Lo,
RCP-06 USOB‘CdQ solid cake Stored in twenty-seven b 65.55 50.60
3.5-in.-03 X 24-in.
SS cans
RCP-20/J5ZBL from LANL U metal chunks tored in five 3.5-in.- b 5.15 5.05
0D X 24-in. SS cans
1,252.82 798.7 280.29 0.801

Total

Azr-clad = Zircaloy-clad.

No information regarding the burnup of
Cthe Molren Salt Reactor Experiment was
Notz 1988.

this fuel
conc luded

is available.

in 1969. A surveillance and monitoring program has been in force since shutdown. See
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Table C.9. Miscelianeous, highly radicactive materials stcred at the Savannah River Site, as of December 31,

i38

o a
8

Source of material

Compositionb

Description

Estimated burnup
(MWd /MTIHM)

U

content,

kg

Total

235

U

Total Pu
content.
(kg)

Total Th
content
(kg)

CANDU (Canadian Deuterium
Reactor)

Carolinas-Virginia Tube
Reactor

Dresden

ERR (Elk River Reactor)

LWR samples (Light-Water
Reactors)

Nereide {a French
Experiment using DOE
fuel)

H. B. Robinson

Saxton

m

VBWR (Vallecitos Boiling-
HWater Reactor)

Subtotal

UOZ' Ze-clad

UOZ—Zr or

U0,-ThO,,

HO,-Tha,,

UG, -Pul,,
Zr-clad

UAL-Si,,

UOZ-PuOg, Zr-clad,

SS-clad

SS-clad

SS-clad

55— and

Al-clad

SS casing

UGZ‘PuGZ,
SS-clad

Zr- or

UOZ, Zr-clad

DOE/Civilian Development Programs material stored at SRS

Rods stored ia three

5.0-in. -diam x 14-ft cans;
pieces stored in three
3.5-in,diam X 1-ft cans

One bundle of 34 rods in

a 5.0-in.-diam X 14-ft can

Intact assemblies stored

X &4 4-in, X
cans

in 4. 4-in.
135-in.

Assemblies 3.5 in, X 3.5

in. % 81.62 in.

Fuel rod pieces stored in

five 3.75-in.-diam X
32.5-in.-long cans

Materials Test Reactor

plate-type fuel assembly
34.37 in. X 2,98 in. x
3.14 in.

Four 6- to 8-in.-long

fragments in 4.5 in.-
diam X 3Z2-in.-long can

567 rods stored in eight

5.0-in.-diam X 14-ft cans
and 64 rods stored in one
3.7%-in.-diam X 58-in. can

Multiple pins stored in four

5.0-in. -diam X 14-ft cans
and one bundle stored in
one 12-in.-diam X 14-ft

Can

Stored in four 3.5-in.-

diam » 12-in. cans

€, 508

Unknown

4,000-10,000

Max. 50,000

Unknown

600

6,800-30,000

1,060

1,660

67.

35.

278.

66,

37

.88

.34

.631

45

&7

79

.04

.231

. 640

. 545

.159

.182

15.381

14.722

s

15

.878

0.109

C.0G3

L4908

™o
w
w

.003

1,857.2

4,818.6

1,621.8

241 €

)
ot
J
w
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Table C.8 {continued)

U content, kg Total Pu Total Th
Estimated burnup 3 content content
Source of material Compositionb Description (MWG/MTIHM) Total 235y 233 (kg) (kg)
DOE/Defense plus other government agencies material stored at SRS
B&W scrap U0,-Pul,y, S5S-clad Stored in 3.5-in.-diam X 6-54 6.025 0.013 0.048
32-in. cans
EBR-2 (Experimental UOZ—PuOZ, SS-clad Eight rods stored in a 120 ¥W total in 0.44 0.378 0.114
Breeder Reactor) (from ANL) 3.5-in.-diam X 30-in. can 1975
UOZ-PuOZ, SS-clad Rod segments stored in 10,000-34,000 2.04 1.8624 0.680
(from HEDL) 0.5-in.-diam X 42-in. cans
EBWR (Experimental UOZ’ SS-clad Assemblies 3.75 in. X 1,800 1.73 1.612
Eoiling-Water Reactor) 3.75 in. X 52.5 in.
t0,y, Zr-clad Assemblies 3.75 in. X 1,600 1,804.30 95.456
3.75 in. X 62.5 in.
U0,-2r, Zr-clad Assemblies 3.75 in. X 1,600 5,031.77 73.967 9.092
3.75 in. X 62.5 in.
U0,-2Zr0,-Ca0, Assemblies 3.75 in. X 1,800 28.93 26.651
Zr-clad 3.75 in. X B62.5 in.
U0,-Pu0,, Zr-clad Assemblies 3.75 in. X 1,600 907.39 2.087 13.952
3.75 in. X 52.5 in.
EPR-1 Pqu, SS-clad Pieces stored in 4.5-in.- Unknown 0.022
diam X 32-in. can
GCRE (Gas-Cooled Reactor UO2 or UOZ-BeO, 61.284 56.559
Experiment) Hastelloy-clad
HWCTR (Heavy-Water U and uo,, Zr-clad Intact assemblies 3 in. 6,200 863.958 8.294 0.007
Components Test Reactor) diam X 132 in. Pieces
stored in 3.5-in.-diam X
12-in. cans
U-Zr, Zr-clad 37.165 31.580
HTRE (High-Temperature UOZ-BeO, Nichrome- Segments and pieces of fuel 3.698 3.423
Reactor Experiment) clad assemblies and test pieces
in thirteen 4-in.-diam X
36-in. Al cans
ML-1 (Mobile Low Power 59.209 54.478

Plant No. 1)

UOZ and Pu0,-BeO,
SS-clad

%9



Table C.9 (continued)

U content, kg Total Pu Toval Th
Estimated burnup - = content content
Source of material Compositionb Description (BMid /MTIHM) Total 23DU 2°3U {kg) ikg)
DOE/Defense plus other government. agencies material stored at SRS (continued)
CRNL (Oak Ridge National U, Zr-clad .18 6,171
Laboratcry}
ORNL mixed oxide UOZ~PuGZ, Zr- or Stored in a 3.5-in.-diam X Unknown but low 0.42 0.03¢0 0.0G3¢
SS-clad 15.12-in. can
Shippingport U0y, Zr-clad Stored in a 10.5-in.-diam X 18,000 16,428 0.023 0.108
15-in. container
SPERT-3 (Special Power Uo,, Zr-clad Stored in three 4 .0-in.- Unknown 12.64 0.603
Excursion Reactor Test) diam X 12-ft cans
SRE (Scdium Reactor Y, Th rods, Stored in 3.5-1in,-diam X 10,000 155.24 143.41C 1.043 1,972.4
Experiment) SS-clad 116.25-in. cans
UC, SS8-clad. 47 .42 4,344 0.016
SKS (Savannah River Site) UOZ'PQDZ, Zr-clead Stored in a 12.0-in.- Unknown 69.00 0.3C4 0.161
diam X 14-ft container
CRR-LEU (Jak Ridge Reactor UBSiZ' Al-clad Stored in fourteen 3.5-in.- 15,800 95 .48 15.031 - 0.570 -
Low Enriched Uranium) diam X 168-in. Al cans
Subtotal 8,9%98.728 520.046 1.045 24 864 1,872.4
Total 10, 420.839 781.107 31.158 42.683 8,848.2
éThe spent fuels listed in this table are not reprocessible in existing facilities. See Richardson 18§
“zr-clad = Zircaloy-clad.

<9
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APPENDIX D. DRAWINGS OF FUEL ASSEMBLIES AND CONTAINERS






Note: all dimensions are in inches.
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Note: all dimensions are in inches.
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ORNL DWG 87-1133
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Fig. D.3. Peach Bottom Core 1 fuel assembly.
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Fig. D.4. Peach Bottom fuel assembly in sterage container.
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ORNL DWG 87-1134
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Fig. D.7. Shippingport LWBR core cross section.
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Fig. D.8. Shippingport LWBR blanket module.
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Fig. D.15. Three Mile Island-2 core debris container.
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