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Abstract: The Basis for Interim Operation (BIO) for the
Receiving Basin for Off-Ste Fuel (RBOF) facility at the
Department of Energy (DOE) Savannah River Ste (SRS
nuclear materials production complex, developed in accor-
dance with draft DOE-STD-0019-93, required a hazard cate-
gorization for the safety analysis section as outlined in
DOE-STD-1027-92. The RBOF facility was thus established
as a Category-2 facility (having potential for significant on-
site conseguences from a radiological release) as defined in
DOE 5480.23. Given the wide diversity of spent nuclear fuel
stored in the RBOF facility, which made a detailed assessment
of the total nuclear inventory virtually impossible, the catego-
rization required a conservative cal culation based on the con-
cept of a hypothetical, bounding reference fuel assembly inte-
grated over the total capacity of the facility. This scheme not
only was simple but also precluded a potential delay in the
completion of the BIO.

The Receiving Basin for Off-Site Fuel (RBOF) at the
Department of Energy (DOE) Savannah River Site
(SRS) nuclear materials production complex near Aiken,
South Caradling, is a facility designed for the receipt,
storage, and conditioning of spent nuclear fuel (SNF)
from off-site reactors.® The facility has been operational
since 1963 and is now managed by the Excess Facilities
and Reactor Fuel Storage Program Division of the
Westinghouse Savannah River Company (WSRC), the
prime operations contractor for SRS.

aWestinghouse Savannah River Company, Savannah River Site,
Aiken, South Carolina 29808.

OVERVIEW OF THE RECEIVING
BASIN FOR OFF-SITE FUEL

The RBOF features a dry cask-wash pit, a cask
unloading basin, two fuel storage basins, afuel inspec-
tion basin, afuel disassembly basin, and a fuel repack-
aging basin. All the basins are filled with water to vari-
able depths and interconnected by canals. The water in
the basins is continuously purified by circulation
through afilter—deionizer system.

The main section (22 ft deep) of the large storage
basin (27 ft wide by 40 ft long overall) and the small
storage basin (13 ft wide by 27 ft long by 29 ft deep) are
reserved for intact fuel bundles, which are arranged
in rows defined by a vertical framework of racks made
of aluminum I-beams rising from the bottom of the
basins. Gratings, guide plates, and spacers (collectively
referred to as “hardware’) are installed between the
racks to define the individual storage dots aong the
rows. Up to four tiers of hardware per row can be
installed, depending on the fuel type. The large basin
contains 42 rows, each 18 ft long, and the small basin
contains 11 rows, each 9 ft long. Twenty-one rows in
the large basin and dl the rows in the small basin are
9incheswide; 18 other rowsin the large basin are spaced
a 12 inches. Theremaining 3 rowsin thelarge basin have
spacings of 11, 16, and 25.5 inches, respectively.

Fuel assemblies in RBOF are largely bundled in
locally fabricated, elongated, aluminum cans (tubes)
with either a circular or a sguared cross section. The
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cylindrical cans are commonly referred to as general-
purpose (GP) tubes. Assemblies of a specific fuel type
are packed in cans as constrained by rigorous nuclear
criticality safety criteria. Similar criteria dictate the
distribution of up-standing cans throughout the storage
basins.

The large basin also has specia storage racks known
as bucket storage and test tube storage. The first section
provides space for 70 buckets in 5 rows; the “buckets’
are special containers designed to hold reactor slugs.
The second section has a capacity of 13 “test tubes,”
special containers for damaged (confirmed or sus-
pected) fuel elements. At 29 ft, these sections are some-
what deeper than the main section.

RBOF AUTHORIZATION BASIS UPGRADE

The RBOF Authorization Basis is undergoing exten-
sive revision to conform to current DOE Orders and
Standards. The initial task, development of the Basisfor
Interim Operation (BIO), was originaly completed in
late 1994 and revised once in early 1995.2 The BIO is
based on DOE-STD-0019-93,3 athough this Standard
was later superseded by draft DOE-STD-3011-94.4
Pending the release of the Safety Analysis Report
(SAR), tentatively scheduled for mid-1996, the BIO
authorizes operation of the facility within an acceptable
safety envelope. The safety analysis portion of the
BIO required a hazard categorization as outlined in
DOE-STD-1027-92.5 A chemical—nuclear facility fals
into one of three classes defined in DOE 5480.235
according to the potential consequences of radiological
releases.

THE FUEL DIVERSITY DILEMMA

The RBOF isnhow loaded to about 85% capacity with
awide variety of SNF, mostly domestic research reactor
(DRR) fuel received over the past 30 years. In the fore-
seeable future, the facility likely will reach full capacity
with the increasing influx of foreign research reactor
(FRR) fuel from various countries. The SNF inventory
(current and expected) is traceable to a wide variety of
original designs (chemical—nuclear composition and
physical configuration) with an ample diversity of irra-
diation—cooling history. This variability, coupled with
the continuous impact of radioactive decay, complicated
the assessment of the nuclear inventory in support of the
BIO. A detailed accounting by fuel type and individual
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assembliestherein required amonumental effort incom-
patible with the BIO task schedule.

THE RFA CONCEPT AS A PRACTICAL
SOLUTION

The aforementioned difficulty with the evaluation of
the nuclear inventory in RBOF was circumvented by a
conservative calculation based on the concept of a hypo-
thetical, bounding reference fuel assembly (RFA) inte-
grated over the total capacity of the facility. Thus RBOF
was conservatively established as a Category-2 facility
(having potential for significant on-site conseguences
from a radiological release). The development of the
RFA is herein described as derived from a systematic
ranking of the real assemblies according to a maximum
burnup criterion. This article focuses on illustrating the
technique rather than on providing a detailed quantitative
account.

FUEL DESCRIPTION

The RBOF harbors or is expected to receive a wide
diversity of DRR and FRR fuel. The facility also con-
tains some production assemblies from SRS reactors.
As previously noted, the fuel differs significantly in
chemical—nuclear composition, physical configuration,
burnup, and cooling. The fuel is stored primarily as bun-
dles of intact assemblies, but some cans contain partial
assemblies, assembly elements (such as plates or rods),
and fragments.

Table 1 is a representative listing of SNF by ele-
ment composition and configuration. Fuel in any par-
ticular combination of the indicated parameters further
differs in nomina (preirradiation) isotopic composi-
tion, cladding, element dimensions, and assembly
design; Table 2 illustrates such variabilities for the
Experimental Boiling-Water Reactor (EBWR) fuel.
Moreover, individual assemblies of a given fuel also
show significant variations in origina composition
(relative to a nominal value), burnup, and cooling.
Table 3 provides an example based on a shipment of
R-2 fuel from Studsvik Nuclear AB (Sweden).

FUEL SCREENING

Summary

The first phase of the work was to rank SNF by the
amount of fissile material burned. The results (fuel
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Table1 Partial Listing of Fuel Typesin RBOF
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Fue 2 Composition® Elements®
Ames Laboratory Research Reactor U-Al Plates
ANL-MXOX (Argonne National Laboratory West) PuO,-UO, Rods
ASTRA (Austrian Research Centre Seibersdorf) U-Al Plates
B&W (Babcock & Wilcox) U-Al, PuO,-UO, Plates, rods
BMI (Battelle Memorial Institute) U-AI Plates
Carolinas Virginia Tube Reactor uo, Rods
Dresden Uo,, UO,-ThO, Rods
EBR-II U-+Pu Tubes
EBWR (Experimental Boiling-Water Reactor) UO,, U-Zr-—Nb Plates, rods
Elk River UO,-ThO, Rods
Fermi U-Mo Rods
GCRE (Gas-Cooled Reactor Experiment) UO,, UO,BeO Pellets
HFIR (High-Flux |sotope Reactor) U30gAl Plates
HTRE (Heat Transfer Experimental Reactor) UO,, UO,BeO Capsules
HWCTR (Heavy-Water Components Test Reactor) Th, U, UO,, U-Zr Tubes
Mark-18 Pu-Al, PuO Al Tubes
Mark-22 U-Al Tubes
Mark-42 PUO Al Tubes
MURR (Missouri University Research Reactor) U-AI Plates
ORR (Oak Ridge Reactor) U-Al, U-Al-Si,U;04-Al  Plates
PCA (Pool Critical Assembly) U-Al, U30g-Al Plates
R-2 (Studsvik Nuclear, Sweden) U-AI Plates
RHF (Reactor aHaut Flux, France) U-Al Plates
Saxton Uo,, PuO,-U0, Rods
SFF/SFO (Sterling Forest Research Center Reactor) U-Al, U30g-Al Plates
SPERT-III/SPERT C uo, Pellets
SRE (Sodium Reactor Experiment) U, U-Mo, UO, Slugs
TRR (Taiwan Research Reactor) U-Al Tubes
UVA (University of Virginia) U-AI Plates
VBWR (Vallecitos Boiling-Water Reactor) uo, Pellets

asome fuels are no longer stored in the RBOF but are cited for completeness.
bMost FRR fuel types consist of U-Al plates.

Table2 Summary of Characteristics of EBWR Fuel

Total Bundle Element dimensions,
BundleID? bundles® configuration Fuel form inches
ET-i 54 1 assembly U-Zr-Nb 0212 x3.5/8 x54
(6 plates) 1.44% 235U
EH-i 50 0.280 x 3.5/8 x 54
EH-17A-11, 111 2
EHS-58 1
T 7 U-Zr-Nb 0.212 x 3.5/8 x 54
0.71% 25U
H-i 11 0.280 x3.5/8 x 54
ET-11 1 1 assembly U-Zr-Nb 0.280 x 3.5/8 x variouslengths
(47plates)y  1.44% 235U
Si 32 1 assembly UO,Zr0,~Ca0 3/8x 51
(49rods) 93.2% 23U
E-2-i 59 1assembly uo, 0.430 x 54.21/32
(36r0ds) 6% 235U
N-i 51 uo,

0.71% 235y

alndex i stands for sequential numbering.

bInventory as of late 1993.
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Table 3 Variationsin R-2 Fuel Assemblies?

235U, g
Exposure, Decay heat, Discharge
Unit Preirradiation Postirradiation MWh W date

1 157.82 38.46 2274.8 26 12 Jun 1986
2 248.88 111.67 2615.0 33 19 Sep 1987
3 157.98 39.45 2259.0 32 10 Oct 1987
4 251.01 119.19 2512.3 27 14 May 1986
5 247.44 113.88 25455 28 05 Feb 1987
6 248.27 111.18 2612.7 28 28 May 1986
7 250.46 109.74 2681.9 27 10 Oct 1986
8 251.29 111.03 2673.1 28 12 Aug 1986
9 157.66 32.16 2391.8 35 29 Jan 1988
10 250.57 112.18 2637.5 30 08 May 1987
11 250.64 112.72 2628.5 31 05 Feb 1987
12 250.64 11055 2669.9 30 29 May 1987
13 248.29 107.72 2679.1 30 20 Oct 1986
14 251.92 112.02 2666.3 31 29 May 1987
15 157.93 33.63 2369.0 42 22 Oct 1988
16 157.69 32.93 2371.7 38 19Jun 1988

aRepresentative sample based on one shipment.

names only, values not shown) are shown in Table 4,
limited to fuels with the highest burnup per storage slot
(this parameter is defined in the following section).
These fuels are tentatively the worst in terms of the
potential consequences from aradiological release.

Table4 Highest Burnup
Fuel Typesin RBOF2

Fissile material

233 235 239p
Dresden Dresden Mark-42
MURR Saxton
RHF
Saxton

aRanking by fuel type only.
Burnup values not shown.

Methodology

The burnup was calculated by subtracting the
actinide material content (plutonium, thorium, and
uranium—essentially unchanged because the fuel
was removed from the source reactors) from the
original (preirradiation) amount. The amount of
depleted fissile material followed as the difference
between the beginning-of-life (BOL) and the end-of-life
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(EOL) actinide amounts. ldedly, the burnup should
have been computed for each individual assembly of
each fuel type. In practice, though, this would have
proven a monumental task because of the vast diversity
of SNF in RBOF. Moreover, the fuel receipt records
(especially for the older stock) were either incomplete,
missing, or not readily retrievable. In many cases the
inventories of interest were available for whole bundles
of assemblies only.

Table 5 summarizes the burnup calculations
for selected fuel types as extracted from a master
spreadsheet. For convenience, SNF was classified as
(1) uranium—aluminum alloy (high enrichment),
(2) mixed-oxide containing plutonium, (3) uranium-
based, (4) plutonium-based, and (5) mixed-oxide con-
taining thorium. In each class the burnup per fuel unit
(herein defined as the specific burnup) was calculated as
shown for a specified inventory of a fuel type. A fuel
unit stands primarily for a single assembly, but the con-
cept extends to other identifiable fuel entities as con-
strained by available data or convenience. Differences
in fuel units are reconciled by the normalization process
described below.

Generally, monthly reports issued by RBOF consoli-
date the fuel inventory as configured for storage. Such
reports provided the basis for ready calculations of aver-
age specific burnups for different batches of particular
fuel types; however, some calculations were extended to
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Table5 Burnup Calculationsfor Selected DRR Fuel

Initial Storage
Stock,2 loading,P Stock, © Stock, d Burnup,®  capacity,’ Burnup,9
Category Fue unit Material kg/unit kg kg/unit kg/unit unit/dot kg/dot
U-Al high MURR  9assemblies  2%J  7850x 10! 5652x 10! 5887 101 1963 x 101 6 1178
enrichment  RHF 4 assemblies 8.654 2080x 10! 5200 3454 1 3454
Mixed oxide  Saxton 1can 2%py 6950x 101 3370x 10 3370x 107t 3580 x 107! 3 1.074
(plutonium) EBR-Il 30cans 25y 1450x 10t 2550 8500x 1072  6.000x 1072 5 3000% 107%
2%py 4870x 102 1135 3783 x 1072 1.087 x 1072 5433 x 1072
Uranium Saxton 1can 35 2.150 1.071 1.071 1.080 3 3.239
SPERT-3  2tubes 6.900x 101 6.030x 10 3015x 10 3885x 107t 4 1.554
SFO 678 cans 2000x 10 1.025x 10° 1511 x107! 4,890 x 1072 9 4401 x107*
Plutonium”  Mark-i
Mixedoxide ~Elk River 189rods 23y 0000 1472x 100 6680x 10° 6680x 109 128 -855x 107
(thorium) 35y 4162x 102 1862x 102 2984x 1072 1.628x 1072 2084
Dresden  87.139 rods 2%y 0000 1183’ -1.183! 1 -1.183
25y 3386 2.255 1131 1131

aAssemblies, bundles, cans, rods, or tubes.

bNominal loadings from Appendix A in the original fuel receipt agreements.

cData from RBOF nuclear accountability records.
dStock (kg/unit) = stock (kg)/stock (units).
eBurnup (kg/unit) = initial loading (kg/unit) — stock (kg/unit).

fStorage capacity (units/sot) = GP tube length/unit length. A GP tube is 162.2 inches long. Assembly lengths (not shown) are obtained from
Appendix A in the original fuel receipt agreements. The results are rounded down to the nearest integer.

9Burnup (kg/slot) = burnup (kg/unit) + storage capacity (units/slot).

hThese are primarily Mark-i (various designations) assemblies from SRS production reactors. Data for these assemblies have Unclassified
Controlled Nuclear Information (UCNI) status or higher and cannot be published. Non-SRS units such as EPR-1 have low 239Pu and 235U burnups

bounded by the Mark-i assemblies.
iBased on individual data.

12334 burnup = initial 232Th converted to 233U minus 233U remaining after irradiation. The reported val ues are negative because there is no 233U

initially.

generate specific burnup distributions on the basis of
partitioned inventory data (down to single assembliesin
some cases); this approach was appropriate for fuels
with substantial burnup variability. The preliminary
values derived from input data were next transformed to
a storage dot basis via multiplication by the number of
fuel units per dot. The different fuel types were then
compared on this common (normalized) basis.

A dot is the minimum amount of physical space
required to place a GP tube without regard to the con-
straints of nuclear criticality safety. On this basis, the
overal capacity of RBOF storage basins is about 1700
cans. Aswas indicated, the number of fuel unitsin aGP
tube depends on the fuel type and is administratively
restricted to ensure nuclear criticality safety. For the
current purpose, however, the individua capacity was
assumed to be the number of fuel units (rounded down

to the nearest unit) that could fit lengthwise in a GP
tube (162.2 inches) regardless of safety limitations.
This approach compensates for dimensional differences
among the fuel units.

Exclusions

Certain fuels for which data were insufficient
were fully or partialy excluded from the master
calculation spreadsheet on the premise that they had
a low burnup or were unquestionably bounded by
other types; for instance, the H. B. Robinson fuel
had an initia enrichment of only 0.72% 235U and a
total uranium content of only 0.51 kg after exposure.
In another case, buckets containing fragments (slugs) of
Heavy-Water Components Test Reactor (HWCTR) fuel
were bounded by driver assemblies in terms of 235U
burned.
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Foreign Fuel

The FRR fuel yet to be delivered to RBOF could
not be formally screened. To ensure that the RFA
(defined in the section on “ Reference Fuel Assembly”)
bounds any FRR fuel, a burnup ceiling of 3000 MWd
per storage slot was imposed as an acceptance condi-
tion. Thisvalueisbased on historical datafor the high-
est exposure (about 2600 MWd) plus a 15% margin.
On the basis of this criterion and unofficial fuel data,
the hypothetical limit was calculated for the number of
assemblies per storage slot allowable for particular
fuel types. Table 6 summarizes the computations for
selected fuels. In each case the required limit far
exceeds the physical capacity of a storage slot.
Nonetheless, the computational basis will be rigor-
ously verified against the official fuel data as they
become available.

Special Cases

Severd fuels lack data on residud fissile materials,
but their exposure histories are known. In these cases,
the 235U burnup was calculated as

Burnup (g) = 1.24 (¢yMWd) * Exposure (MWd)

ENVIRONMENTAL EFFECTS

The first factor on the right-hand side is based on 200
MeV per fission:

1fission 9 1MeV
200MeV  1.60x10713]

" 1x106J , 86 400s
MWs day

Factor =

1mol

. . 2359
6.023 x 1023atoms

mol

=1.05 g/ Mwd

in turn adjusted for nonfission absorptions by the multi-
plier 1.169 (ratio of the absorption and fission cross sec-
tions for a thermal reaction).

RADIONUCLIDE SPECTRA OF WORST
FUEL TYPES

Summary

The second phase encompassed the generation
of the radionuclide distribution for the worst fuel
types (highest specific burnup) identified in Phase 1.
Tables 7 to 9 summarize the results for full cores
of the Missouri University Research Reactor (MURR),
Reactor 4 Haut Flux (RHF), and Dresden fuels, respec-
tively. The Saxton fuel is not shown because it is

Table6 Burnup Calculationsfor Selected FRR Fuel

Nominal Initial Permissible
Stock, power, loading?  Burnup, Burnup,® Irradiation, Exposure® storage, 9

Fuel assembly MW glassembly % glassembly d Mwd assembly/slot
BER-2 (Germany) 345 10 180 0.56 100.8 281.65 2816.50 36
DR-3 (Denmark) 26 10 147 050 735 154.70 1547.00 50
GRR-1 (Greece) 333 5 180 0.30 54.0 291.71 1458.60 68
HIFAR (Australia) 25 10 150 0.39 585 11851 1185.10 63
KUR (Japan) 227 5 180 024 432 159.12 795.60 85
Ljubijana (Slovenia) 833 0.25 133 015 200 5388.60 1347.10 185
MAPLE-X (Canada) 29 10 213 0.55 117.2 275.15 275150 31
Orphee (France) 7 14 840 0.30 2520 102.10 1429.40 14
PARR (Pakistan) 254 5 196 0.35 68.6 282.17 1410.80 53
Salazar (Mexico) 100 1 133 0.15 20.0 1616.60 1616.60 185
Seoul-1 (Korea) 125 0.25 38 0.15 57 230.94 57.73 649

a5y,

bBurnup (g/assembly) = initial loading(g/assembly) « burnup (%).

CExposure (MWd) = irradiation (d) » nomina power (MW).

dpermissible storage (assembly/slot) = stock « 3000/exposure. Results are rounded down to nearest whole assembly.
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Table7 Actinide and Fission-Product Activities
for MURR Coreab

Typeof irradiation

Typeof irradiation

Nuclide Uniform® Cycled? || Nuclide  Uniform  Cycled

3H 166 x101 163 x10% || *Ce 213 x10*  1.76 x10*
85Ky 461 x102 454 x102 || gy 213 x10*  1.76 x10*
89y 157 x101 806 Mmpy 256 x102 211 x102
Oy 391 x10° 389 x10°% || “pPm 852 x10%  7.86 x10°
90y 392x 103 389 x103% || ¥"pm  119x 102 1.13x 102
9y 715 x101 383 x10! || B¥lgm 249 x101 295 x101
%Bzr 157 x102 864 x101 || ™Ry 520 x101 528 x10?
9BNb 348 x102 192 x102 || 155y 618 x101 608 x10?!
BMNp 116 641 x 1071 || Z1Th 990x 102 990x 1072
1¢ 590x 101  595x 1071 || 2%Th 154%x 10 154x 10*
103R, 642x 101 311 x101|| 2Ppa 481 x103 482x 1073
108mph 578x 101 280x101|| &P 154x 104 154x 10
106Ry 197 x10% 170 x10% || 34U 428x 10* 435x 107
106Rn 197 x10° 170 x10% || 2y 990x 102 990x 1073
Hompg 825x 10t 721 x1071|| 6y 196x 102  1.96x 1072
19mgn 866x 101 698x 101 || U 652x 10°  Nil

123gn 493 339 238y 154x 104 154x 10*
125¢h 176 x102 166 x102 || ¥'Np 481 x10° 482x 1073
125mTe 429 x101 405 x101 || Z6py 832x10% 915x 10
2r1e 106 x101 697 238py 529 6.12
2imTe 109 x10! 711 239py 975x 102 9.68x 1072
1291¢ 160x 102 753x 10 || Opy 458x 102  466x% 1072
12mTe 246x 102 116x 1073|| Py 266 271

134¢cs 941 x102 949 x102 || #'Am  928x 10° 993x 1072
137cs 407 x10% 405 x10% || 22Cm  1.09x 102 249x 1073
137mBa 385x10° 383 x10% || 2Cm  174x 104 180x 10*
1lce 861x 102 404x 102

aMURR core is made up of 8 assemblies.

bComputations using ORIGEN 2.1 code with pwrus cross-section library.

cUniform exposure of 120 d at 11 MW (1320 MWd). All figures are in curies
(Ci) for acooling period of 2 years. Total activity = 7.35 x 104 Ci. Omitted values

are <0.001% of the overall activity.

dTwenty-four cycles of 5d at 11 MW and 7.5 d at zero power. All figures are
in curies (Ci) for acooling period of 2 years. Total activity = 6.45 x 104 Ci. Values
labeled negligible are <0.001% of the overall activity.

bounded by the other types. The Mark-42 results have
Unclassified Controlled Nuclear Information (UCNI)
status and are therefore purposely omitted.

Preliminary Analysis

Because of the lack of exact data (power, irradiation
length, and neutron spectrum) needed to simulate prop-
erly the burnup and depletion of fuel assemblies, apara-
metric study was first effected to compare the activities
of actinide and fission products at 2 years following the
irradiation of 10-kg masses of 233U, 235U, and 23°Pu.
This cooling period is a lower bound for all fuels

currently stored in RBOF and expected in the foresee-
able future; DOE now requires RBOF to ensure the
robustness of the BIO and, eventualy, the SAR. For
each material, the study evaluated the resulting activi-
ties for various combinations of power, irradiation
length, and cross sections at a constant exposure of
3000 MWd. In turn, the results were weighted per
assumed release fractions (0.1% for actinides/daughters
and 100% for fission products) and inhalation com-
mitted dose-equivalent values.” Computations were per-
formed with the Oak Ridge Isotope Generation and
Depletion Code (ORIGEN).8
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Table 8 Actinide and Fission-Product Activities

for RHF Coreab

D,0 neutron spectrum®

D,0 neutron spectrum

Nuclide  NaturalU Enriched U || Nuclide  NaturalU Enriched U
SH 341 x101 341 x10! || ¥py 478 x10% 478 x10*
85Ky 948 x102 949 x102 || ¥Wmp 573 x102 574 x10?
89g 492 x101 492 x10! || ¥pPm 188 x104  1.87 x104
Oy 808 x10% 806 x103 || Blam 197 x101 199 x10?
Oy 808 x10% 807 x10° || ™*Fu 158 x102 161 x102
Sty 213 x102 213 x102 || B%5gu 934 x101 947 x10?
9%zr 454 x102 454 x102 || BTh 114x 102 114x 1072
9BNb 101 x10% 101 x10% || 2*Th 216x 104 216 x10™%
BMNh 337 337 233py 271 x10°2 276 x1073
103Ry, 217 217 Z4mpy 216 x107* 216 x107*
03mph 1.9 1.9 24y 150 x10% 158 x10%
106R 413 x10% 415 x10% || &5y 114 x102 114 x1072
106Rn 413 x10% 415 x10% || &6y 328 x102 329 x1072
omgy 142 146 21y 440 x10™° 417 x107°
1236 101 x101 102 x101 || B8y 216 x10% 216 x10%
125¢h 303 x10%2 307 x102 || ¥'Np 271 x10° 276 x1073
mT1e 739 x101 749 x101 || Zpy 363 x10° 400 x10°
127Te 238 x101 240 x10 || 8py 156 162
2mTe 243 x101 245 x10! || %Py 853 x102 872 x1072
134cs 143 x10% 148 x10% || #Opy 432 %102 461 x1072
137cs 834 x10° 834 x10°% || ¥y 1.79 170

13cs 941 x102 789 x103% || #Am 610 x102% 579x 1073
13mBa 789 x10%  478x 10* || #2Cm 322 x10%* 314x 10
144ce 478x 10*  478x 10* || #Cm 432 x10° 468x 10°

aRHF core consists of 2 fuel tubes with atotal of 280 plates.
bComputations using ORIGEN 2.1 code with candunau (natural uranium)
and canduseu (enriched uranium) cross-section libraries.
cUniform exposure of 50 d at 62.7 MW (3135 MWd) for both cross-section
libraries. All figuresarein curies (Ci) for acooling period of 2 years. Total activ-
ity = 1.60 x 105 Ci for either natural or enriched uranium.

The study provided the following insights:

e The activities of specific actinides and fission
products are highly sensitive (>50%) to the neutron
spectra during irradiation, but the spreads are largely
damped (<3%) upon weighting the results per radio-
logical hazards.

 For 233U and 235U, the actinide levelsincrease and
the fission-product levels decrease with increasing irra-
diation length (and a corresponding power decrease per
the imposed constant exposure). For 239Py, the activities
of both groups decrease. In all cases, however, the over-
all radiological hazards decrease with increasing irradi-
ation period.

¢ Plutonium-239 has a higher potential radiological
hazard than 233U and 235U. The difference narrows with
increasing irradiation length.
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Methodology

Depl etion—burnup cal culations were effected with the
ORIGEN 2.1 code;® the specific cross-section libraries
are cited in the tabulated results. This code employs the
matrix exponential method to compute the buildup,
decay, and processing of radioactive materials. In each
case the code accepts input data in the form of BOL
composition, EOL composition, irradiation history
(power level and irradiation length), and reactor-specific
parameters (maximum power level, number of fuel
assemblies, etc.). These variables are not all indepen-
dent; the analyst prescribes the appropriate set according
to the information on hand. The code also provides mul-
tiple options for calculation management and output.

It is not practical to elaborate on the specifics of
each fuel type here; therefore this section is limited
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Table9 Actinide and Fission-Product Activities
for Dresden Core2P

Nuclide  Activity® || Nuclide Activity Nuclide Activity
3H 439 x101 || pm 152x 10* || 2°Th 874x 1073
85Ky 105 x10°% || 151gm 6.94 x101 || 232Th 172 1072
89g 154 x101 || ¥Ry 251 x102 || 2Py 228x 1071
Oy 7.68 x10° || 155y 266 x102 || 2¥pg 859 x 1072
POy 7.68 x103 || 2087] 8.46 232y 4.09 x101
9y 7.05 x101 || 9pp 847x 1078 || B3y 393 x10?
%z7r 174 x102 || ?1pp 166x 1072 || 24U 192

9Nb 386 x102 || 22pp 236 x101 || %5y 887x 1073
1c Nil 21pj 166x 1072 || By 259x 1071
106Ry 132x 10* || 2Bi 236 x101 || 28y 842 x 1072
106Rh 132x 10* || %38 874x 103 || #'Np 881 x1073
110ag Nil 22pg 151 x101 || %°Np 194 x 107t
110m 1.88 x101 || %3pp 855x 1072 || 26py Nil

Wmeg 335 215pg 166x 1072 || 28py 519 x10?
Uomgy 393 216pg 236 x101 || %y 5.80 x10?
1235 145 x101 || VAt 874x 1072 || 20py 460 x101
125¢h 870 x102 || 29rn 166x 1072 || 21py 1.06 x 10*
Bm1e 212 x102 || 2%Rn 236 x101 || 22Am 397 x10!
121Te 347 x101 || 2'& 874x 1078 || 22Mam 341 x107t
2imTe 354 x10! || 2°Ra 166x 102 || 2Am  340x 10!
13cs 350 x10% || 2*Ra 236 x101 || 3Am  194x 107!
137cs 9.28 x10° || %5Ra 874x 1073 || 2Cm 269 x10!
BImpg 878 x10° || #5Ac 874x 1073 || 3Ccm  Nil

144ce 363 x10* || 2Ac 171 x102 || ?%Cm 674

14y 363x 10* || 2'Th 164x 1072 || %6Cm  Nil

Wmpy 435 x102 || 28Th 235 x101

aHypothetical, composite core based on the highest activities for the
individual nuclides out of computational runs for three actual Dresden con-

tainers stored in RBOF.

bComputations using ORIGEN 2.1 code with bwrus cross-section

library.

All figures are in curies (Ci). Total activity = 1.66 x 105 Ci. Values
labeled as negligible are <0.001% of the overall activity.

to the MURR fuel for illustration. MURR is a
pressurized-water vessel contained in an open pool.
Light water acts as both moderator and coolant. The reac-
tor has a core of eight assemblies, each of which consists
of 24 curved, U-Al plates.® Table 10 lists the BOL
assembly and core compositions. The assemblies are
recycled in and out of the core about 24 times during their
lifetime; each cycle consists of 5 days at power and 7.5
days cooling for an overall cycle of 300 days. The reac-
tor operates at a normal power level of 10 MW with a
specific power of 1.613 kW/kg 235U. Table 11 shows the
EOL compositions and burnups of the highest exposed
assemblies out of seven fuel shipments to RBOF, each
shipment of which consisted of eight assemblies (full

Table 10 BOL MURR Fud

Composition2

Assembly
Core
Material Nominal Maximum maximum
25y 775.0 782.8 6262.0
u 832.0 840.3 6723.0
238b 57.0 576 461.0
239py 00 00 00
Th 00 00 00
Al (fuel) 866.2 866.2 6930.0
Al (clad) 30121 3012.1 24.097.0

aA|l figures are in grams (g).
bAssumed as balance upon subtraction of 235U.
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Table11 EOL MURR Fuel Composition

Shipment
Material @ 1 2 3 4 5 6 7
23Np 5.42 5.420 5.420 5.420 5.420 5.420 5.420
235y 58282 584470 587.260 584100 584180 585590 581.700
236 29.99 20860  29.440 29.970 20970 29610  29.960
238y 56.70 56.690 56.710 56.710 56710 56710  56.630
Pu 0.20 0.200 0.200 0.200 0.200 0.200 0.200
Exposure® 14998  149.760 147240 147450  149.890 148040 149.800
Irradiation® 12000 120000 120000 120000 120000 120.000 120.000
Powerd 1.25 1.248 1.227 1.229 1.249 1.234 1.248

aA|l figures arein grams (g).
bExposure (MWd) = irradiation (d) x power (MW).
Clrradiation length in days.

dPower in megawatts (MW).

Table 12 Radionuclide Distribution of RBOF

Reference Fuel Assembly
Nuclide Activity? || Nuclide Activity Nuclide Activity
SH 516 x 10! || “pr 478x 10* || BiTh 114 x 1072
85Ky 105 x10% || ™My 574 x102% || %2Th 172 x 1072
89g 492x 10t || ¥7pm 188x 10* || 24Th 216 x 10*
Oy 808 x103 || 8Mpy  893x 1072 || 2lpg 228x 1071
Oy 808 x103 || 151gm 694 x 101 || %3Py 859 x 1072
9y 213 x102 || ™4y 727 x102 || 2*Mpy  216x 10
9%Bzr 454 x102 || 155gy 381 x102 || 3y 4.09x 10t
%BNb 1.01 x10% || 2087 8.46 233y 393 x 10!
BMNp 337 209pp 874x 1073 || B4 192
T1c 103 21py 166x 1072 || 25y 114 x 1072
103Ry 217 212py 236x 10t || %6y 329 x 1072
8mph 196 2B 166x 1072 || 287y 259x 1071
106Ry 211 x10* || 22Bj 236x 101 || %8y 842 x 1072
106Rh 211 x10* || 238 874 x1072 || Z"Np 881 x 1072
110ag 232 22pg 151 x10 || 2¥Np 962
Hompag 174 x102 || ?3pg 855x 107 || 26py 1.12 x102
smed 6955 215pg 1.66x 1072 || %8Py 519 x 10!
usmgn 393 216pg 236x 10t || 2%y 5.80x 10!
1235y 145x 101 || 27At 874x 1073 || 240py 9.78 x103
125 870 x102 || 2°Rn 1.66x 1072 || 2Py 1.06 x 10*
5mTe 212 x102 || 20Rn 236x 10 || Am  517x 10t
27e 347 x10! || 2 874 x1072 || 22Mpm 341 x107!
imTe  354x 10! || °Ra 166x 1072 || 22Am  340x107!
1297¢ 120x 1073|| 2Ra 236x 10 || 3Am 962
10mTe  185x 103|| Ra 874x 1072 || 22Ccm 490 x102
134¢cs 1.03x 10* || ®Ac 874x 1072 || 22Cm 490
137cs 9.28 x10% || %'Ac 171x1072 || 2“Cm 275 x10°
37mBy 878 x10% || %7Th 164x 102 || 2%6Ccm  215x 10t
1lce 646 x1072 || 28Th 235 x101
14400 478x 10* || %°Th 8.74x 1073

aAll figures are in curies (Ci). Total activity = 2.31 x 105 Ci.
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cores). The maximum exposed assembly among the ones
compared was used as the basis for calculations.

With the preceding information on hand, the
radionuclide distribution for the MURR core (Table 7)
was generated for the following scenarios: (1) normal
cycled operation as described earlier but at a power
level of 11 MW (10% increase over nominal) and
(2) uniform irradiation at 11 MW for 120 days (same
overall exposure of 1320 MWd).

REFERENCE FUEL ASSEMBLY

Summary

With the worst (highest specific burnup) fuels and
their corresponding radionuclide distribution estab-
lished, the last phase was the definition of the desired
bounding RFA. Table 12 shows the radionuclide distri-
bution for the RFA.

Methodology

The radionuclide distribution for the RFA was con-
structed from the highest activities of the individual
radionuclides in the distributions of the worst fuels
(MURR, RHF, Dresden, and Mark-42) as shown in
Tables 7 to 9. (The Mark-42 fuel is properly accounted
for but not explicitly shown because of its UCNI
status.) The MURR distribution (based on a full core of
eight assemblies) was first adjusted by the factor 6/8
throughout to compensate for the actual capacity (six
assemblies) of a storage slot in RBOF.

CONCLUSIONS

As derived from the highest burnup fuels at mini-
mum cooling, the RFA unquestionably bounds any
single assembly, or bundle of assemblies in a single
storage slot, of any fuel now stored in RBOF or
expected in the foreseeable future. Moreover, the
nuclear inventory arising from one RFA integrated
over the hypothetical, conservative capacity of RBOF
(1700 slots) is absolutely bounding. (An even more con-
servative capacity of 2200 slots was assumed to estab-
lish RBOF as a Category-2 facility.) In the context of
the applicability of RFA, the safety documentation

is extremely robust and likely will remain valid for the
rest of the useful life of RBOF.

The RFA concept illustrates a simple, elegant, and
cost-effective solution to a uniquely complex situation.
As such, it is potentially applicable to analogous sce-
nariosin both the nuclear and the nonnuclear sectors. In
the course of the review and approval of the RBOF BIO,
DOE not only endorsed the RFA notion but also
imposed a minimum cooling requirement of 2 years for
fuel received in RBOF.
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