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ABSTRACT 

Actinide recycle and transmutation calculations were made 
for twelve specific thermal reactor environments. The calcula­
tions included H20-moderated reactor lattices with enriched U, 
recycled Pu, and 233,23SU_Th, In addition two 020 reactor 
cases were calculated. 

When all actinides were recycled into 23s U_enriched fuel, 
about 10% of the transuranic actinides were fissioned per 3-year 
fuel cycle. About 9% of the actinides were fissioned per 3-year 
fuel cycle when waste actinides (no U or Pu) were irradiated in 
separate target rods in a U-fuel assembly. When actinides were 
recycled in separate target assemblies, the fission rate was 
strongly dependent on the specific loading of the target. Fission 
rates of 5 to 10% per 3-year fuel cycle were observed. 

----------
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TRANSMUTATION OF WASTE ACTINIDES IN THERMAL REACTORS: 
SURVEY CALCULATIONS OF CANDIDATE IRRADIATION SCHEMES 

INTRODUCTION 

Partitioning the actinides in fuel wastes from light water 
reactors (LWR) and transmuting them to fission products in power 
reactors represents a waste management concept which could reduce 
the long-term risk associated with geologic isolation of the 
wastes. The Chemical Technology Division of Oak Ridge National 
Laboratory (ORNL) is coordinating a program* involving several 
national laboratories to evaluate the feasibility and incentives 
that may exist for implementing the concept. Studies and tests 
pertaining to chemical partitioning of the actinides are being 
conducted at other sites, and are not discussed in this report. 
The portion of the process considered in the Savannah River 
Laboratory (SRL) study pertains to neutron-induced transmutation 
in thermal reactors. Specifically, computations were made to 
assess methods in which the waste actinides would be recycled 
and re-irradiated in various fuel or target forms. The transmu­
tation results described in this report were obtained from survey 
studies of several recycle options; two of the more promising 
options were chosen for more detailed study, and these will be 
described in a later document. 

* Contract No. W-740S-eng-26. 
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SUMMARY 

Actinide recycle calculations were made for twelve specific 
situations. The calculations included H20 moderated reactor 
lattices with enriched U, recycled Pu, and 233, 235 U_Th. In 
addition two D20 reactor cases were calculated. Detailed results 
and plots of actinide transmutation rates are given in Tables A.l­
A.16 in Appendix A and Figures 10-19, respectively. 

When all actinides were recycled into 235 U- enriched fuel, 
about 10% of the transuranic actinides were fissioned per 3-year 
fuel cycle. After five recycles, none of the actinide concen­
trations had equilibrated, and the higher isotopes of Cm and Cf 
were increasing rapidly. In this recycle mode the Pu isotopes 
were always diluted by U and would be difficult to recover for 
weapons production. 

About 9% of the actinides were fissioned per 3-year fuel 
cycle when waste actinides, excluding U and Pu, were irradiated 
in separate target rods in a U-fuel assembly. Zirconium or some 
other inert diluent material must be used to limit the target 
rod power. The diluent may introduce difficulties in chemical 
recovery operations on the target. 

When actinides were recycled in separate target assemblies, 
the fission rate was strongly dependent on the specific loading 
of the target. Fission rates of 5 to 10% per 3-year fuel cycle 
were obtained in the cases studied. 

Entire target assemblies are easier to handle and make a 
more attractive recycle mode than separate target rods in a 
fuel assembly. An assembly containing both target rods and 
fuel rods would require dismantling after irradiation, before 
reprocessing, if the target and fuel process streams are to be 
kept separate. Howe ver; -tire cumpTe1:-e- t-argetitsseinoly- mode - - -----. 
would not require any special disassembly. 

- 10 -



BACKGROUND 

The Chemical Technology Division of ORNL is coordinating a 
program to analyze Partitioning-Transmutation (P-T) as a waste 
management concept for the nuciear fuel cycle.) 

• Partitioning is defined as the chemical process in which 
the level of actinides in radioactive waste is reduced to 
a greater extent than dictated by normal economic considera­
tion, and where effective recovery of the actinides is 
achieved. 

• Transmutation is defined as the irradiation process in which 
the actinides are converted to fission products in a reactor. 

Information required to calculate the risks, costs and benefits 
of the P-T concept is being developed at several national 
laboratories under ORNL supervision. Earlier work done at other 
sites had little central coordination and treated some aspects 
of the concept incompletely. The ultimate objective of the 
present overall evaluation is to place the many ramifications 
of P-T on a common basis and to determine if implementation is 
feasible and cost-effective. 

The responsibility of SRL was to study neutron-induced 
transmutation in thermal reactors. State-of-the-art computer 
programs such as the GLASS code' were utilized. These computer 
programs have routinely obtained good results for reactivity 
and depletion calculations for 02 0 systems.' The objective of 
this portion of the study was to make survey calculations for 
several actinide recycle alternatives. The more promising cases 
are to be examined in greater detail in subsequent studies. 

This report contains a brief description of the GLASS code. 
the results of verification calculations for LWR fuel with 
measured actinide content, and the results of calculations in 
which actinides were recycled in various fuel or target forms. 
Actinide production and depletion are described for twelve 
specific cases, which include a variety of possible irradiation 
sequences. Because waste actinide recycle is not expected to 
cause a major perturbation in the neutron economy of an LWR 
lattice, detailed neutron balance representations were not pre­
pared for the full reactor lattices. 

- 11 -
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DESCRIPTION OF COMPUTATIONAL METHOD 

The SRL GLASS code was used for all neutronic and depletion 
calculations in this study. GLASS performs the following general 
operations: 

• A basic lattice physics calculation with multigroup integral 
transport methods. Options include 37 or 84 energy groups. 

• A Nordheim calculation of self-shielded resonance integrals. 

• An isotope depletion and decay calculation for all actinides 
and for selected fission products that is based on reaction 
rates from the physics calculation. The neutron energy 
spectrum calculation is repeated at regular intervals during 
the depletion calculation. 

Input parameters include isotopic compositions, temperatures, 
and spatial dimensions in annular, square, or hexagonal geometry. 
A standard cross section data base is part of the SRL library, 
which is regularly updated to provide good results for thermal 
and near-thermal reactors; it currently includes the Phase I 
ENDF/B-V data for the transplutonium actinides. 

GLASS is not limited to the simple "pin cell" geometry, 
with zero-current boundary conditions. It may be used to 
simulate multi-region annular geometry within a cell, and 
different cells may be linked to form "supercells". A supercell 
is defined as a connected group of cells which form an array 
which repeats by translation in a lattice. The neutron currents 
at cell boundaries are not zero, but the total neutron current 
around the supercell normally is zero. 

Examples of supercells are shown in Figure 1. Figure I-a 
is a target rod surrounded by eight fuel rods to form a repeating. 
~:rr~y !e-.g-.- r witRi-n iifl LWit -f'ue-i -assembry}-:--rn rigure- 1-b entire 
LWR fuel or target assemblies have been represented by annular 
mockups. These assemblies may have different properties. This 
feature is important because it permits a realistic calculation 
of resonance self-shielding in target assemblies while also 
obtaining a realistic multigroup spectrum that is dominated by 
the fuel environment. 

- 12 -
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VERIFICATION OF LWR CALCULATIONS 

To verify that the GLASS code is appropriate for use in 
LWR systems, comparisons were made between calculated and 
measured actinide contents of H. B. Robinson and Yankee fuel 
pins. These fuel pins were assumed to be in regions of 
asymptotic flux. Total fissions and total exposure" were de­
duced from measured l"aNd contents. A unit cell consisted of 
H20 moderator, cladding, and a fuel rod. The standard SRL 
multigroup (84) cross section set was used, with one exception. 
A 13% reduction was made in the neutron width and capture width 
of the 23SU resonance at 6.7 ev to achieve better agreement 
between calculated and measured Pu contents. 

H. B. Robinson Fuel 

Input parameters were derived from cell geometries and 
operating conditions of the H. B. Robinson reactor (Table 1). 
The cell pitch used was 5% larger than the "true" pitch to 
mock up H20 in empty pin positions in the fuel bundle. 

The results of the calculations are shown in Table 2 for 
two exposures. The most interesting parameters are the 23SU, 
236U, and 239 pU isotopic fractions and the ratio of 239pU to 
23SU. The agreement between calculated and measured' values 
for these parameters is good at both exposures. 23SU depletion 
calculated by GLASS is somewhat more than measured, but the 
236U values are in very good agreement. 239 pU production calcu­
lated by GLASS is somewhat higher than measured, but the ratios 
of 239pU to total Pu are in good agreement. 

Yankee Fuel 
- --- ------

GLASS calculations-were performed for Yankee fuel having 
an initial 235U enrichment of 3.4%. Input parameters are given 
in Table 1. Reference 6 presents measured results of content 
versus exposure for an extensive core evaluation program in 
which more than 100 individual fuel pins were analyzed. Also, 
additional analyses were made at Pacific Northwest Laboratory 
(PNL), described in Reference 7. Comparisons of calculated and 
measured results are given in Figures 2-5. Reference 6 results 
are shown as a smooth curve drawn through the 100 data points. 
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TABLE 1 

GLASS Input Parameters 

Reaator 

Parameter H. B. ROBINSON YANKEE-ROWE 

Pin Array (square) 15x15 6x6 

Number empty positions 21 0 

True pitch, in. .563 .422 

Effective pitch, in. .591 .422 

Fuel pellet 00 (hot) , in. .371 .298 

Clad 00 (hot), in. .420 .340 

Clad material Zirca10y Stainless 

Density of U02 (hot) , 10.16 10.16 
g/cm3 

Uo metal,a gift 190.3 122.8 

235U enrichment, % 2.56 3.40 

Moderator (H2O) 

Temperature, °c 300 268 

Densi ty, gl cm3 .713 .769 

Natural boron, ppm 450 none 

Specific Exposure 

MWO/MTM 31,000 25,OOrP 15,OOcP 

MWD/ft 5.90 3.07 1.84 

Irradiation Time, Days 1100 930 330 

a. U metal is the initial uranium content. o 
b, c. Two irradiation intervals. 
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STANDARD 
LWR FUEL 

17x17 

25 

.496 

.519 

.325 

.370 

Zircaloy 

10.16 

145.8 

3.20 

309 

.693 

500 

33,000 

4.81 

1100 



------

TABLE 2 

Comparison of Calculated and Measured 
Actinide Contents - H. B. Robinson Fuel 

Eap = 24.570 MWD/MTM Eap = 30.920 MWD/MTM 
Paz>ameter Nualide catc Meae cata Meae 

U Isotopic 234 .02 .02 .02 .01 
(atom %) 235a .80 .82 .56 .61 

236 .32 .33 .35 .35 

238 98.86 98.83 99.07 99.03 

Pu Isotopic 238 1.02 1.13 1.52 1.66 
(atom %) 239 58.91 59.09 53.61 53.79 

240 23.78 23.11 25.49 24.89 

241 11. 90 12.53 12.97 13.75 

242 4.39 4.14 6.41 5.91 

299pu/23BU .00508 .00494 ,00529 .00518 

a. Initial 235U = 2.56% 

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

- 16 -



'2> ... .. 
r! 
~ 

1.0 

0.9 - GLASS Calculations 
- - - -Westinghouse Data 

• PNL Data 

0.03 

J 0.02 

::;) 

0.01 

0.00 
a 10,000 20,000 30,000 

Exposure, MWD/MTM 

FIGURE 2. Yankee-Rowe Fuel, Uranium Contents vs Exposure" 

20,000 

- GLASS Calculations 
- --Westinghouse Data 
• PN1.. Data 

15,000 

~ ", 

~ , " 
" en .' rj 10,000 , ,-

c .' $ , 
c , ,i 
0 

~ 0 
~ 

'" / ... 5,000 / 

O~ ____ ~ ______ ~ ____ ~L-__ 

o 10,000 20,000 30,000 

Exposure, MWD/MTM 

FIGURE 3. Yankee-Rowe Fuel, Total Plutonium Contents vs Exposure 

- 17 -



I 

I 

I 

I 

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

100,------,------,------,--, 

80 239
pU 

~ ... 

~ 60 

,.: 

J 
::J 

- G LASS Calculations Q. 40 
---Westinghouse Data 
• PNL Data 

20 2.0
pU --

2·,pU 

0 
0 10,000 20,000_ 30,000 

Exposure, MWO/MTM 

FIGURE 4. Yankee-Rowe Fuel, Plutonium Assay vs Exposure 

FIGURE 5. 

500 

400 

~ 
~ 
- 300 

f 
8 
~ 200 
c 

~ 
100 

o 10,000 

I 

-- GLASS Calculations 
• PNL Data 

20,000 30,000 

Exposure, -MWD/MTM 

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

Yankee-Rowe Fuel, Other Actinide Contents vs Exposure 

- 18 -



235U depletion calculated by GLASS, is somewhat more than 
measured, but the 2~6U contents agree (Figure 2). The calculated 
total Pu content (Figure 3) is about 8% greater than measured. 
However, the calculated Pu isotopic ratios (Figure 4) a~ree well 
with measurements. Figure 5 shows results for 237Np , 2 3Am, and 
244Cm for a few measured data points. Calculated values are 
about 10% higher than measured. 

The stainless steel cladding of the Yankee fuel had a very 
marked effect on the neutron spectrum and the transuranium 
production rates. In calculations in which Zircaloy was substi­
tuted for steel cladding, the transuranium contents were reduced 
8 to 10% at any given exposure. All other fuel types in this 
study were clad with Zircaloy. 

DESCRIPTION OF ACTINIDE RECYCLE ALTERNATIVES 

The actinide recycle options were divided into four general 
groups with additional sub-division within the groups. The 
terms "waste actinides" and "all actinides" are used. "All 
actinides" includes the complete list of actinides through 2 52Cf. 
"Waste actinides" does not include U or Pu. An outline of the 
various cases follows: 

Group 1 - Uranium used as diluent (Figure 6) 

Case 1.1 - Waste actinides from each L1I'R U-assembly 
recycled into new assembly. 

Case 1.2 - All actinides from each LWR U-assembly 
recycled into assembly with variable 
235U. 

Case 1.3 - All actinides (except U) from five LWR 
U-assemblies recycled into one assembly 
of natural U. 

Case 1.4 - Waste actinides from twenty LWR fuel rods 
recycled into one target rod of depleted U. 

Group 2 - Zirconium used as diluent; separate target rods charged 
to LWR fuel assembly (Figure 7) 

Case 2.1 - Waste actinides from 100 LWR U-fuel rods 
recycled into one target rod. 

Case 2.2 - Waste actinides from 50 LWR U-fuel rods 
recycled into one target rod. 

- 19 -
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1.1 Waste actinides from each LWR U-assembly recycled into new assembly 

3.2% 235U/ U 
Fuel Initially .. PWR 

Reactor 

Fuel 
Fabrication 

... Fuel 
Reprocessing 

/1ther 
Actinides 

3.2% 235U/ U 

--I .... HLW 
.. U 

--I .... Pu 

1.2 All actinides from each LWR U-assembly recycled into new assembly with 
variable 235U 

3.2% 235U/U 
Fuel Initially .-.. PWR .. Fuel .. 

Reactor Reprocessing HLW 

I All Actinides 

Filet - -- 23 sU/U adj us tec:r as ... 
Fabrication needed for reactivi ty 

FIGURE 6. Flow Diagrams of Actinide Recycle - Four U Diluent Cases 
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1.3 All actinides (except U) from 5 Ll4R U-assemb1ies recycled into assembly 
of natural U 
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Fuel ~~~ ______ ~----U 

Fuel 
Fabrication I .. ~_- Natural U 

1.4 Waste actinides from 20 LWR U-fue1 rods recycled into 1 target rod of 
depleted U 
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- --- ------------

2.1 Waste actinides from 100 LWR U-fuel rods recycled into 1 target rod 
of zirconium 

3.2% 235 U/ U 
Fuel 

Zr .. 

r 
V 

• PWR 1/ Reactor / 

1 
Target 

Fabrication 

-y 

Fuel 
Reprocessing 

/ Other Actinides 
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• .. 

... 

HLW 
U 
"Pu 

HLW 

2.2 Waste actinides from 50 LWR U-fuel rods recycled into 1 target rod 
of zirconium 

3.2% 235U/U 

Fuel 

lr 

I .. PWR B Reactor 

o I Target- _ ! ··t Fabrication I 

-, 
Fuel 

Reprocessing 

IOther 
Actinides 
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la-

- - - i- - +a-r~ - - --
Reprocessing 

-------' ---_. ---I"'. HLW 

2.3 Waste actinides from 50 LWR U-fuel rods irradiated for 10 
consecutive fuel cycles (no reprocessing between cycles) 

FIGURE 7. Flow Diagrams of Actinide Recycle - Three Zr Diluent 
Cases 
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Case 2.3 - Waste actinides from 50 LWR U-fuel rods 
irradiated for ten consecutive fuel cycles 
(no reprocessing between cycles). 

Group 3 - Waste actinides from'advanced charge designs (Figure 8) 

Case 3.1 - Waste actinides from five U and two and 
one-half Pu fuel assemblies recycled into 
one target assembly in a mixed U/Pu lattice. 

Case 3.2 - Waste actinides from 20 U and 10 Pu fuel 
assemblies recycled into one target assembly 
in a mixed U/Pu lattice. 

Case 3.3 - Waste actinides from a Th assembly enriched 
in 233 U and 235U recycled into one new 
assembly. 

Group 4 - D20 Reactor systems (Figure 9) 

Case 4.1 - Waste actinides from 100 LWR fuel rods 
recycled into one target in Savannah 
River Plant (SRP) D20 lattice. 

Case 4.2 - Waste actinides from each CANDU-Pu assembly 
recycled into new assembly. 

The choice of diluent is an important consideration in both 
the chemical partitioning and the reactor transmutation phases 
of the P-T concept. The waste actinides must be mixed with a 
diluent to achieve acceptable power generation in the fuel or 
target rods during reactor operation. If zirconium is used as 
the diluent, irradiation of the actinides is straightforward, 
but dissolution of the target rods during chemical recovery 
operations is difficult. Use of uranium as the diluent simplifies 
the dissolution operations, but will result in the formation of 
unwanted actinides during irradiation. The use of both types of 
diluent was included in the study. 

Detailed results from the calculations for each of the 
twelve cases are presented in subsequent sections of this report. 
A one year cooling period follows the irradiation period, which 
is 3 years for most cases. Because reprocessing losses are ex­
pected to be small, it was assumed that 100% of the actinides 
were recovered from fission products and other waste. Contents 
are expressed in units of grams per metric tonne of original fuel 
material. Although light water reactors (LWR) could be either 
pressurized (PWR) or boiling water (BWR), only PWR's were considered 
in this study. 

- 23 -



3.1 Waste actinides from 5 U and 2!, Pu fuel assemblies recycled into 
1 target assembly in a mixed U/Pu lattice 
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3.2 Waste actinides from 20 U and 10 Pu fuel assemblies recycled into 
1 target assembly in a mixed U/Pu lattice 
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3.3 Waste actinides from a Th assembly enriched in 2"U and 2'5U recycled 
into 1 new assembly 
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FIGURE 8. Flow Diagram of Actinide Recycle - Two Advanced 
Charge Designs 
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4.1 Waste actinides from 100 LWR fuel rods recycled into 1 target in SRP 
lattice 

PWR Fuel ... HLW ... ~ U Reactor Reprocessing ... Pu 

Other 
All Actinides 

Actinides 
HLW Target • Target 02 0 0lIl[ 

Reorocessinq ~ Fabrication Reactor A1 
l Diluent I 

4.2 Waste actinides from each CANDU-Pu assembly recycled into new assembly 

U/Pu 
Fuel 
Initi ally 

.. CANDU 
Reactor 

Fuel 
Fabrication 

.... 
Re /Oth Act 

-c 

Fuel 
processing ~ 

er 
inides 

U/Pu 
Fuel 

HLW 
U 
Pu 

FIGURE g. Flow Diagrams of Actinide Recycle - Two 020 Reactor 
Cases 
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Actinides from LWR Fuel - U Diluent (Group 1) 

All GLASS calculations for Group 1 cases were done with 84 
neutron energy groups. The fuel parameters are shown in the 
last column of Table 1. 8 The fuel rod arrangement was a 17 x 17 
square pattern with a rod pitch of 0.496 inch. The pitch used 
in the calculations was 5% larger, to mock up H20 in empty rod 
positions in the fuel bundle. A unit cell consisted of H20 
moderator, cladding, and one fuel rod. The end-of-life exposure 
was 33,000 MWD/MTM (MTM is the mass of V.metal at zero 
exposure), 

The calculated beginning and ending actinide contents of 
the base-case fuel are shown in Table A.l. The initial 235U 
enrichment was 3.2%. The total Pu content was 0.101 x 10 5 g/MTM 
of which 56.9% was 239pU; actinides other than U and Pu totaled 
782 g/MTM. Cooling time after shutdown was one year. 

Case 1.1 

The waste actinides (no U or Pu) from one LWR fuel rod 
were charged to a new fuel rod for 3 years of irradiation to 
33,000 MWD/MTM. After a one year cooling and recovery period, 
all waste actinides were again recycled. Five such recycles 
were conducted. The initial 235U content was 3.2% each time. 
Results are given in Table A.2 and Figure 10. 

The 237Np and 2~3Am concentrations equilibrated after five 
recycles, but the higher isotopes of Cm and Cf were still in­
creasing. The Pu assay was changed from the base value, with 
the 23BPu component raised from 1.7% to 5.0%. The waste 
actinide inventory after five recycles was 1488 g/MTM compared 
to 4690 g/MTM that would have accumulated without recycle. This 
is a ratio of 0.32. However, the fraction of waste actinides 
oF; ~e;"'ned- -aft-ar five- T---et.7C"ie-s -was "Only-aboat 1"Sr, -b-ec-ause alT- - -
the 237Np transmuted to Pu was removed after each fuel cycle in 
this option. 

A static reactivity calculation showed that the reactivity 
loss resulting from the presence of the waste actinides in 
recycle 5 could be compensated for by increasing the initial 
235U content from 3.2% to 3.4%. Also, the relatively dilute 
concentrations of the waste actinides assured that self-shielding 
of the resonance capture cross sections was not an important 
consideration in calculating transmutation rates. 
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FIGURE 10_ Waste Actinides from each LWR U-Assembly Recycled into 
New Assembly - Case 1.1 

Case 1.2 

All the actinides from one fuel rod were charged to a new 
U-fuel rod. The 23SU content was adjusted to give an initial 
k value of 1_10. Irradiation was carried to 33,000 MWD/MTM. 
A1ter a one year cooling and recovery period, all actinides 
were again recycled; five such recycles were conducted_ The 
starting 23SU required to yield a koo value of 1_10 was as 
follows for each recycle: 2_0%, 2_6%, 2.8%, 3.2%, and 3.3%, 
respectively. The increase resulted from both the changing Pu 
isotopic fractions and the waste actinide recycle. Cycle-ending 
contents are given in Table A.3 and Figure 11. 

None of the actinide concentrations equilibrated after five 
recycles, and the higher isotopes of Cm and Cf were still in­
creasing rapidly. The 23BpU fraction of the Pu assay increased 
from 2% at the start to 13% at the end of recycle 5. The 
actinide inventory (excludin~ U) after five recycles was 0.329 x 
g/MTM compared to 0.653 x 10 g/MTM that would have accumulated 
without recycle. This ratio is 0.50_ The remaining 50% of the 
actinides were fissioned_ 
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FIGURE 11. All Actinides from each LWR U-Assembly Recycled into New 
Assembly with Variable 23SU - Case 1.2 

Case 1.3 

All the actinides except U from five fuel rods were charged 
to one rod of natural U. After irradiation to 33,000 MWD/MTM and 
a one year cooling-recovery period, the actinides were added to 
those from five addition.a1.f"!U-In.1o_.fnr rccrcla.--lnit±1<1--re­
activity values for five recycles were as follows: 1.11, 1.11, 
1.12, 1.13, and 1_15, respectively_ Cycle ending contents are 
given in Table A.4 in units of g/MTM of the fuel supplying the 
waste actinides_ 

The actinide inventory (excluding U) after five recycles 
was 0.408 x 105 g/MTM compared to 0.544 x 105 g/MTM that would 
have accumulated without recycle. This is a ratio of 0.75. 
This case is impractical for any extended operation because the 
new Pu added from the five regular fuel rods at the start of 
each recycle far exceeded the Pu burned, and the Pu content 
increased to unacceptable values. If the number of fuel rods 
supplying Pu was reduced below five, the reactivity values were 
too low. 
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Case 1.4 

The waste actinides (no U or Pu) from 20 LWR fuel rods were 
charged to one rod of depleted U. The target rod was placed in 
an environment of standard, 3.2% 23SU fuel rods for 3 years of 
irradiation. The unit cell for GLASS calculations was a 3 x 3 
array of clad rods in H20 moderator. After a one year cooling­
recovery period, all the remaining actinides in the target rod 
were added to the waste actinides from 20 additional fuel rods 
for recycle. After five recycles, the power of the target rod 
had equilibrated to a value 20% greater than the power of the 
regular fuel rods. 

Cycle ending contents are given in Table A.S and Figure 12 
in units of g/MTM of the fuel supplying the waste actinides. 
The actinide inventory (excluding U) after five recycles was 
3080 g/MTM compared to 3910 g/MTM that would have accumulated 
without recycle. This is a ratio of 0.79. The ratio is greater 
than 1. 0 until after three recycles because of the "unwanted" 
Pu produced in the depleted U diluent. 

Comparison of Cases in Group 1 

There are several criteria that can be used to judge the 
merits of the four cases described. These considerations are. 
listed below, with yes and no votes applied as appropriate. The 
statements are worded such that a yes vote is favorable. 

Case 
ez.itenon 1.1 1.2 1.3 1.4 

• Uranium used as diluent yes yes yes yes 

• Actinides fission rate acceptable no yes no no 

• Disposal of Pu provided for no yes yes no 

• Actinides present in "manageable" 
amounts yes yes no yes 

• Most of fuel fabrication 
uncontaminated by actinides no no yes yes 

• Only one type of rod in fuel bundle yes yes yes no 
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FIGURE 12. Waste Actinides from 20 LWR U-Fuel Rods Recycled into One 
Target Rod of Depleted U - Case 1.4 

The third criterion is important if the Pu produced in an 
LWR fuel cycle has no future application, e.g., in a breeder 
reactor or a U/Pu fueled reactor. In Cases 1.1 and 1.4, the Pu 
was not recycled, so a stockpile would accumulate for disposal 
by some other means. In Cas es _.1.' ~. an\LL·ol... the. fu ~y~' e was. -------­
Hclosedff in that all Pu is returned for fission. 

The fourth criterion implies that the recycled actinides 
were present in amounts that would not require major revision to 
fuel fabrication technology or reactor operation. Case 1.3 is 
unacceptable because of the relatively large amounts of Pu 
present. 

Case 1.2 is the most attractive option of the four. The 
only negative consideration is the contamination of all the 
recycled fuel with radioactive actinides; this necessitates 
shielding in fuel fabrication facilities. One simplif~ing 
assumption made in evaluatin~ Case 1.2 was that pure 2 5U would 
be available. The ratio of 3eU to 235U will in fact be about 
four. The volume occupied by the additional 23eU is about 7% 
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of the total volume and this necessitates some holdup of the 
actinide inventory in successive recycles. This case will be 
pursued further in later studies. 

Actinides from LWR Fuel - Zirconium Diluent (Group 2) 

The waste actinides to be disposed of were the same as 
those considered in the Group I calculations (Table A.I). However, 
zirconium was used as the diluent, and target rods containing 
actinides were included in the fuel assembly. The difficulties 
introduced into the chemical recovery operations by the zirconium 
were recognized; however, the burnup calculations were useful in 
evaluating actinide fission rates in separate target rods where 
the diluent is inert. The results are applicable for any other 
diluent material having a low neutron absorption cross section. 

All GLASS calculations for Group 2 cases were done in 84 
neutron energy groups. The unit cell was a 3 x 3 array of clad 
rods in H20 moderator; eight regular LWR fuel rods surrounded 
the target rod. 

Case 2.1 

The waste actinides (no U or Pu) from 100 LWR fuel rods 
were charged to one target rod of zirconium. The target rod' 
was placed in an environment of standard 3.2% 235U fuel rods 
for 3 years of irradiation. After a one year cooling-recovery 
period, all remaining actinides in the target rod were added to 
the waste actinides from 100 additional fuel rods for recycle. 
Five such recycles were conducted. Cycle ending contents are 
given in Table A.6. 

The total actinide inventory after 5 recycles was 63% of the 
inventory if there were no recycle, i.e., 37% of the actinides 
were fissioned. The ratio of the thermal neutron flux in the 
target to that in the adjacent fuel rods was 0.67. However, this 
case is not acceptable because the target rod power was excessive. 
After five recycles, the power of the target rod exceeded the fuel 
power by 50%, and had not equilibrated. 

Case 2.2 

This case differs from the preceding one in that the source 
of waste actinides was 50 fuel rods rather than 100. Cycle ending 
contents are given in Table A.7 and Figure 13. Forty-six percent of 
the waste actinides were fissioned after five recycles. The ratio 
of target to fuel rod thermal neutron flux was 0.90. The ratio of 
target to fuel rod power was 0.90 after five recycles and would 
equilibrate at about 1.1. Actinides in the target rod were 
primarily 237 Np , 238 pU , 243 Am and 244 Cm . 
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FIGURE 13. Waste Actinides from 50 LI~R U-Fuel Rods Recycled into One 
Target Rod of Zirconium - Case 2.2 

Case 2.3 

The waste actinides (no U or Pu) from SO LWR fuel rods were 
charged to one target rod of zirconium. The target rod was ir­
radiated for ten consecutive fuel cycles without interruption in 
aT} .e.~viron-.. ncnt -o-f st-antl-a1.~ ~. 2-% .'1 -~ ~ -fuei rmis-:--t:ycTe-:'-encIing -
contents are shown in Table A.8 and Figure 14. Ninety-
six percent of the actinides were fissioned during ten cycle 
(30 yearJ irradiation. By the tenth recycle transuranic nuclides 
through .7Cm were decreasing with exposure. 

Comparison of Cases in Group 2 

Cases 2.2 and 2.3 each constitute a reasonable method for 
fissioning the waste actinides in separate target rods. About 
10% of the actinides present were fissioned each fuel cycle. The 
irradiation of the same target rod for several consecutive fuel 
cycles may not be feasible because of irradiation damage to the 
zirconium clad. Special disassembly techniques would be required 
to separate target rods from regular fuel rods before shearing. 
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The reactivity of a lattice containing five target rods per 
fuel assembly (Case 2.2) would be reduced by about 2% 6koo after 
five recycles. The five target rods could 'accommodate all the 
recycled waste actinides of one fuel assembly. 

FIGURE 14 Waste Actinides from 50 LWR U-Fuel Rods Irradiated for Ten 
Consecutive Fuel Cycles - Case 2.3 
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Actinides from Advanced-Charge Design (Group 3) 

Two advanced-charge design types were investigated. They 
were a mixed U/Pu lattice and a Th lattice enriched in 233U and 
235U. In Cases 3.1 and 3.2 a separate target assembly with 
actinides was irradiated in a lattice of U and Pu fuel assemblies. 
In Case 3.3, the waste actinides from Th/U fuel were homogeneously 
mixed with the fuel for recycle. This mixing is similar to Case 1.1. 

Case 3.1 

Figure 8 shows the flow diagram for this case. It was 
assumed that the reactor charge was made of U and U/Pu assemblies 
with the initial contents given in Tables A.l and A.9, respectively. 
The initial contents of each type were the same for all recycles. 
The waste actinides (no U or PU) from the U and U/Pu assemblies 
were combined into one separate target assembly with zirconium 
diluent. After one fuel cycle, all remaining actinides in the 
target were recovered and combined with a new batch of waste 
actinides for the next recycle. 

A cylindricized model of a complete LWR assembly was developed 
for use in the GLASS code. (In all cases considered in the Group 1 
or 2 options, a cell consisted of either a single fuel rod or eight 
fuel rods surrounding a target rod.) Geometry restrictions require 
that a full assembly in an array of assemblies be approximated by 
concentric rings of clad, fuel and coolant. The chosen model 
consisted of eight fuel rings, each having a core width equal to 
the radius of one fuel rod to preserve the surface to volume 
(S/4V) ratio of the rod geometry. Spaces between the fuel rings 
were filled with H20 coolant. 

The beginning and ending reactivity calculated for the annular 
model of an LWR U-assembly differed from that for a single U-fuel 
rod <;;eH by only ti. 4% k: • - Abu; tire llcrtn1ae -contenCper jjjetric~ --­
tonne of U at 33,000 MWD/MTM agreed well with that calculated for 
the single rod. Thus, actinide depletion rates could be accepted 
with confidence if the rates were calculated by using the annular 
model. 

The supercell used for recycle calculations consisted of an 
actinide target assembly surrounded by four U assemblies and four 
U/Pu assemblies. Because of symmetry restrictions in the model, 
the two to one ratio of U to U/Pu assemblies in the lattice could 
have been achieved only at the expense of excessive computer time. 
All calculations were done using 37 neutron energy groups. 

- 34 -



Initial static reactivity calculations showed that if the 
target assembly contained actinides in the innermost fuel 
positions, the thermal neutron flux was strongly depressed in 
the center. To achieve higher fluxes and higher transmutation 
rates in the target material, waste actinides were loaded only 
in the outer positions of the cell. The outer positions comprise 
about 65% of the total fuel volume available. The inner positions 
contained H20. 

The waste actinide content of the two types of fuel assemblies 
at the end of one 3~year cycle are compared in Table A.lO. Column 1 
lists the contents calculated when using the single rod model for U 
(Case 1.1, Table A.l). Columns 2 and 3 give contents calculated in 
the U and U/PU assemblies when using the nine assembly model. 
Waste actinides in the U/PU assembly are about four times those 
in the U assembly. The 237 Np content is about one~third that of 
the U assembly, but the Am and em contents are 10 to 100 times that 
of the U assembly. 

The waste actinides from five U and two and one~half U/PU 
assemblies were combined in one target assembly for recycle. 
Calculated contents of the target assembly at the end of each 
recycle are given in Table A.ll and Figure 15. Fifty~four percent 
of the waste actinide inventory was fissioned. The Pu assay is 
made up primarily of the even numbered Pu isotopes; the fissile 
isotopes comprise only 14% of the total Pu after five recycles. 

The specific power of the waste actinide assembly was only 
one-third that of the fuel assemblies after five recycles, Thus, 
the actinide loading could be increased to reduce the total number 
of target assemblies required in the lattice. The resulting 
penalty is depression of the thermal neutron flux in the target 
and increased resonance self~shieldingl both effects reduce the 
rate of actinide fissions. 

The fission power of the U/Pu assembly was about 10% greater 
than the fission power of the U assembly. 

Case 3.2 

In this case waste actinides were supplied by 20 U and 10 
U/Pu fuel assemblies (Case 3.1 had five U and two and one~half 
U/Pu.) The specific power of the target assembly was equal to 
that of the fuel assemblies after five recycles and was approach­
ing equilibrium. 
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FIGURE 15. Waste Actinide Content of Light Target Assembly 
in U/Pu Lattice - Case 3.1 

Calculated contents of the target assembly are given in 
Table A.12 and Figure 16. Only 25% of the actinides were fissioned. 
Because equilibrium content values were not reached after five 
reC¥c-lcs,- it is ~OpCi' w etnn:-iud-e th-at- the- long term -r-ts-sion -
rate for Case 3.2 is only half that for Case 3.1. However, the 
results do show that the transmutation rate is very sensitive to 
the waste actinide loading of a separate target assembly. 

Case 3.3 

This case approximates the irradiation conditions expected 
in a thorium lattice enriched in 233U and 23SU. A single fuel 
rod was used to represent the assembly, which was a com~osite of 
the U loadings ~redicted for a lattice containing both 33U_ 
enriched and 23 U-enriched Th assemblies. 9 
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Initial U Content of Composite Rod 

Isotope Wt % 

233U 1.8 
23·U 0.9 
235U 2.1 
236U 1.3 
23 BU 0.2 

After irradiation to 33,000 MWD/MTM and recovery, all actinides 
except U were recycled into a new rod. The initial U content 
was the same for all five recycles. Ending contents are given 
in Table A.13. 

The 238pU content after five recycles is relatively high 
(2570 g/MTM). The high initial 236U content (1.3%) promotes the 
production of 237Np and 238pu . The 2.Sem content is lower than 
for any other case studied, because of the reduced quantities of 
total Pu and Am. Forty-eight percent of the actinides (excluding 
U) were fissioned in five recycles. 
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FIGURE 16. Waste Actinide Content of Heavy Target Assembly 
in U/Pu Lattice - Case 3.2 

- 37 -



- - - -- - -----------------"1 

A static reactivity calculation showed that the reactivity 
loss resulting from the waste actinides in recycle 5 could be 
compensated for by increasing the initial 233U content from 
1. 8% to 2.2%. 

Actinides Irradiated in D2 0 Reactors (Group 4) 

Case 4.1 

If waste actinides (excluding U and Pu) from LWR fuel were 
irradiated in a Savannah River production reactor, significantly 
higher fission rates could be achieved than in any standard LWR 
reactor. 

The waste actinides from 100 LWR fuel rods were charged to 
one aluminum target rod, which was placed in a 13 foot tubular 
fuel assembly containing 3300 g 235U. The fuel assembly was 
operated at a power of 6.5 MW for 10 months, or about 70% burnup. 
After a one year cooling period, the waste actinides were re­
covered and added to waste actinides from an additional 100 LWR 
fuel rods for recycle. Five recycles were conducted. Ending 
contents are given in Table A.14 and Figure 17. 

Recycle 5 contents for this case are very similar to those 
for Case 2.1, in which actinides from 100 fuel rods were ir­
radiated in a separate target in a LWR lattice. However, the 
total elapsed time for Case 4.1 is only nine years and for 
Case 2.1 it is twenty years. In Case 4.1 thirty-five percent of 
the actinides were fissioned; and the ratio of target power to 
fuel power was 0.08 at the end of recycle 5. A more efficient 
mode of operation is to extend the irradiation of a target to 
several fuel cycles, and thus reduce time out of the reactor. 

The use of any lliglC power oen-s i ty - reacti)r- for fissioning--
the waste actinides introduces additional considerations into 
the transmutation concept. Even if existing reactors were used, 
new designs for fuel and target as well as means for shipping 
components would be required. Unless a new reactor design 
provides for the generation of steam or electricity, the cost 

-----

of operating the reactor would probably be charged to the 
actinide program. In an SRP reactor, the energy from both the 
235U fissions and the waste actinide fissions would be discharged 
as waste heat. Perha~s the production of special isotopes such 
as 23B pU , 2·· Cm , or 6 Co could help defray the cost. 
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FIGURE 17. Waste Actinides from 100 LWR U-Fue1 Rods Recycled 
into Target in SRP Lattice - Case 4.1 

Case 4.2 

Actinide production and transmutation calculations were 
made for the CANDU-Pickering lattice. Figure 18 shows the fuel 
rod configuration in the assembly. A cylindricized model was 
developed to represent the 28. fuel rods as three concentric 
rings for GLASS calculations. Columns 1 and 2 in Table A.lS show 
the beginning and ending contents of natural uranium fuel irra­
diated to 8000 MWD/MTM for about 1.2 years. Ending contents 
have been cooled one year. 

Initial CANDU fuel contents for a Pu recycle mode were 
obtained from Reference 10. The beginning and ending contents, at 
an exposure of 8000 MWD/MTM, are given in Table A.lS. Boron at 
20 ppm was added to the D20 moderator to reduce the reactivity to 
equal that calculated for the natural uranium lattice. The waste 
actinides (no U or Pu) from one assembly were charged to a new 
assembly for irradiation. After a one year period for cooling and 
recovery, all waste actinides were again recycled. Five such re­
cycles were conducted. The initial U and Pu contents were the 
same each time. Results are given in Table A.16 and Figure 19. 
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As in the Pu-enriched Cases 3.1 and 3.2 the 237Np fraction 
of waste actinides is very low C~lO%). As a result, the 238Pu 
fraction of the Pu is also low «1%). About 34% of the waste 
actinides were fissioned in five recycles. The reactivity loss 
resul ting from the addition of the waste actinides l~as 1.6% in 
k~ after five recycles, but removal of 13% of the boron in the 
D20 moderator restored the k to its base-case value. 

"" 

FUTURE STUDY 

Of the four cases in which actinides were recycled in 
some type of U-assembly (Group 1, Figure 6). Case 1.2 was the 
most attractive. All actinides including Pu were recycled, i.e., 
the system was "closed". In addition to being an effective waste 
management alternative, this case is also desirable for safeguards 
or non-profileration considerations· The Pu isotopes are always 
diluted by U, and therefore would be more difficult to recover 
for weapons production. Case 1·2 will be examined more in future 
studies. 

Irradiation of actinides in target rods in a U-fuel assembly 
(Group 2, Figure 7), would be difficult because special handling 
is required during assembly and disassembly of the fuel rod 
bundle. All irradiated fuel assemblies containing several target 
rods would require partial disassembly before shearing. No 
further work is planned for Group 2 cases. 

If Pu material will not be fissioned with the waste actinides, 
the use of separate target assemblies is attractive (Group 3, 
Figure 8). Fuel and target materials must be kept separated, but 
an entire target assembly could be processed without special dis­
assembly measures. The use of zirconium as a diluent is the major 
disadvantage. Recycle of waste actinides in a separate target in 
mixed U/Pu lattices will be examined more in future studies. 
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APPENDIX A 

TABLE A.l 

Beginning and Ending Actinide Content 
of Base-Case LWR Fuel. g/MTM 

U232 
U233 
U2 ... 
U235 
U236 
U238 

NP237 

PU236 
PU238 
PU2" 
PU2'40 
PU2'oI 
PU2't2 

"""'" AI12'41 
AH2'42H 

.""'" 
C ..... 2 
c ..... , 
C""'" c'""'. c ..... . 
C ..... 7 
c ..... . 

8K2'l9 

CF"2'l9 
CF"250 
CF"251 
CF252 

SUM U 
SUH PU 
SUH ACT 
SUM ALL 

BEGIN 

0.0 
0.0 
0.289'f0 03 
0.32000 0'3 
0.0 
0.96770 06 

0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 

0.0 
0.0 
0.0 
0.0 

0.10000 07 
0.0 
0.0 
0.1000007 

ENIl 

0.52390-03 
O.IB030-0't 
0.15360 03 
0.81360 Olt 
0.110090 Olt 
O.9't280 06 

0.'52250 03 

0.10900-02 
0.1728003 
O.57't'tD Olt 
O.236CO Olf 
0.12690 0" 
0.55070 03 
0.23110-01 

0.11110 03 
0.72690 00 
0.10900 03 

0.3367001 
O.!'t560 00 
0.33190 02 
O. fBIOD 01 
O.l9'tID 00 
D. 193'tO-02 
O.B"t350-01f 

0.'+7250-06 

0.72000-06 
0.289+0-06 
0.10700-06 
0.39160-07 

0.95'510 06 
0.10100 0'3 
0.78230 03 
0.96600 06 
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TABLE A.2 

Waste Actinides From Each LWR U-Assembly Recycled Into New 
Assembly - Case 1.1 

ENDING CONTENTS. O/~T" 

BASE CASE RECYCLE I RECYCLE 2 RECYCLE 3 RECYCLE. If RECYCLE !5 

u232 0.52390-03 Q.I3290-Q2 0.16B50-02 Q. \83'30-02 tL 18'91O-Q2 Q.193\0-02 
V233 0.19030-0'1 D.167'tO-O'" 0.10210-03 0.11300-03 0.11780-03 0.11980-03 
u23'< 0.15360 03 0.15830 03 0.15960 03 0.16030 03 0.16090 03 0.1609003 
U235 0.81360 Olf 0.82350 0'" 0.82150 o't 0.93000 01+ 0.83130 Olt 0.83200 Olf 
u236 0.'+0090 Il't 0.39980 Olt 0.39930 O't 0.39930 Olf 0.39850 Olf 0.39850 Olt 
u238 Q.9't28D 06 0.9'+200 06 D,9'tI7D 06 O.9LtISD 06 O.9'+lItD 06 O.9LtI'tO 06 

NP237 0.52250 D3 0.1'169003 O.81t2'5D 03 a. B83'tD 03 0.90390 03 0.91070 03 

p""36 0.10900-02 0.221+10-02 0.27'100-02 o .29'!I8O-02 0.30'+70-02 0.30950-02 
PU238 0.17280 03 0.39880 03 0.1+7880 03 0.51290 03 0.52660 03 O.S31tIO 03 
PU239 O.S'7lt'tD Il't 0.58590 Olt 0.58980 0'1 0.59170 Olt 0.59230 01+ 0.59230 04 
P""". 0.23620 04 0.23850 04 0.23970 04 0.2't040 04 0.2't040 04 0.2't030 04 
PU"" 0.12690 04 0.12810 04 0.12880 04 0.1294004 0.12940 04 0.129't0 04 
PU2't2 0.55060 03 0.55640 03 0.55550 03 0.55470 03 0.55"70 03 0 .... 5'460 03 
PU2't .. 0.23110-01 0.21+050-01 0.23970-01 0.23970-01 0.23970-01 0.23900-01 

.""" 0.1111003 0,11650 03 0.1178003 0.11780 03 0.1178003 O.IIBSO 03 

.""'''" 0.72690 00 0.83600 00 0.849'tO 00 0.85600 00 0,85600 00 0,85590 00 .""" 0,10900 03 0.1'105003 0.14800 03 0.15000 03 0.15000 03 0.15000 03 

C""'2 0,33670 01 0,'+5360 01 0.'+5960 01 0 .... 6160 01 0.'16150 01 0.'16150 01 
C""" 0.34560 00 0.68250 00 0,70550 00 0,71220 00 0.71220 00 0.71210 00 
C""" 0.331eD 02 0.10950 03 0.16580 03 0,19930 03 0,21&+0 03 0.22870 03 
C""" 0.18100 01 0.101'10 02 0,17060 02 0.21300 02 0.23690 02 0.2't990 02 
C""'. 0.19410 00 0.38300 01 0.11710 02 0.22050 02 0.3le80 02 0.44580 02 
C"",' 0,19340-02 0,91990-01 O.~'3QOO 00 O.IOSIO 01 0,1W360 01 !l.2T3eD 01 ", .... 0.9'+3'+0-0'+ 0.11510-01 0.9'+'530-0 I 0.32740 00 0.7601000 0.13970 01 

81<2't9 0.47250-06 0.98670-04 0.9'+530-03 0.35000-02 0.8,+230-02 0,15890-01 

CF"2't9 0.72000-06 0.16720-03 0.16780-02 0.63760-02 0.15540-01 0.29510-01 
CF"e50 0.28940-06 0.89760-04 0.99320-03 0.39170-02 0.972'+0-02 0.18690-01 
CF"251 0.10700-06 0.'+3580-0'+ 0.52't70-03 0.214,+0-02 0.5'+170-02 0.10550-01 
CF"252 0.39160-07 0.35840-04 0.68500-/)3 0.36160-02 0.10820-01 0.23560-01 

SlRt U 0.95510 06 0.95440 06 0.95'+10 06 0.95390 .6 0.95390 06 0.95380 06 
SUl1 PU 0.10100 05 0.10"'80 05 0.10620 05 0.10680 •• 0.10700 05 0.1071005 
SUl1 ACT 0.78230 03 0.113'+004 0.13100 04 O.I'+OID •• 0.1'+'560 0'+ 0.1"'880 04 
SUf"I ALL 0.96600 06 0.96600 06 0.96600 06 0.96600 .6 0.96600 06 0.96600 06 

"'- ----- --- --
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TABLE A.3 

All Actinides From Each LWR U~Assembly Recycled Into New 
Assembly With Variable U~235 - Case 1.2 

U232 
U233 
U23'O 
U235 
U236 
U238 

NP237 

PU236 
PU238 
PU239 
."",,0 
PU2't I 
PU2lt2 
puztt't 

AI12'+ 1 
At12't2H 
At12't3 

CI12'+2 
c ..... , 
C!'12'tlt 
c ...... 
CI12'+6 
CI12't7 
c ...... 

81(2'+9 

CF'2,*9 
crZSQ 
CF'2'31 
cr25a 
SUM U 
SUM PU 
SUM ACT 
SUM ALL 

START ~Cyt RECYCLE I 

0.52390-03 
D.1B03D-()\t 
0.15360 03 
0.19780 05 
O.IfODBO 0'+ 
0.9652D 06 

0.52250 03 

0.10900-02 
0.17280 03 
O.5~IfO Olf 
0.23520 0'+ 
0.12690 O't 
0.55060 03 
0.23110-01 

0.11110 03 
0.72690 00 
0.10900 03 

0.33670 01 
O.3't560 00 
0.33190 02 
0.18100 01 
0.19'+10 00 
O.193'tO-02 
O.8't3S0-0't 

0.'17250-06 

0.72000-06 
0.289't0-06 
0.10700-06 
0.39160-07 

0.99910 OS 
0.10100 05 
0.7823003 
0.10000 07 

0.22900-02 
0.1'1950-03 
0.90520 02 
0.5311+0 Olt 
0.57260 Olt 
0.93860 06 

0.10910 0" 

0.36960-02 
0.69950 03 
0.651+90 04 
0.3'*'120 0'" 
0.19'\10 0" 
0.16180 Olt 
0.llf670 aD 

0.19820 03 
0.1'7't9O 01 
D.50SIO 03 

0.99't3D 01 
0.15li30 01 
0.3501t0 03 
0.30310 02 
0.1817001 
0.17350 DO 
0.16810-01 

0.IItSIt0-03 

0.2"280-03 
0.12150-03 
0.61I7o-0lf 
0.lf553O-01t 

0.9'+910 06 
0.11t250 05 
0.22050 Olt 
0.96620 06 

ENDING CONTENTS. 0/11111 

RECYCLE 2 

0.lflf090-02 
o .3a300-03 
0.171t90 02 
0.91680 Olf 
O.11lf90 Olf 
0.92190 06 

0.15910 Olf 

0.63220-02 
0.1303001t 
o . 1"1690 Olf 
O.38'J1tO Olf 
0.23660 Olt 
0.2C!910 Olt 
0.29'760 00 

0.2'7500 03 
0.31210 01 
0.85030 03 

0.1330002 
0.21610 01 
0.95120 03 
0.96000 02 
0.31tB'+0 02 
0.12010 01 
0.11910 DO 

0.18990-02 

0.31tB'+0-02 
0.18190-02 
0.101t90-02 
0.95320-1)3 

0.9Itlf90 06 
0.11610 05 
0.312lfO Olt 
0.96620 06 

- 45 -

RECYCLE 3 

0.65280-02 
0."'9580-03 
0.81710 02 
0.1101t0 0'5 
0.961lfO Olt 
0.91990 06 

0.20lf30 Olf 

0.89150-02 
0.19'+10 Olf 
0.86880 Olf 
0.1f212o Olt 
0.26880 Olt 
o . 2181f0 Olf 
o .lf5'+60 00 

0.33600 03 
0."'3It80 01 
0.10900 Olf 

0.1510002 
0.26330 01 
0.13180 Olt 
0.17It20 03 
0.83660 02 
0.38610 01 
0.16800 00 

0.91200-02 

0.17550-01 
0.96000-02 
0.58100-02 
0.59930-02 

0.9It010 06 
0.20310 05 
0.51330 Olf 
0.96620 06 

RECYCLE 'I 

0.B&t00-02 
0.66100-03 
0.1125003 
O.I"'OlfO 05 
0.1156005 
0.9111006 

0.2\t690 Olt 

0.111f50-01 
0.25990 Olf 
0.96'160 Olt 
0.lf6150 Olt 
0.29900 Olf 
0.31200 Olf 
0.60010 00 

D.ItOI2D 03 
0.59100 01 
0.12550 0'1 

0.1'7620 02 
0.29830 01 
0.18310 Olt 
0.25580 03 
0.1'1610 03 
0.82910 01 
0.205'70 01 

0.26130-01 

0.529"'0-01 
0.28130-01 
0.18930-01 
0.19950-01 

0.93680 06 
0.23000 05 
0.63950 0'1 
0.96620 06 

RECYCLE 5 

0.10100-01 
0.82290-03 
0.llf6'70 03 
0.16'+60 05 
0.1350005 
0.90300 06 

0.28800 Olf 

0.13990-01 
0.32180 Olf 
0.10550 0'5 
O.lf9'+lfO Olt 
O.326lfO Olt 
O. ~'31lfO Olf 
a .13310 DO 

0."'6'+90 03 
0.11t150 01 
0.13110 Olf 

0.195'+0 02 
0.33120 01 
0.22010 Olf 
0.3319003 
0.2191+0 03 
0.11t1t10 02 
0.42100 01 

0.56300-01 

0.11860 DO 
0.63910-01 
0.lflf500-01 
0.1t1520-01 

0.93310 06 
0.25'110 05 
0.151800lf 
0.96600 06 



TABLE A.4 

All Actinides (Except U) From 5 LWR U-Assemb1ies Recycled 
Into 1 Assembly of Natural U - Case 1.3 

1R3i! 
U233 
U231t 
U235 
U236 
U238 

""237 

PU236 
PU238 
PU239 
PU21t0 
PU21t1 
PU2l+2 
PU2\41t 

A1"l2'41 
AI"l2l+2t1 
AH243 

C"",,2 
CI"l2\43 
C1"l21t'4 
C"",,' 
CH246 
C"",,7 c""". 
81<21t9 

CF"2'49 
CF"250 
CF"251 
CF"252 

SUM U 
SUM PU 
SUM Act 
SUM ALL 

START RECYI R(CYCLE I 

0.0 
0.0 
0.0 
0.13230 0"+ 
0.0 
0.18780 06 

0.52250 03 

0.10900-02 
0.17280 03 
0.57'+40 04 
0.23620 Olt 
0.12690 Olt 
0.55060 03 
0.23110-01 

0,11110 03 
0.72690 00 
0.1090003 

0.33670 01 
0.3'+560 00 
0.33190 02 
0.19100 01 
0.19410 00 
0.19340-02 
O.~3"'O-0'4 

0.'47250-06 

0.72000-06 
0.299'+0-06 
0.10700-06 
0,39160-07 

0.18910 06 
0.10]00 OS 
0.78230 03 
0.20000 06 

O. \ 5220-02 
0.11'+90-03 
0.89]"+0 01 
0.69'+00 03 
0.13260 03 
0.1833006 

0.3223003 

0.19610-02 
0.'+2790 03 
0.34250 04 
0.22520 Olt 
O. 130~ 0'" 
0.81600 03 
0.61850-01 

0.193't0 03 
Q.3 ... 't2D 01 
0.2'+000 03 

0.7071001 
0.11180 01 
0.17970 03 
O.2't5S0 02 
0.30990 01 
Q.7581tD-OI 
0.51290-02 

0.51980-0lf 

O.95'tSO-OIf 
0.40870-04 
0.22'+90-01t 
O.7951t0-05 

0.18'+10 06 
0.B2220 0'" 
0.9'''''0 03 
0.19330 06 

ENDING CONTENTS, O/MTH 

RECYCLE 2 

O. 31 ~SD-Oi;! 
0.23910-03 
0.22260 02 
0.81890 03 
0.10720 03 
a .17~60 06 

0.55780 03 

0.38330-02 
0.960 ... 0 03 
0.662 ... 0 0'4 
O.It2620 04 
0.23C60 0'" 
0.15510 Olt 
O. ]06]0 00 

0 .... 6710 03 
0.12370 02 
0.'43830 03 

0.11860 02 
0.19780 01 
0 .... 1630 03 
0.781+50 02 
0.10020 02 
0.'11080 00 
0.33940-01 

0.1t383O-03 

0.92740-03 
0.'42320-03 
0.27890-03 
0.79270-0'" 

'0.17550 06 
0.15720 05 
0.19950 Olt 
0.19320 06 
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RECYCLE 3 

o. "''38\0-02, 
0.3'+'120-03 
0.37580 02 
0.85030 03 
0.92'440 02 
0.16660 06 

0.74880 03 

0.54170-02 
0.15420 Olt 
0.96580 04 
0.62060 0'+ 
0.31060 0" 
0.22380 04 
0.16870 00 

0.78"50 03 
0.2510002 
0.59520 03 

0.16'+6002 
0.261+70 01 
0.6"'180 03 
0.1'+540 03 
0.2016002 
0.11250 01 
0,103'*0 00 

0.11t910-02 

0.3'+290-02 
O. 17290-02 
0.12190-02 
0.30310-03 

0.1675006 
0.22750 05 
0.29810 "Olt 
0.19330 06 

RECYCLE 1+ 

0.'58290-02' 
0.1t33'40-03 
0.51f1t50 02 
0.95170 03 
0.8171t0 02 
0.1589006 

0.911tSO 03 

0.68020-02 
0.21480 0,", 
0.12560 05 
0.81600 04 
0.37220 0'4 
0.289'40 Olt 
0.22770 00 

0.]13700'4 
0.1t0320 02 
0.72960 03 

0.19890 02 
0.315'10 01 
0.8It340 03 
0.21530 03 
0.3261t0 02 
0.22630 01 
0.22220 00 

0.33600-02 

0.82'420-02 
0.1t5530-02 
0.33330-02 
0.73240-03 

0.15990 06 
0.29 ... 90 05 
0.39390 0'" 
0.19330 06 

RECYCLE 5 

0.69ltOD-02' 
0.5071t0~03 
0.7173002 
O.BlBOO 03 
0.7337002 
0.15150 06 

0.10630 Olt 

0.80090-02 
0.27590 Olt 
0.15330 05 
0.10130 05 
O.'4C:13O 0'4 
0.:5210 0'4 
0.28110 00 

0.15130 Olt 
0.57190 02 
0.85030 03 

0.22630 02 
0.35380 01 
0,1018001t 
0.2925003 
0.1t6360 02 
0.3826001 
0.39360 00 

0.60760-02 

O. 15500-0 I 
0.9'4080-02 
0.70220-02 
0.13600-02 

0.15250 06 
0.35950 05 
0 .... 8600 Olt 
0.19330 06 



TABLE A·5 

Waste Actinides From 20 LWR U"Fuel Rods Recycled Into 1 
Target Rod of Depleted U " Case 1.4 

U231+ 
U235 
1.1236 
U238 

"'P23? 

PU236 
PU238 
PU239 
PU2ltO 
PU21f1 
PU2't2 
PU2'O' 

4H2'+ 1 
4112'+2" 
AMZ<t3 

CI'I242 
CI'12113 
CI'12'*'* 
C"2't5 
CM2lt6 
0 ..... 7 
CI"l2'+8 

ijK2'+9 

CF'2Lfg 
CF250 
eF2S! 
CF2S2 

SUM U 
SUM PU 
SUM ACT 
SUM ALL 

START RECYl RECYCLE 1 

0.0 
D.99't3D 02 
0.0 
0.'+9120 05 

0.52250 03 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.11110 03 
0.72690 00 
0.\0900 03 

0.33670 01 
0.311560 00 
0.33190 02 
0.18100 01 
0,19410 00 
Q.1931tD-02 
0.8"+340-04 

0.117250-06 

0.72'000-06 
Q.2B91l0-0B 
0.10700-06 
0.39160-07 

0.49220 05 
0.0 
0.78230 03 
0.50000 05 

0.1+"570 01 
0.23310 02 
0.12340 02 
0.'+7860 05 

0.23070 03 

0.10970-02 
0.22150 03 
0.32740 03 
0.1"500 03 
0.69600 02 
0.39770 02 
0.22630-02 

0.99'+30 01 
0.123"000 
o,lfl lifO 02 

0.13370 01 
0.3"'290 00 
0.80570 02 
0.651'+0 01 
0.31200 01 
0.85120-01 
0.10630-01 

0.92'570-0,* 

0.15,*30-03 
0.8'5720-0,* 
0.,*11,*0-0'+ 
0.35660-0,* 

0.,*7900 05 
0.80330 03 
0.37390 03 
0.,*9080 05 

ENDING CONTENTS. G/HTH 

RECYCLE 2 

0.11660 02 
0.85720 01 
0.12690 02 
0.'+6760 05 

0.3,*290 03 

0.18860-02 
0.,*0390 03 
0.39220 03 
0.23590 03 
0.1121003 
0.10970 03 
0.95000-02 

0.16800 02 
0.21600 00 
0.7680002 

0.\8510 01 
0.1t,*570 00 
0.\6,*2003 
0.\3030 02 
0.92570 01 
0.37"720 00 
0.78860-01 

0.82290-03 

0.1,*7'+0-02 
0.85720-03 
0.4'+570-03 
0.58290-03 

0.46790 05 
0.12'5'+0 0,* 
0.62600 03 
0.48670 05 
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RECYCLE 3 

0.19200 02 
0.7200001 
0.11310 02 
0.,*6070 05 

0.397"70 03 

0.23660-02 
0.53250 03 
0.43300 03 
0.29550 03 
0.13580 03 
o. 17760 03 
0.20570-01 

0.20570 02 
0.27090 00 
0.10660 03 

0.21260 01 
0.50060 00 
0.2,*750 03 
0.18'510 02 
0.1817002 
0.891,*0 00 
0.26,,*0 00 

0.29"90-02 

0.5'+860-02 
0.32920-02 
0.18'510-02 
0.29"90-02 

0.,*611005 
0.157'+0 0'+ 
0.81320 03 
0.'+8'500 05 

RECYCLE .. 

0.2'5710 02 
0.92570 01 
0.10630 02 
0."5560 05 

0."2860 03 

0.26'+00-02 
0.61720 03 
0.'+6010 03 
0.33980 03 
0.15220 03 
0.23970 03 
0.33600-01 

0.22970 02 
0.31200 00 
0.13130 03 

0.22630 01 
0.531"0 00 
0.32,,*0 03 
0.23310 02 
0.28'+60 02 
0.16"6001 
0.61720 00 

0.72000-02 

0.13370-01 
0.82290-02 
0.'+8000-02 
0.85720-02 

0.'+5610 05 
0.180900" 
0.96750 03 
0 .... 8380 05 

RECYCLE 5 

0.30860 02 
0.12000 02 
0.10290 02 
0."5170 05 

0."'+230 03 

0.28110-02 
0.67370 03 
0.ln800 03 
0.37370 03 
0.16"'2003 
0.29590 03 
o. '8000-01 

0.25030 02 
0.3'+290 00 
0.1509003 

0.2'+000 01 
0.5'+860 00 
0."0050 03 
0.2,,*30 02 
0.397"70 02 
0.25370 01 
0.11660 01 

0.\'+060-01 

0.26'+00-01 
0.16"'60-01 
0.96000-02 
0.18860-01 

o .1t523D 05 
0.19860 0" 
0.10930 0'+ 
0."8300 05 



TABLE A.6 

Waste Actinides From 100 LWR U-Fuel Rods Recycled Into 1 
Target Rod of Zirconium - Case 2.1 

ENDING CONTENTS. G/I'1TH 

START RECYI RECYCLE I RECYCLE 2 RECYCLE 3. RECYCLE If RECYCLE 5 

U232 0.0 0.82290-03 0.20160-02 0.31820-02 0.'+1930-02 0.50060-02 
U23l 0.0 0.58080-01+ 0.21670-03 0.'+0870-03 0.59110-03 O. ''t7'tO-03 
U231t 0.0 0.'+ 1830 01 0.11'+'50 02 0.20090 02 0.29'+20 02 0.38950 02 
U235 0.0 0."18550 00 0.25370 at 0.58080 01 a .97]70 OJ 0.1'+050 DC! 
U236 0.0 0.37990-01 0.350'+0 00 0.110'+0 01 0.230'+001 0.38810 01 
U238 0.0 0.28250-04 O. "1'320-03 0.21120-02 0.56780-02 0.11590-01 

NP237 0.52250 03 0.2'+900 03 0.39770 03 0.49650 03 O. '566'+0 03 0.61180 03 

PU236 0.0 0.11860-02 0.23110-02 0.32370-02 0.39770-02 o .... S1'tO-D2 
PU238 0.0 0.21"'10 03 0.40 ... 80 03 0.56780 03 0.70770 03 O.B28ItO 03 
PU239 0.0 0.3&+00 02 0,73990 02 0.10380 03 0.12910 03 0.15090 03 
PU2'4D 0.0 O. 17l'tO 02 0.'+'+300 02 0.756'+002 0.10720 03 0.1371003 
PU2'l1 0.0 0.81600 01 0.20090 02 0.32090 02 0.lt3lt10 02 0.53830 02 
PU2'l2 0.0 0.12'+10 02 0.28530 02 0.lt70ltO 02 0.67130 02 o ... '8't60 02 p""", 0.0 0.99Lt3O-o3 0.289't0-02 0.514650-02 0.85030-02 0.11860-01 ...... , 0.11110 03 0.59730 01 0.lolt2O 02 0.114670 02 0.18720 02 0.22'190 02 
...... 2H 0.72690 DO 0.12000 00 0.219Lt0 00 0.32300 00 o .lt258O 00 0.5266D 00 ...... , 0.10900 03 0.lf505o 02 0.710ltO 02 0.88530 02 o .101ltO 03 0.11180 03 

C ..... 2 0.33670 01 0.13710 01 0.16590 01 0.18720 01 0.20500 01 0.22080 01 
C ..... , 0.~560 00 0.36760 DO o .lfi!O"'O 00 0 .... ~19D 00 0 ..... ''590 00 0 .... 9720 00 
C ..... , 0.33190 02 o. nelO 02 0.15520 03 0.221f1f0 03 0.28'+00 03 0.3!1f60 03 
C""'_ 0.18100 01 0.lf33lfO 01 0.85720 01 0.12690 02 o .16lf6o 02 0.19890 02 
C ...... 0.1~10 00 0.21190 01 0.57330 01 0.1022002 0.15290 02 0.206lfO 02 
C"",,7 O. 193'+0-02 0.63360-01 0.25920 00 0.58560 00 0.\015001 0.15290 01 
C ...... 0.9'f:!'t0-04 0.85030-02 0.55200-01 0.1687000 o .36lt80 00 0.6lf53O 00 

81(2'19 0.lf725O-06 0.75lf3O-0lt 0.61720-03 0.21260-02 0.lf951o-02 0.92'570-02 

er2'l9 0.72000-06 0.12960-03 0.11310-02 0.lf0390-02 0.96690-02 0.18310-01 
eraso 0.289't0-06 0.72000-0lt 0.6lf730-03 0.2~5D-02 0.56lfltO-02 0.10710-01 
eral 0.10700-06 0.35110-0" 0.372lfO-03 0.llf810-02 0.38060-02 0.76120-02 
eras2 0.39160-07 0.30lf5O-0" O. If 1760-03 0.18580-02 0.50330-02 0.10290-01 

SU>1 U 0.0 0.lf7070 01 0.1"3"002 0.27010 02 O.ltllf70 02 0.56910 02 
SU>1 PI) 0.0 0.i?9020 03 0.'37170 03 0.826ltO 03 0.105ltO Olt 0.12"590 Olt 
SUH ACT 0.79230 03 0.38620 03 0.65130 03 O.85oltO 03 0.10070 Olf 0.11330 olf 
SUH ALL 0.79230 03 0.68110 03 0.123700lf 0.170ltO Olf 0.21030 Olt O.2'tlt90 0" 
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TABLE A·7 

Waste Actinides From 50 LWR U-Fuel Rods Recycled Into 1 
Target Rod of Zirconium - Case 2.2 

U232 
U233 
u23'" 
u235 
U236 
U238 

NP237 

PU236 
PU238 
F'U239 
PU2'o0 
F'U2'-tl 
PU2'+2 
PU2'+'+ 

1.112'+ I 
"1"12'+211 
AH2't3 

C"",,2 
Cl'l2'43 
C"",,' 
C"",,' 
C"",,6 
CI'I2'<7 
C"""B 

BK21of9 

CF'2'+9 
cr250 
CF251 
cr252 

SUl1 U 
SUM F'U 
SUM ACT 
SUM ALL 

START RECYI RECYCLE I 

D.D 
D.D 
D.D 
D.D 
D.D 
D.D 

0.52250 03 

D.D 
D.D 
D.D 
0.0 
0.0 
0.0 
0.0 

0.11110 03 
0.72690 00 
0.10900 03 

0.33670 01 
O.lIt'360 00 
0.33\90 02 
0.18100 01 
O.191t1D 00 
O. 193'tO-02 
0.8"'3"'0-0'" 

0 .... 7250-06 

0.72000-06 
O.2891tO-06 
0.10700-06 
0.39160-07 

O.D 
O.D 
0.78230 03 
0.78230 03 

0.72690-03 
0.52120-0'" 
0.42380 01 
0.50"+70 DO 
0.43750-01 
0.3'+970-0Lt 

0.230'+0 03 

0.10290-02 
0.211150 03 
0."1010 02 
O. \197D 02 
0.99020 01 
0.13030 02 
0.11530-02 

D.'tItBSO 01 
a.aDSItO-Ol 
0."'0180 02 

0.12)1.0 01 
0.31+56000 
0.79'5"'0 02 
0 .... 8000 01 
0.26060 01 
0.72820-01 
0.98880-02 

0.817"0-0'+ 

0.13850-03 
0.79130-01t 
0.36620-01t 
0.35520-01t 

0.1t7870 01 
0.293'+0 03 
0.36370 03 
0.66190 03 

ENDING CONTENTS, G/HTH 

RECYCLE 2 

0.1&t6D-02 
0.17830-03 
0.1101t0 02 
0.2'+550 01 
0.39360 00 
0.5B56D-03 

0.31t970 03 

0.18380-02 
0.38110 03 
0.76390 02 
0.4-3200 oe 
0.23\80 02 
0.31680 02 
0.36210-02 

0.7200001 
0.12710 00 
0.62130 02 

0.1'+260 01 
0.39090 00 
0.15660 03 
0.89690 01 
0.7310001 
0.30580 00 
0.68710-01 

0.69260-03 

0.12360-02 
0.71t'+70-03 
0.39090-03 
O. '53'+90-1)3 

0.13890 02 
0.5'5'560 03 
0.'59'+30 03 
0.1\61t0 Olt 
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RECYCLE 3 

0.2'+690-02 
0.'3IS'tO-03 
0.182't0 02 
0.52800 01 
0.12060 01 
0.26190-02 

0.1t169O 03 

0.2't000-02 
0.507'+0 03 
0.1026003 
0.'10080 oe 
0.3'+8'40 02 
0.53080 02 
0.721'+0-02 

0.95730 01 
0.17010 DO 
0.77lt90 02 

0.15910 01 
0.1t1970 00 
0.22510 03 
0.125\002 
0.13260 02 
0.69't00 00 
0.21810 00 

0.2'+1'+0-02 

0.'+1t1t1t0-02 
0.27150-02 
0.15360-02 
0.2'+960-02 

0.2'+730 02 
0.76800 03 
0.75790 03 
0.1'5'510 Olt 

RECYCLE It 

0.30170-02 
0 .... 3890-03 
0.2'+960 02 
0.8338001 
0.2'+'550 01 
0.69670-02 

0.1t'3710 03 

0.278'+0-02 
0.600,+0 03 
0.1216003 
0.9'-1910 02 
0.'+1t850 02 
0.75700 02 
0.11630-01 

0.11'59002 
0.20710 00 
0.89'560 02 

0.17280 01 
0.1t'+16o 00 
0.281t1t0 03 
0.1'5'500 02 
0.1989002 
0.1201t0 01 
0.1t800o 00 

0.566'+0-02 

0.\06'+0-01 
o . 6'5'56D- 02 
0.3851t0-02 
0.69530-02 

0,3'576002 
0,937'50 03 
0.88220 03 
0.185'5001t 

RECYCLE 5 

0.3't29O-02 
0.52120-03 
0.30860 02 
0.11260 02 
0.'+0050 01 
0.13990-01 

0.1t823O 03 

0.30170-02 
0.66910 03 
0.13560 03 
O.U6S003 
0.53210 02 
O ... 18'+70 02 
0.16590-01 

0.13280 02 
0.23860 00 
0.99570 02 

0.182'+0 01 
0.'+59'f0 00 
0.33570 03 
0.18100 02 
0,26880 02 
0.1797001 
0,85260 00 

0.10560-01 

0.20160-01 
0.12'+30-01 
0.75290-02 
0.'''''5'+0-01 

0.'+61'+0 02 
0,107300'" 
0.98120 03 
0,21000 Olt 



TABLE A.8 

Waste Actinides From 50 
Consecutive Fuel Cycles 

U232 
V233 
V231+ 
U235 
U236 
U238 

NP237 

PU236 
PU238 
PU239 
PU2,+0 
PU24 1 
PU2"+2 
PU2ltlt 

"H21t1 
At12't2J1 
AM.?tt3 

CM2't2 
CM2\t3 
CI12't1f 
C ..... 5 
CM2't6 
CI'12'47 
CI12'48 

81(2'+9 

CF'2't9 
CF'250 
ef251 
CF'252 

SUl1 U 
SUM PU 
SUH ACT 
SUI'1 ALL 

U232 
V233 
U231+ 
v235 
U236 
U238 

NP237 

PII;)~R 

PUc38 
PU239 
PU2'tO 
PUett! 
PU2't2 
PUi?'t1t 

AI12't 1 
AM2't2M 
AM2't3 

Ct12't2 
CM2't3 
CI12'+'+ 
CI12'+5 
CI'12'+6 
CI'12'+7 
CM2'+S 

81(249 

crC!'+9 
CF'250 
efe51 
cr252 

SUM U 
SUM PU 
SUH ACT 
SUM ALL 

START RECY] 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.522'30 03 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.11110 03 
0.72690 00 
0.10900 03 

0.33670 01 
O.31t560 00 
0.33190 02 
0.18100 01 
0.19,*10 00 
O.lg:J1.+0-02 
0.81+31+0-0'" 

0,147250-06 

0.72000-06 
0.2891t0-06 
O. 10700-06 
0.39160-07 

0.0 
0.0 
0.78230 03 
0.78230 03 

RECYCLE 6 

0.58290-01+ 
0.1,*'+00-0'+ 
Q.130LtD 01 
0.7\590 00 
0.11230 01 
0.90380-02 

0.29620 01 

.!l.....-~-.!11f. 
0.86810 01 
0.22900 01 
0.16460 01 
0.21390 01 
0.97920 01 
0.87090-02 

0.99430-0 I 
0.171"'0-02 
0.75980 01 

0.75700-01 
0.30310-02 
0.39'300 02 
0.25100 01 
0.13300 02 
0.87360 00 
0.76250 00 

0.16870-01 

0 .... 2380-02 
0.10120-01 
0 .... 7190-02 
0.23310-01 

0.31520 01 
0.2 ... 560 02 
0.67750 02 
0.95460 02 

R£CYCLE I 

0.1.j5120-03 
0.52120-01.+ 
0.2565001 
0.50"'70 00 
0 .... 3890-0] 
0.34970-0'" 

0.23040 03 

0.13070-02 
0.209]0 03 
0 .... 10]0 02 
O. 1"'810 02 
0.10 ...... 0 02 
0.130"'002 
0.11520-02 

0.39500 01 
0.90370-0] 
0 .... 0180 02 

0.5719001 
0.35380 00 
0.8284002 
0 .... 7860 01 
0.26060 01 
0.72820-01 
0.98750-02 

0.182'+0-03 

0.36070-04 
0.93110-04 
0.36480-0'" 
O. "'70"'0-0'" 

0.311"'00] 
0.287"'0 03 
0.37100 03 
0.66150 03 

RECYCLE 7 

0.26610-0lf 
0.67060-05 
0.75"'30 00 
0.43200 DO 
0.10300 01 
0.10790-01 

0.1356001 

.!Ll!l55D-.!lLt 
0.3826001 
0.1012001 
0.96280 00 
0.1267001 
0.5925001 
0.88870-02 

0.577"'0-01 
0.98880-03 
0.51"'30 01 

0 .... 3750-01 
O. ] 7420-02 
0.30990 02 
0.2043001 
0.1399002 
0.9"'630 00 
0.97920 00 

o 21670-01 

o 5"'720-02 
0.13]20-01 
0.61170-02 
0.32500-01 

o 22270 01 
0.]300002 
0.55640 02 
0.70860 02 

LWR U-Fuel Rods Irradiated for 10 
Case 2.3 

ENDING CONTENTS. G/NlM 

RECYCLE 2 

{).5B8'fO-03 
O. 10330-03 
0 .... 1.+710 01 
0.11.+810 0] 
0.29900 DO 
0.51570-03 

0.97920 02 

0.79130-03 
0.15520 03 
0.36"'80 02 
O. 19B9D 02 
0.16320 02 
0.19990 02 
0.28250-02 

0.76250 00 
0.13690-01 
0.192'+0 02 

0.58560 DO 
0.3"'560-01 
0.80920 02 
0."9510 01 
0.51880 01 
0.2"820 00 
0.62950-01 

O. 133"'0-02 

0.30990-03 
0.699't0-03 
0.32920-03 
0.71590-03 

0.62520 01 
0.2"'780 03 
0.20950 03 
0.lf6360 03 

RECYCLE 8 

0.12080-0'" 
0.30"'50-05 
0.lf1910 00 
0.~960 DO 
0.891f20 DO 
0.11880-01 

0.69260 DO 

!LLt~.!1-.!l5._ 
0.17"'2001 
0 .... 5670 00 
0.eD3"0 00 
0.795'+0 00 
0.3'511001 
0.87090-02 

0.'35800-01 
0.60890-03 
0.3218001 

0.26880-01 
O. 10700-02 
0.23180 02 
0.16050 01 
0.llf260 02 
a .99020 00 
0.1186001 

0.e6330-0] 

0.66520-02 
0.16050-01 
0.1"'610-02 
0.1.+1830-01 

0.\5750 01 
0.11170 01 
0."5360 02 
0.5"050 02 

- SO -

RECYCLE 3 

O .... esc?O-03 
0.88870-04 
0.lf2930 01 
0.18100 01 
0.61610 00 
0.19"'70-02 

0.'+0600 02 

0.363lfO-03 
0.81090 02 
0.21810 02 
0.12590 02 
0.12'+80 02 
0.23590 02 
0.lfSt+10-02 

0.56920 00 
O.IOOlfO-OI 
0.13620 02 

0.38130 00 
O.IIf'+OO-OI 
0.68 ...... 0 02 
0 .... 2100 OJ 
0.8'530001 
0.45260 00 
0.17690 00 

0.38810-02 

0.9It910-03 
0.2]810-02 
O. 10290-02 
0.31210-02 

0.67820 01 
0.1516003 
0.1370003 
0.30130 03 

RECYCLE 9 

0.55820-05 
0.13990-05 
0.22900 00 
0.13850 00 
0.1"'61000 
0.12310-01 

0.'+0600 00 

RECYCLE '+ 

0.2Ct270-03 
0.555"'0-0'" 
0.32370 01 
0.15500 01 
0.98060 00 
0.'+1970-02 

0.16730 02 

0.15090-03 
0 .... 2790 02 
0.110"0 02 
0.62260 01 
0.72000 01 
0.20850 02 
0.67060-02 

0.3'+290 00 
0.59930-02 
0.122]0 02 

0.2"'960 00 
0.96550-02 
0.5""'60 02 
0.35J 10 01 
0.106"'002 
0.63090 00 
0.3'+"'20 00 

0.7'5980-02 

0.18930-02 
0.'+"'020-02 
0.20710-02 
0.79130-02 

0.57710 01 
0.88110 02 
0.1022003 
0.19600 03 

RECYCLE 10 

0.27150-05 
0.66100-06 
0.12lf30 00 
0.75940-01 
0.60160 00 
0.123"'0-01 

0.26880 00 

lL_2555Q::~ "'::"'.D.......l.526Q.-J:a. 
0.8'5170 00 0 .... 608000 
0.219lfO 00 0.1160000 
0.38950 00 0.~6!Xl 00 
0.51700 00 0.3"'010 00 
0.20980 01 0.12890 01 
0.83380-02 0.79580-02 

O. 230lfO-0 I 
0.39220-03 
0.20160 01 

0.17290-01 
0.68'570-03 
0.16590 02 
0.11930 01 
0.1'+13002 
0.10080 01 
0.13710 01 

0.30580-01 

0.77"+90-02 
0.18650-01 
0.87090-02 
0.51020-01 

0.] 1260 01 
0."+0840 01 
0.36870 02 
0."+2080 02 

0.15090-01 
0.25650-03 
0.12'+00 01 

0.11330-01 
0 ....... 980-03 
O.lllflO 02 
0.85300 00 
0.\3710 02 
0.99980 00 
0.15360 0] 

0.3"150-01 

0.86950-02 
0.20980-01 
0.97650-02 
0.59250-01 

0.82000 00 
0.2"'700 01 
0.30]80 02 
0.33"'70 02 

RECYCLE 5 

O.IZ290-03 
0.2962O-0lf 
0.21390 01 
0.11120 01 
0.1125001 
o . 6731f 0-02 

0.69260 01 

0.61170-0'+ 
0.19610 02 
0.51290 01 
0.30720 01 
0.39"+00 01 
O •• 5220 02 
0.80230-02 

0.182'+000 
0.31690-02 
0.1018002 

0.1385000 
0.55270-02 
0.'+8280 02 
0.29750 01 
o .IZ210 02 
0.'770eo 00 
0.51+580 00 

0.12060-01 

0.30170-02 
0.7]320-02 
0.33330-02 
0.1"'810-01 

0.'+3830 01 
0.~6880 02 
0.82250 02 
0.13350 03 



TABLE A.9 

Beginning and Ending Actinide Content 
of Mixed U/Pu Fuel. g/MTM 

023'< 
0235 
0236 
0238 

.... 37 

PU238 
PU219 
"""'0 
P""" PU .... 

...... , ...... "" 

...... 3 

c ..... . 
C ..... 3 c".· .. 
C ..... 5 
c ..... . 
C ..... 7 
c ..... . 
sUIt u 
SUIt PU 
SUt1 ACT 
SUl1 ALL 

BEGIN 

0.26500 03 
0.65800 Olf 
0.0 
0.9't770 06 

0.0 

0.10100 Olf 
0.22'+00 05 
0.11600 05 
0.66500 Olf 
0.37900 O\f 

0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0:0 
0.0 
0.0 

O.95't6D 06 
D.1f5lt5D 05 
0.0 
D.IODDD 07 

END 

0.17830 03 
0.301150 0" 
0.70650 03 
0,92700 06 

0.18380 03 

O.99It50 D3 
0.10510 05 
0.1038005 
0.51650 Olf 
o . S\t8"70 1)\t 

0.65160 03 
0.82310 01 
0.11180 Olf 

0.28600 02 
0.363'30 0' 
0.59C60 03 
0.53160 02 
0.61130 01 
0.905'+0-0 I 
0.""170·02 

0,93090 06 
0.32540 05 
0.2&+60 Olf 
0.96610 06 
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TABLE A.10 

Comparison of Waste Actinides Generated in 3 Fuel Types 
ENDING CONTENTS. G/MT" 

SEPARATE ROO U ASS'" U/PIJ ASS'" (ONE YEAR DECAY) 

NP .... 0.52250 03 0.1t6170 0] O.I8'tBD 03 

.""'" 0.111 to 03 0.90390 02 0.65560 03 

.""""" 0.'12690 00 O.5It290 DO 0.82090 01 

...... l 0.1090003 0.B9820 02 0.11220 0'1 

C""". 0.33670 01 0.29060 01 0.28100 02 
C"""l O.3't56D 00 o.e786D 00 0.3662D 01 
C ..... , 0.33190 02 O.25't6D 02 0.59590 03 
C ...... O.IBIOO 01 0.12070 01 0.53390 De 
C ...... O.I9'fID 00 O.I'tI3D DO 0.61880 01 
C ..... , Q.193'tD-Q2 O.1301f0-02 0.90590-01 
C ...... o . 8't l'tO- D't 0.58810-0", 0.'1'+320-02 

S ... " D •• 0.0 0.0 
.... P\J D •• 0.0 0.0 
s .... ACT 0.78230 03 0.672'10 0] 0.26580 0'1 
.... ALL 0.78230 03 O.61C!'tO 03 0.26580 0'1 

- 52 -



TABLE A.ll 

Waste Actinide Content of Target Assembly in U/Pu Lattice - Case 3.1 
ENOING CONTENTS, GmT/'1 

START RECY) RECYCLE I RECYCLE 2 RECYCLE 3 RECYCLE If RECYCLE 5 

NPZ31 0.36950 03 0.10310 03 O.lIt620 03 0.16800 03 0.18100 03 0.18860 03 

PU238 0.0 0.11990 03 O.17'f50 03 0.20"'30 03 0.22't5O 03 0.23860 03 
PU239 0.0 0.31500 02 O.'t5'tIfO 02 0.53010 02 0.580ltO 02 0.61090 02 
puZ'tO 0.0 0.50020 02 0.89350 02 a.12JItO 03 0.11f81o 03 0.171'+003 
PUZ't I 0.0 0.113200 02 D.25e80 02 0.32950 02 0.39330 02 0.'+1f610 02 
PU2~2 0.0 0 .... 5060 02 0.97750 02 0.11f810 03 0.19550 03 O.239'tO 03 

."'2't I 0.2781f0 03 0.16150 01 0.28290 01 0.37610 01 O.'+'.5lflfO 01 0.52690 01 
A/'1e't2tt 0.30990 01 D. 10080-0 I 0.19110-01 0.26350-01 0.331'+0-01 0.3B950-01 
AM2'+3 0.43150 03 0.1,*990 03 0.23020 03 0.28100 03 0.31880 03 O.3't860 03 

CH2'-t2 0.11"'9002 0.14780 01 0.18110 01 0.19970 01 0.21760 01 0.22990 01 
CM21t! 0.11f050 01 0,1t0,+70 00 0.1t96'+0 00 o .53't60 00 0.57660 DO 0.00330 DO 
eM"'" 0.21500 03 0.38'560 03 (),1'5220 03 0, \0690 D't 0, \3290 O\t 0.15S8D t)\+ 
el12'<5 0,18590 02 0.71t81t0 01 0.13520 02 O.llJItlto 02 0.22'f5O 02 O.25'71tO 02 
CI12'*6 0.21500 01 0,15650 02 0.39710 02 0.69110 02 0.10160 03 0.13590 03 
CI121t7 0.31000-01 0.35'+30 00 0,1176001 0,23670 01 0.38't9O 01 0.51+980 01 
e""". 0,15120-02 0.91150-01 0,1t6810 00 0,13130 01 0,Ci)'580 0\ 0.~5Ii~D 0\ 

BICo?f9 0.0 0,1t12'+0-03 0.23710-02 0.68730-02 0.1 .. 700-01 0.26000-01 

CF"21t9 0.0 0,62620-03 0,370BO-02 0.10960-01 0.23600-01 0,,*2000-01 
CF"i?50 0.0 0.53'f60-03 0.32000-02 0,91+690-02 0,20'+30-01 0,36430-01 
cra51 0.0 0,17950-03 0.11300-02 0.3'f'+00-02 0,75600-02 0.13670-01 
CF"a52 0.0 0.52690-03 0.'+5060-02 0.15880-01 0.38070-01 0.72550-01 

SUM U 0.0 0.0 0.0 0.0 0.0 0.0 
SUM PU 0.0 0,26170 03 O ... 3230 03 0,55990 03 0,66550 03 0.75530 03 
SUM ACT 0.13310 0 .. 0.66 .. 70 03 0.118900 .. 0.16160 0 .. 0.19670 0'+ 0.22750 0'" 
SUM ALL 0.13310 Olt 0.926 .. 0 03 0,16210 0 .. 0.21760 Olt 0.26320 0 .. 0,30300 0 .. 
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TABLE A.12 

Waste Actinide Content of Target Assembly in U/Pu Latti ce - Case 3.2 
ENDING CONTENTS, 0/"1,. 

START RECYI RECYCLE I RECYCLE 2 RECYCLE 3 RECYCLE If RECYCLE 5 

NP23"7 0,36960 03 0.16130 03 0.29310 03 O.IfOlt7[) 03 0.50590 03 0.59660 03 

PlJ239 D.D D.20~D 03 D.3885D 03 O.!$766D 03 0.77030 03 0.97370 03 
PU239 D.D 0.1t3530 02 0.76310 02 o. t0600 03 0.136'30 03 0.16510 03 
PU2'tO D.D O.It859D 02 0.10880 03 0.18520 03 0.27'490 03 0.37800 03 """" , D.D 0.13550 02 0.33310 02 0.58'310 02 0.873,*0 02 0.11930 03 
PU2't2 D.D 0.36080 02 O. "7St2D 02 0.1136003 0.150ac 03 0.18610 03 ...... , o .278'tD 03 O.801f7D 01 0.27010 02 0.'53170 02 O.8't670 02 0.12120 03 ......... 0.30890 01 0.11650 00 0.1f7160 00 0.10690 OJ 0.19J90 01 0.30500 01 ....... 0,'13150 03 0.2167D 03 0.3856D 03 0.52690 03 O.6iot91D 03 0.'1'3790 0] 

C ..... 2 0.11"90 De 0.33510 01 0."9830 01 a.601teD 01 0.68060 01 0.73880 01 
c ...... 0.11f050 01 0.82670 00 0.10790 01 0.12220 01 0.12890 01 O .. 3360 01 
c ...... 0.21500 03 o.3S0lD 03 0.69870 03 0.10210 ~ o.le89CI 0'1 0.IS370 0'1 
c ...... 0.18590 DC! 0.79900 01 0.20050 02 0.36080 02 0.55650 02 0.'7751002 
c ...... 0.21500 01 0.10'100 02 0.~05D 02 0.391'10 DC! 0.5'1790 02 0.70260 02 
C ..... 7 O.lIOOO-OI O.i!9llD 00 0.98510 00 0.20'130 01 0.3It0SQ 01 0.50l10 01 
c ...... 0.15120-02 0.58510-01 0.2'tC!5D 00 0.58320 00 O.IOBBD 01 O.I7IBO 01 

BK .... D.D 0.35990-0l 0.20810-02 0.60810-02 D.Ii!890-01 0.22620-01 

CFi!'t9 D.D 0.59090-03 O. l"199D-DC! 0.12120-01 0.21010-01 0 ... 98't0-01 
CFi!50 D.D 0.'I028D-03 0.2l58O-02 0.10"50-02 0.15310-01 0.27970-01 
CFZ51 O.D 0.I6O'tD-03 0.11360-02 0.391'10-[12 0.95't60-02 0.19&00-01 
c .... D.D 0.2"3390-03 0.1f599D-1R 0.50210-02 0.10310-01 0.17280-01 

SU'I U D.D O.D D.D D.D O.D D.D 
S"" PIJ 0.0 O.3'tctID 03 O.682ID 03 O.JOctOD QIt O.lct.?OO 0" 0.18C'20 0" 
SUH ACT 0.13310 Oct 0.75940 03 0.1"'560 O't 0.20eao 0'1 O.eB53D Olt 0.31"190 Olt 
SUH ALL 0.13310 Oct 0.110ltO Oct O.213BO 0 ... 0.31320 Olt 0.lt073O 0" 0.50010 0" 
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TABLE A.13 

Waste Actinides From Th Assembly Enriched in U"233 and U"235 
Recycled Into 1 New Assembly" Case 3.3 

TH232 

PA231 

U232 
U233 
U23 .. 
U235 
U236 
U238 

NP231 

PU23B 
PU239 
PU2'fO 
PU2'f1 
PU2'f2 

AI12'f I 
AI12'f2l1 
AI12'f3 

CI12'o' 
CI12'o' 
CI12'o" 
CI12'o' 
CI12'o. 
CI12'o7 
C""". 
SUM TH 
SUM U 
SUM PU 
SUM ACT 
SUM ALL 

BASE CASE 

0.91120 06 

0.25"20-0" 

O. \~~O 03 
0.17290 05 
0.8"600 0 .. 
0.17220 0" 
0.13110 05 
0.13860 0" 

0.15060 0" 

0."9190 03 
0.12750 03 
0.32130 02 
0.29010 02 
0.11180 02 

0.2't300 01 
0.15210-01 
0.21710 01 

0.68510-01 
0.19760-02 
0.55680 00 
0.27800-01 
0.27"30-02 
O.2lf900-01t 
O.I081O-OS 

0.91120 06 
0."87'+0 05 
0.69180 03 
0.15110 O~ 
0.96210 06 

RECYCLE 1 

0.90920 06 

0.32720-0" 

O.I1SSO el3 
0.11310 05 
O.8'tS20 0" 
0.79080 0" 
0.13690 05 
0.138600" 

0.21990 0" 

0.12150 0 .. 
0.26160 03 
0.7'+170 02 
0.7'+5"0 02 
0 ... 7560 02 

0.69390 01 
0.55'+60-01 
0.15580 02 

0.30110 00 
0.5BZ9o-01 
0.827"0 01 
0.63360 00 
0.1"160 00 
0.26390-02 
0.2S{)ItO-()3 

0.90920 06 
0."9010 05 
0.16190 0" 
0.22310 0 .. 
0.96210 06 

ENDING CONTENTS, G/MTH 

RECYCLE 2 

0.90180 06 

0.35330-0" 

O. \761003 
0.17 .... 0 05 
0.8"910 0" 
0.80810 0" 
0.13660 05 
0.13860 0" 

0.253't0 0" 

0.17890 0" 
0.385'+0 03 
0.11330 03 
0.1208003 
0.976"0 02 

0.11930 02 
0.10580 00 
0."17'+0 02 

0.59't80 00 
0.13210 00 
0.32130 02 
0.29000 01 
0.10210 01 
0.27950-01 
0."211D-()2 

0.90180 06 
O ... 92'tO 05 
0.25060 0" 
0.26250 0 .. 
0.96210 06 

- ss -

RECYCLE 3 

0.90680 06 

0.36610-0 .. 

0.1711+003 
0.17500 05 
0.85200 Olt 
0.82220 0" 
0.136"005 
0.13860 0" 

0.26980 0" 

0.21770 0" 
0."6880 03 
0.1"390 03 
0.15650 03 
0.\"830 03 

0.15950 02 
0.15130 00 
0.73270 02 

0.85120 00 
0.20800 00 
0.1320002 
0.7372001 
0.36300 01 
0.12670 00 
(Le63\0-IH 

0.90680 06 
O ... 9'tSO 05 
0.309'+0 0" 
0.28130 0" 
0.95220 06 

RECYCLE If 

0.90610 06 

O.371ti?D-OIt 

0.17810 03 
0.175'+0 05 
0.85270 0'" 
0.83110 04 
0.13630 05 
0.13960 0'+ 

0.27800 04 

O.2'f22D Olf 
0.52180 03 
0.16550 03 
0.1819003 
0.19080 03 

0.19010 02 
0.18630 00 
0.1036003 

0.10580 01 
0.2676000 
0.12't5O 03 
0.13"'20 02 
0.87950 01 
0.36900 00 
0.98390-0\ 

0.90610 06 
D.'t9570 05 
O.31t82D Cit 
0.30520 Olt 
0.96220 06 

RECYCLE 5 

0.90560 06 

O.379IfO-OIt 

0.1781003 
0.17560 05 
0.85350 Olt 
0.83180 Olt 
0.13620 05 
0.13860 Olt 

0.28250 Olt 

0.25720 Olt 
O,J5530 03 
0.18040 03 
0.19830 03 
O.22'ti.fO 03 

0.21020 02 
0.21090 00 
0.12920 03 

0.12000 01 
0.31160 00 
0.177'+0 03 
0.19980 P2 
O.I6B'50 02 
0.81250 00 
D.26~O 00 

0.90560 06 
0.49660 05 
0.37300 Olt 
0.31910 Olt 
0.96210 06 



TABLE A.14 

Waste Actinides From 100 LWR U-Fuel Rods Recycled Into Target 
in SRP Lattice - Case 4.1 

ENDING CONTENTS, O'"T" 
START REeVI RECYCLE J RECYCLE 2 RECYCLE 3: RECYCLE If RECYCLE 5 

NP237 D.~250 03 0.27980 03 0 ...... 510 03 0.55270 03 O.~D 03 0.67680 03 

PU.36 0.0 0.39770-03 o.e09a>-Ol 0.11660-02 D.I .. 5'tD-~ 0.18800-02 
P\J238 0.0 0.21230 03 0 .... 2360 03 0.60'110 03 0.75"30 03 0.87910 03 
.,",39 0.0 0.35930 02 0.92560 02 0.123"0 03 0.1570003 o .J8't50 03 
""""0 0.0 0.11"50 02 O.~7D 02 0.50130 02 0.70630 02 0.90520 02 .""'" 0.0 0."'180 01 0.16250 02 O.2928D 02 0."1"20 02 Q.52't60 02 

"""". 0.0 0.110"002 O.~ .. 80 02 0."0660 02 O.58't20 02 0.7680002 """". 0.0 0.18580-02 O.'57't60-02 Q. 1 1520-01 0.19990-01 0.2'7770-01 

...... , 0.1111003 0.98060 01 0.13230 02 0.16180 02 0.18990 02 0.21330 02 ......... 0.72690 00 0.111 .. 0 00 O.elOitD 00 O.283CO 00 0.33330 00 0.31780 00 ....... 0.1090003 D.'t5't60 02 0.70'120 02 0.81770 02 0.10150 03 0.1138003 

C ...... 0.33670 01 0.72690 01 0.82290 01 0,85720 01 0.87770 01 0.89830 01 
C ...... o.3It56D 00 0.1358D 01 0.16660 01 O.I7'tro 01 0.17900 01 0.1B2't0 01 
C ...... 0.33190 02 0.80230 02 0.16't6D 03 0.2't55D 03 0.3209D 03 0.3909D 03 
C ...... 0.1810D 01 0.lf732D 01 0.93950 01 0.13710 02 0.17690 02 0.21330 02 
C ...... 0.19't10 DO 0.23860 01 0.6B570 01 0.12750 02 0.19610 02 0.27150 02 
< ..... , 0.193't0·oa 0.lf7B60-01 0.21600 DO 0.51700 00 0.93260 00 O.I"lf70 01 
C ...... o . 8't 3'tO· O't 0.59730-02 0 ..... 300·01 0.1"7't0 00 0.33880 00 0.63220 00 

OK ... Q.lf725Q·06 0 ..... 370·0 .. 0."1830·03 0.159&0·02 0."0050·02 D.795't0-02 

Cr2't9 0.72000-06 0.61300-DIf 0.59800-03 0.23380·02 0.59730·02 0.12000·01 
craso 0.289't0-06 0 ... 2100-0It 0 ..... 230-03 0.17690-02 o ."5If60-02 0.91200-02 
crasl 0.10700-06 0.17900-0" 0.21120-03 0.90520-03 0.2'+"10-02 0.50950-02 
CF252 0.39160-07 O. 193140-D't 0.32500-03 0.17350-02 O.S't1J't0-02 0.12'+10-01 

.UtI U 0.0 0.0 0.0 0.0 0.0 0.0 

.UI1 PU 0.0 0.275"0 03 0.57680 03 0.8't760 03 0.10820 0" 0.12830 0 .. 
SUM ACT 0.78230 D. 0.lf312D 03 0.72060 03 0.93990 03 0.111600" 0.12650 0" 
SUt1 ALL 0.78230 D. 0.70670 03 0.12970 0" 0.17880 Olf 0.21980 Olf 0.25"80 0 .. 
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TABLE A.15 

Beginning and Ending Contents of Two CANDU Fuel Types, g/MTM 
NATURAL U PU ENRICt£D 

BEGIN [NO BEGIN ENO (OtlE YEAR DECAY) 

U232 0.0 0.65530-05 0.0 0.66910-05 
U233 0.0 O.7'+2't0-07 0.0 0.62190-01' 
U23'< 0.0 0.11720 00 0.0 0.20'130 00 
U235 0.711000'+ 0.19300 Olt 0.10560 Olt O.:R58D Olf 
U236 0.0 O.7892D 03 0.0 0.60660 03 
U238 0.99290 05 0.98500 06 O.98'tOD 06 0.97820 06 

NP237 0.0 0 .... "150 02 0.0 0.'10050 02 

PU236 0.0 0.11990-0" 0.0 0.19150-0'1 
PU238 0.0 0.70090 01 0.0 0.16690 02 
PtR39 0.0 0.25830 Olt 0.296'10 Olt O.317'tO O't 
PU"'O 0.0 0.1105001t 0.311f90 Olt 0.31220 O't 
PU2'41 0.0 0.21820 03 0.81720 03 O.8C't5D 03 
PU2't2 0.0 0.79200 02 0.20190 0'" D.2e90D Olt 
PU2it1f 0.0 0.98500-03 0.0 0.27590-01 

.112'0' 0.0 0.15390 02 0.0 0.76350 02 

.112'02!1 '.0 0.29060-01 D.' 0.31660 00 
AH2't3 '.0 0 ... 6810 01 ••• 0.17380 03 

C..,..2 ••• 0.195't0 00 D.' 0.19210 01 
C"""3 '.0 O.895IfD-02 D.' 0.11560 DO 

C""'" '.0 0."2090 00 D.' 0.31'120 D2 

C"""" '.0 0.51360-02 ••• O.6886D 00 
C..,... '.0 O.!582BD-03 0.' 0.87090-01 
C""'7 '.0 0,1'1650-05 D.' 0.3't92O-03 
C""'. 0.0 O.33't6D-07 0.0 0.91160-05 ...... 0.0 0.20920-08 D.' 0.20760-01 

CF2't9 '.0 0.13020-08 D.' 0.29000-07 
CF25D 0.0. 0.13110-08 D.' 0.11070-07 
CF251 ••• 0.lltltI0-09 D.' 0.21810-08 
CF252 '.0 0.32'+00-09 ••• 0.8'+650-09 

SUIt U 0.10000 07 0.98770 06 0.99110 06 0.98210 06 
SU>I PU '.0 0.39930 Olt O.B9't9D Olt o . 9't270 0'+ 
SOH ACT '.0 0.6'+880 02 D.' O.l2'no 03 
SUl"I ALL 0.100000'7 0.99180 06 0.100000'7 0.99180 06 
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TABLE A.16 

Waste Actinides From Each CANDU U/Pu Assembly Recycled Into 
New Assembly - Case 4.2 

U232 
U233 
U23" 
V23' 
U236 
U238 

NP231 

PU236 
PU238 
PU23' 
PV2'<. 
PU2'< I 
PU2'<2 
PU2'<' 

'''''<1 A ..... 211 
...... 3 

C ..... 2 
C ..... 3 
C ..... , 
C ..... . 
C ..... . 
C ..... 7 
C ..... . 

81(2" 

CF"2't9 
CF'250 
C'251 
CF"" 

SU11 U 
SU11 PU 
5UH ACT 
SUH ALL 

Bt.S£ CASE 

0.66910-05 
0.62190-01 
0.201+30 00 
0.3258D Olt 
0.60660 03 
0.97820 06 

0.40050 02 

O.18150-01t 
0.16690 02 
D.31~D ()it 
0.31220 Olf 
O.B2ItSO 03 
0.22900 0'+ 
0.27590-01 

0.76350 02 
0.31660 00 
0.17380 03 

0.19210 01 
0.11560 00 
0.311t2O 02 
0.6886D 00 
0.8'7090-01 
0.3't92O-03 
0.91160-05 

0.20760-07 

0.28000-07 
0.11070-07 
0.21810-08 
O.8't6'30-D9 

0.98210 06 
0.9'1270 Olt 
O.32't7D 03 
0.99180 06 

RECYCLE I 

0.20910-01f 
0.3'1090-06 
O.570LtO 00 
0.32620 0"+ 
0.60Lt60 03 
0.97790 06 

0.69730 02 

0 .... 9880-0 .. 
0.53'+60 02 
0.31860 Olf 
0.31250 Olf 
0.92590 03 
0.22950 Olf 
0.27750-01 

0.\0180 03 
0.61600 00 
0.29670 03 

0.5110001 
-0."6"60 00 
0.10350 03 
O.30~D 01 
0.82180 DO 
0.682'40-02 
0.35560-03 

0.)1550-05 

0.17980-05 
0.95200-06 
o . 2'!i7! 0-06 
O.I5'tItO-06 

0.98170 06 
O. 9't850 O~ 
0.138180 03 
0.99180 06 

ftECYCLE 2 

0.3Iit8O-0it 
0.5If910-06 
0.75If10 00 
0.32590 Oit 
0.60520 03 
0.97760 06 

0.91920 02 

0.73700-0it 
0.70530 02 
0.31950 Oit 
0.31330 Oit 
O.826SO 03 
0.2296D Oit 
0.277'tO-01 

0.11050 03 
0.71750 00 
O.lB'tSO 03 

0.62390 01 
0.66380 00 
0.19'430 03 
0.62390 01 
0.26930 01 
0.32't6D-01 
0.27090-02 

0.107't0-0'" 

0.17't90-O"t 
0.1066D-O"t 
0.31910-05 
0.29610-05 

0.98150 06 
0.95200 0'" 
0.79810 03 
0.99180 06 
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ftECYClE '3 

0.39360-0'" 
0.70190-06 
0.8't580 00 
0.32'7't0 0'" 
0.60"'30 03 
0.977'tO 06 

0.10820 03 

0.91090-0'" 
0.78't80 02 
0.31980 0'" 
0.31390 0'" 
0.82630 03 
0.22950 O"t 
0.27730-01 

0.11390 03 
0.75230 00 
0 ....... 810 03 

0.66120 01 
0.7't7't0 00 
0.29200 03 
0.95160 01 
0.58150 01 
0.92720-01 
0.10650-01 

o .... 709O-QIf 

O.795'tO-QIf 
0.52300-QIf 
0.1659D-QIf 
0.19760-QIf 

0.98130 06 
o . 9'j37D QIf 
0.98570 03 
0.99180 06 

RECYCLE 't 

0.it5210-0'" 
0.81320-06 
0.89'f~ 00 
0.32770 0'4 
0.60350 03 
0.97720 06 

0.12020 03 

0.1Dt.t10-03 
0.83100 02 
0.32010 Oit 
0.31'470 Oit 
0.82780 03 
0.229't0 Oit 
0.27730-01 

0.11"'80 03 
O. '768If0 00 
O .... 9'tIfO 03 

0.67650 01 
0.78230 00 
0.38930 03 
0.12600 02 
0.10160 02 
0.19680 00 
0.29350-01 

0.13900-03 

0.2'4070-03 
0.16590-03 
0.53910-01f 
0.77680-0't 

0.9811006 
0.95530 0 ... 
D.U5DO 0'4 
0.99180 06 

RECYClE 5 

0.1f968O-01f 
0.902't0-08 
0.9350000 
0.32790 O't 
0.602'4003 
0.97710 06 

0.12930 03 

0.11380-03 
0.85890 02 
0.32020 Olf 
0.315'tO O't 
0.B28!50 03 
0 .... 2930 O't 
0.27560-01 

0.11520 03 
0.772'40 00 
0.52850 03 

0.6811S) 01 
O. '79If3D 00 
0.1f82't0 03 
0.15l7O 02 
0.15610 De 
0.35120 00 
0.e"'If70-01 

0.32110-03 

0.58670-03 
0.1f008O-03 
0.13330-03 
0.22200-03 

0.98100 DB 
0.95630 O't 
0.1~01f 
0.99180 06 



REFERENCES 

1. A. G. Croff, et al. A ~eliminary Assessment of Partitioning 
and Transmutation as a Radioactive Waste Management Concept. 
ORNL/TM-5808, Oak Ridge National Laboratory, Oak Ridge, TN, 
(1977) . 

2. H. C. Honeck. The JOSHUA System. 
E. I. du Pont de Nemours and Co., 
Aiken, SC (1975). 

USAEC Report DP-1380, 
Savannah River Laboratory, 

3. R. W. Benjamin, F. J. McCrosson, V. D. Vandervelde, and 
T. C. Gorrell. A Consistent Set of Heavy Actinide Multigroup 
Cross Sections. USERDA Report DP-1394, E. I. du Pont de 
Nemours and Co., Savannah River Laboratory, Aiken, SC (1975). 

4. "Standard Test Method for Atom Percent Fission in Uranium and 
Plutonium Fuel (Neodymium-148 Method)." Annual Book of ASTM 
Standards (Part 45). Nl18, E32l-75, American Society for 
Testing and Materials, Philadelphia, PA (1976). 

5. Arthur A. Bauer, et al. ~ogress on Evaluating Strength' and 
Ductility of Irradiated Zircaloy During July through September, 
1975. USAEC Report BMI-1938, Battelle Columbus Laboratories, 
Columbus, OH (1975). 

6. R. J. Nodvick. Supplementary Report on Evaluation of Mass 
spectrometric and Radiochemical Analyses of Yankee Core I 
Spent Fuel, Including Isotopes of Elements Thorium through 
Curium. USAEC Report WCAP 6086, Westinghouse Electric 
Corporation, Pittsburgh, PA (1969). 

7. R. P. Matsen. An Analysis of Yankee-Rowe Burnup Data. USAEC 
Report BNWL-1122, Battelle Memorial Institute, Richland, WA 
(1969) • 

8. Docket - RESARA - 23. Reference Safety Analysis Report, 
Volume II, Westinghouse Nuclear Energy Systems, Westinghouse 
Electric Corporation, Pittsburgh, PA (1973). 

9. Assessment of Thorium Fuel Cycles in ~essurized Water 
Reactors, EPRI NP-359, Electric Power Research Institute, 
Palo Alto, CF (1977). 

10. M. F. Duret, Plutonium Recycle in CANDU-type PHW Heavy Water 
Reactors, AECL-39l0, Atomic Energy of Canada Limited, Chalk 
River, Ontario (1971). 

- 59 -




