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ABSTRACT

This report discusses a smulation study of the burnup of mixed-oxide fuel in a Combustion
Engineering System 80+ Pressurized-Water Reactor. The mixed oxide was composed of uranium
and plutonium oxides where the plutonium was of weapons-grade composition. The study was part
of the Fissile Materials Disposition Program that considered the possibility of fueling commercial
reactorswith weapons plutonium. The isotopic composition of the spent fuel isestimated at various
times following discharge. Actinides and all significant fission products are considered. The
activities, decay-heat values, and gamma-ray fluxes associated with the spent fuel are also discussed.
It is clear from the analysis that following discharge the plutonium is no longer of weapons-grade
composition. Thecharacteristicsof themixed-oxidefuel at varioustimesfollowing dischargeindicate
its behavior under long-term storage. Asa counterpoint to the mixed-oxide fuel case, the situation
with a similar reactor fueled with uranium oxide alone is analyzed. The comparisons serve to
emphasize the significance of the plutonium as part of the fuel. For the mixed-oxide case, the burnup
was 42,200 MWdJ/MTHM; in the pure-uranium case, it was 47,800 MWd/MTHM.






1. INTRODUCTION

Aspart of the Fissile Materials Disposition Program (FMDP), studieswere conducted onthe
operation of reactors with mixed-oxide (MOX) fuel that contained oxides of weapons-grade
plutonium, together with uranium oxide. These studies were conducted for a variety of existing
reactor designs. CANDU, CANFLEX, standard BWR, Westinghouse, and Combustion Engineering
System 80+ designswere considered. The characteristicsof spent fuel insuchinstancesareimportant
for decision-making purposes related to the disposition of fissile material. Various reports were
compiled detailing such characteristics and comparing spent fuel originating from admixtures of
weapons-grade plutonium with regular uranium fuel.

This report discusses spent MOX fuel from a CE System 80+ reactor These studies were
necessary for verification of the ref. 1 studiesand to provide additional spent fuel characteristicsthat
were not specified in fef. 1. These data were input to the Reactor Alternatives Summary Report
currently in draft form and due to be issued by the Department of Energy in the spring of 1996. We
will use the term MOX to refer to mixed oxides of uranium and plutonium with the further
understanding that for the plutonium (which represented 6.7 wt % of the heavy metal) the isotopic
content is of weapons-grade composition. For comparison purposes, thisreport also considers the
spent fuel characteristics of a System 80+ reactor operating with conventional uranium-oxide fuel.
Thuswe will be discussing two cases: the uranium/plutonium MOX case and the uranium case. We
will on occasion refer to the former as the plutonium case. The discussions below detail the
characteristics of the spent fuel in a System 80+ assembly following burnup in the reactor core.



2. CHARACTERISTICSOF THE FRESH MOX FUEL ASSEMBLY

The fuel to be burned in the System 80+ is a MOX consisting of plutonium and uranium
oxides, together with asmall amount of erbia (Er,O,). The weapons-grade plutonium accounted for
6.7 wt % of the heavy metal in the core. The balance of the heavy metal consisted of uranium tails
(0.2 wt % #*U, with the remainder considered as ?*U). The core also contained Al,O,-B,C in
burnable poison rods (BPRs). The isotopic distribution of the plutonium was as follows (wt %):
28py;: 0.03; #°Pu: 93.75; **°Pu: 5.7; *'Pu: 0.5; and ***Pu: 0.02.

A System 80+ assembly is capable of containing 256 fuel rodsina 16 x 16 square array. An
assembly with 16 rods on a side measures 202.5 mm, and the fuel-rod pitch is 12.9 mm. However,
because of control rod holes, instrument holes, and BPRS, there is usually not a full complement of
256 fuel rods present. The assembly that was studied consists of 224 fuel rods. The detailed
characteristics of these fuel rods are shown in [Table 1.

The total density of plutonium atoms was equal to the total given in Table 3.1.7-4 of fef. 1.
These densities were distributed among mass numbers 238, 239, 240, 241, and 242 according to the
isotopic distribution noted previously (only °Pu and #*°Pu were quoted in Table 3.1.7-4 of fef. 1).
The uranium number densities in are determined from the assumption that the plutonium
accounts for 6.7 wt % of the heavy metal. The erbium, in turn, is based on 1.6 wt % Er,O; in the
MOX pellets.

The nuclear datalibrariesin use contained only data on **°Er and **’Er. Thus although other
isotopes of erbium were present, and since *’Er wasthe only onethat was of neutronic interest, **°Er
was subgtituted in place of al non-**Er (a negligible amount of **’Er was produced during
irradiation). For the dose-rate estimates, since erbium was not available in the gamma data library,
gadolinium was substituted. Asthis step involves only shielding calculations, and since gadolinium
and erbium have similar atomic numbers, gadolinium is an acceptable substitute.

A variety of assemblies are present in the System 80+ core. The one studied is known as a
12-shimassembly. It containsfive holes[four control-rod (CR) holes and one instrument-tube (1T)
hole] plus 12 BPRs. Asaready mentioned, this assembly allows for 224 fuel rods. The System 80+
12-shim assembly isdepicted in @I The CR holesand the I T hole each take up the space of four
fuel rods (i.e., 20 fuel rodsin all). Each BPR takes up the space of one fuel rod. Thus the total
number of available fuel-rod spacesisreduced from 256 to 224. Dataon fuel- rod and BPR sizesare
contained in [Table 1.

For BPR materid (Al,O,-B,C), the dluminum oxide was distributed in the rods with its
normal density of 3.72 g/mL. The B,C was distributed such that the *°B loading was 0.0102 g/cm
in each rod.

The assembly consisting of 224 fuel rods has a heavy-metal (HM) content of 0.419 metric
tons (MT). The burnup criterion used was 42,200 MWdJ/MTHM. Thus the assembly was burned
to 17681.8 MWd. In four cycles of 365 d each, thisamount trandates to an assembly power level
of 12.11 MW (reactor power of 2.85 GWt). A 30-d downtime was allowed between cycles.
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Table 1. Parameters for the MOX-fueled case

Fuel material radius

Clad thickness

Length of fuel pin

Fuel material consisted of PuO,, UO, and Er,0O,
Clad material: Zircaloy

Fuel material densities (number/barn-cm)
238Pu
239Pu
240|:)u
241|:)u
242|:)u

Uranium densities (number/barn-cm)
235U
238U

Erbium densities
166Er
167Er

BPR outside diameter
Cladding thickness

0.421 cm
0.064 cm
381 cm

4.5976 x 107
1.4307 x 10°
8.6626 x 10°
7.5672 x 10°
3.0144 x 107

4.2052 x 10°
2.0719 x 10

4.8430 x 10*
1.4709 x 10*

0.87 cm
0.064 cm
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Fig. 1. Cross section of the Combustion Engineering System 80+ 12-shim fuel assembly.



3. CHARACTERISTICSOF THE FRESH URANIUM FUEL ASSEMBLY

Asacounterpoint totheMOX (or plutonium) case, aconventional uranium-burning assembly
was also studied. This assembly contained UO,, with the 2°U enriched to 4.2 wt %. The purpose
of studying auranium-fueled assembly wasto identify any increased hazards or risk of hazards of the
MOX cyclerelativeto theexisting low-enriched uranium (LEU) cycle. Note, however, that because
of design requirements stipulated by Combustion Engineering, the two studies were less than ideal
replicas of one another. Differenceswere observed in both the total burnup and the amount of heavy
metal contained in the two assemblies. Ideally, one would like these two items to be consistent
among the assemblies. In comparing results of the studies, one should, therefore, keep these
differences in mind. We are concerned here with detecting differences significantly greater than
burnup-related differences.

The assembly studied consisted of 236 fuel rods and contained five holes (four CR holes and
onelT hole). ReferringtofFig. 1, the CRand I T holesintotal take up 20 spacesinthe 16 x 16 array,
thusleaving 236 of the 256 spacesfor fuel rods. Of the 236 fuel rods, 12 wereintegral erbiaburnable
absorber rods. These burnable absorber rods consisted of 1.6 wt % erbia (Er,O;) uniformly mixed
within the enriched fuel pellets. As opposed to the MOX case, the erbia was contained in only a
subset of the fuel rods.

This erbia was modeled by specifying a thin erbia zone with the appropriate atom densities
and at arepresentative radiusintheassembly. Recall from{Table 1 that inthe plutonium (MOX) case,
since erbium was mixed with all the fuel elements it was possible to specify it as part of the fuel
mixture. These burnable absorber rods (containing both erbiaand fuel) werelocated wherethe BPRs
had been in the MOX case. (Note that the BPRs in the MOX case did not contain any fuel.) The
characterigtics of the fuel rods for the uranium case are given in

The uranium densities are such that the number density of oxide molecules (UO, inthiscase)
isequal to that in the plutonium-burning case (PuO,, UO,, and Er,O,). Asinthe plutonium (MOX)
case, in making dose-rate estimates, gadolinium was used in place of erbium. Again, since only
shielding calculations are involved, gadolinium is an acceptable substitute.

Thetota amount of heavy metal inthe uranium-fueled assembly was 0.424 MT. The burnup
was 47,800 MWA/MTHM. Thus the assembly was burned to 20267.2 MWd. Inthree cycles of 18
months each, thisamounted to an assembly power level of 12.34 MW (reactor power of 2.62 GWH).
A 30-d downtime occurred between cycles.



Table 2. Parameters for the uranium-fueled case

Fuel materia radius
Clad thickness

Length of fuel pin

Clad material: Zircaloy

Uranium densities (number/barn-cm)
234U
235U
236U
238U

0.421 cm
0.064 cm
381 cm

8.5930 x 10°
9.6140 x 10™*
4.4037 x 10°
2.1628 x 10




4. SPENT FUEL CHARACTERISTICS AND COM PARISONS

This study seeksto find major differences between the characteristics of the spent fuel from
a System 80+ burning MOX with weapons-grade plutonium and a System 80+ burning conventional
uranium fuel. Furthermore, one wishes to determine if the plutonium discharged in the MOX case
isof non-weaponsgrade. The characteristics of the spent fuel are of interest in ng the hazards
of spent fuel fromthe point of view of handling, transportation, and storage. Therefore, oneexamines
such things as spent fuel isotopic concentrations, radiological activity, decay heat, and gamma and
neutron doses under various conditions.

For most of the effects considered, the differences between the plutonium (MOX) and
uranium casesare small. The differencesthat areof interest are those resulting from the replacement
of some of the uranium with weapons-grade plutonium. Differencesin burnup result in an obvious
impact: inthe uranium case, the burnup is 47.8 GWd/MTHM, and in the plutonium case, it is42.2
GWdA/MTHM. We are interested in determining if the differences following discharge are
significantly greater than the perturbations introduced by different burn times.

4.1 COMPUTATIONAL METHODS

The results to be discussed were obtained by exercising the SAS2H, ORIGEN-S, and SAS1
codes. The SAS2H "code" is actually a driver program that invokes a sequence of codes in the
SCALstem. It modelsthe burnup of afuel assembly by determining assembly-averaged neutron
spectra based on the fuel and structural composition of the assembly and the assembly power level.
It then determines depletion, ingrowth, and decay of nuclear material, and it does so for each reactor
cycle. The ORIGEN- Slodeis employed to follow the inventory of nuclear material in the assembly
after discharge fromthe reactor (ORIGEN-Sis one of the codes employed in the SAS2H sequence).
In the analyses following discharge, ORIGEN-S provides estimates of activities, decay heat, and
hazards associated with the nuclear material. Using source terms calculated by ORIGEN-S, the
SASH system was used to determine the dose rates from the assemblies (both shielded and
unshielded) at varioustimesfollowing discharge. More specifically, the detailsof the calculationsare
explained in the following paragraph.

In order to calculate cross sections, SAS2H executes atwo-step calculational process. The
first step isthe calculation of cell-weighted cross sections for aunit fuel-pin cell. 1nthe second step,
alarger unit cell representative of an assembly isconsidered. Thislarger cell is defined to represent
the desired assembly design containing water holes, BPRs, cladding material, fuel rods containing
absorbers, etc. It models the actual assembly by defining an equivalent with circular cylindrical
symmetry. The fuel neutron flux spectrum obtained from this larger (cylindrical) unit cell is used to
determine the appropriate nuclide cross sections for the burnup-dependent fuel compositions.

Two pointsareworth mentioning in connectionwiththetwo-step nature of these calculations:
If the fuel itself were "smeared out" over the larger unit cell, resonance-self-shielding effects could
not be considered. Hence the effective cross sectionsfor the fuel rod are calculated in the first step,
thereby accounting for resonance self-shielding. Second, thediscrete-ordinatestransport calculation
assumes an azimuthal isotropy, which is achieved viathe spatial averaging. Thuswhen XSDRNPM
(see below) isreferred to asbeing "one-dimensional,” this description meansthat thereisavariation
in just one dimension (i.e., the radial direction).
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sas2Hlis a component of the Shielding Analysis Sequence, known as SAS, that was
developed for the SCALE-4 version. SAS2H calls ORIGEN-S so that the depletion and decay
calculations can be carried out following library preparation. Before invoking ORIGEN-S, SAS2H
calls three separate programs for the calculation of neutron cross sections:

BONAMI, aprogramto perform resonance shielding calculations through the application of
the Bondarenko shielding factor method;

NITAWL-I11, aprogram which applies the Nordheim Integral Technique to perform neutron
Cross-section processing in the resonance energy range; and

XSDRNPM, adiscrete-ordinatestransport code that isused in this sequenceto produce cell-
weighted cross sections.

BONAMI, NITAWL-II, and XSDRNPM are explained infef. 2.

The ORNL code ORIGEN-S was employed to calculate the time evolution of the nuclide
species in a typical assembly during burnup and following discharge. ORIGEN refers to the Oak
Ridge I sotope Generation and Depletion code, and the S in ORIGEN-S indicates the version that is
part of the SCALE system. ORIGEN-S calculates the time evolution of nuclide species at atypical
point in an assembly, and it makes use of neutron-flux data, cross sections, and other neutronic data
(e.g., fission-product yields, decay rates, branching fractions) that are representative of the assembly
anditsnuclideinventory asafunction of time. Thusit determinesthe depletion of fissionable species,
the ingrowth of actinides and fission products, and the subsequent decay and ingrowth of resulting
nuclides over time. ORIGEN-S can also determine decay-heat source strengths, aswell asradiation
source spectra and strengths.

ORIGEN-S requires that the neutron energy spectrum, and hence the cross sections, be
representative of atypical locationintheassembly. Thusinorder to exercise ORIGEN-S successfully
it is necessary to prepare cross-section librariesthat are representative of the assembly. The makeup
of the assembly will vary with time, which in turn affects the neutron flux and thus the cross sections.
Thus cross-section libraries must be adjusted over the course of the burnup history. In simulating
burnup during reactor operation, all of these steps are taken care of in the SAS2H sequence.
Following discharge, the time evolution of the nuclide speciesis calculated by using ORIGEN-S in
its stand-alone version.

SASlissimilar to SAS2H inthat it replacesthe actual assembly with acylindrically symmetric
equivalent. Theradiation source strength of theassembly at varioustimesfollowing discharge (which
had been calculated with ORIGEN-S) was then dispersed throughout this equivalent assembly. In
this way SAS1 was used to calculate radiation dose rates in the vicinity of an assembly at various
times following discharge.

Thecross-sectionlibrary used inthe SAS2H calculations isknown asthe 44-group ENDF/B-
V library. This 44-group library is specifically designed for the analysis of fresh and spent fuel and
radioactive waste systems. For the shielding analysis performed with SASL, the 27n-18g coupled
library wasused. Thislibrary consistsof 27 neutron groupsand 18 gamma-ray groups. Both of these
libraries are discussed in Section M of the SCALE documentation.
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Important input and output datasets prepared and generated for the studies reported in this
document are included on a diskette attached to the back cover of this report. The files on the
diskette are readable under DOS.

4.2 1SOTOPIC COMPOSITION OF SPENT FUEL

In many of the figures that follow, the time after discharge is shown on the abscissa. The
timesindicated are, loosely speaking, "logarithmic.” Note, however, that the abscissais not strictly
alogarithmic scale. Rather, the times for which calculations were performed have been placed at
equally spaced intervals.

and [ show the uranium and neptunium isotopic contents for the uranium-burning
and MOX-burning assemblies, respectively. The uranium assembly is charged with much more 2°U
(the MOX fuel contained only uraniumtails) and it burns more #°U. Asadirect consequence of
burning #°U, it will therefore contain more *U and #’Np following discharge. However, for the
longer decay times, the plutonium (MOX) assembly shows higher concentrations of 2°U, °U, and
ZNp, whichisa consequence of the alphadecay of 2°Pu, **°Pu, and **Am (from#*'Pu). The®'Np
can also come, via®’U, from the decay of *Pu. The amount of ?®U is comparable in both
assemblies.

and Hillustrate the plutoniumisotopic contentsfor the uranium- and MOX-burning
assemblies, respectively. As regards the plutonium isotopes, there is about five times as much
plutonium inthe MOX fuel at discharge asthereisin the uraniumfuel at discharge. This difference
is dmost entirely due to the plutonium that was present in the beginning (the amount of *°Pu
generated during reactor operationislessthan 1% of that present at discharge). However (although
not clear fromthe ordinate scaleinFig. 5), the**Puisotopic content of the MOX assembly was about
63% at discharge, whereas it was 93% in the fresh fuel. The #°Pu isotopic content of discharged
uranium-assembly fuel is53.7%. If onelooks at the concentration valuesin detail one will see that
there continues to be a small amount of *Pu present out to 250,000 years even though it has a half-
life of only 14.4 years (contrast with *Pu with a half-life of 87 years). The ?**Pu results from the
decay of #*Cm.

Figuresd and[f illustrate the americiumand curium contents of the assemblies. All americium
isotopes show higher concentrations in the MOX case relative to the uranium case (the ??"Am
content is negligible in the uranium-burning case and is not shown). This difference is due to the
plutonium originally present in the fuel. However, the #*Cm content is higher in the uranium case
and by an amount that is about equal to the difference in total burn experienced by the two
assemblies. Of course, the *Cm has a short half-life (18.1 years), and it decays quickly.
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Fig. 2. The uranium and neptunium content of a uranium-fueled assembly following discharge.
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4.3 ACTIVITIES

The activitiesin aMOX-fueled assembly at various times following discharge are shown in
Fig. § Most of the contribution to activity comes from actinides and fission products. The light-
element contribution is on the order of, or somewhat lessthan, 1%. If al else were equal, the light-
element contribution to the activity would be expected to be proportional to the total burnup.
However, as specified, the assemblies contained different amounts of zirconium. These different
guantities of zirconium in the assemblies and, hence, the different amounts of zirconium and niobium
isotopes following discharge, constitute most of the variations in light-element activity.
shows activity levels from the uranium-fueled assembly at various times following discharge. The
resultsare not greatly different, but (apart fromtimesimmediately following discharge) it isapparent
that more activity results from actinides in the MOX case.

A major contributor to the light-element activity is °Co. The amount of ®°Co at discharge
depends on the amount of cobalt (100% *°Co) in the structural materials of the assembly. The cobalt
content of both the MOX- and uranium-fueled assemblies was the same. It was set at a value that
is considered typical for aPWR.

Fission-product activities are comparable but with the uranium case giving somewhat higher
valuesthanthe plutonium case. However, theratio between thetwo casesis not the sameastheratio
of the burnups, athough this might be expected for the fisson products. On the other hand, the
activity ratio for *¥'Csisequal to theratio of burnups. Since **’Csisalong-lived fission product and
is near the top of the heavy-fragment peak, thisresult is as expected. Those parts of the differences
in activities not accounted for by the differences in burnups are likely due to any or al of the
following reasons:

1. the concentration of shorter-lived species is affected by the details of the burn history;

2. the somewhat different distribution of actinides gives a different distribution of fission
products; and

3. for fission products whose yields are low, the estimates of those yields will be subject to
considerable uncertainty.

Overal activity should be considered as a gross assessment of spent fuel characteristics.
Activity includes alpha, beta, and gamma radiation, and consequently the significance of a given
amount of activity in terms of its effects is dependent on the source of that activity and the
combination of types of radiation involved. The actinides will be responsible primarily for the alpha
emissions and some spontaneous fission which, inturn, means neutron emission. Light elements(i.e.,
structural materials) give rise to beta and gamma emissions and in particular °*Co gamma radiation.
Fission products produce the mgjority of the betaand gammaradiation. Among thefission products,
%5y s a significant beta emitter, with **’Cs and ***Cs being significant gamma emitters.
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Consideringjust raw activities, theselevelsarehigher inthe plutonium-burning casebeginning
at afew hundred years and going out to 100,000 yearsor so. In parts of thistime frame, the activity
is up to a factor of 4 higher for the plutonium case and is actually due to the higher amount of
plutonium present. At timesshorter thanafew hundred years, thefission-product activity dominates,
and it is somewhat greater in the uranium case due to the higher total burnup.

4.4 GAMMA FLUX

The gamma radiation from the spent fuel comes mostly from the fission products, with *°Co
from the structural materials also producing significant gamma radiation in the early stages after
discharge (the half-life of °*Cois5.3 years). Cobalt-60 gammalinesareat 1.17 and 1.33MeV. Two
of the very important fission products contributing to the gamma flux are ***Cs (605 and 796 keV)
and *¥'Cs (662 keV).

Gamma-ray spectra are shown in|Figs. 10 through 14. The energy group structure used to
produce the spectrain Figs. 10 through 14 is shown in Table 3. These groups are known as the
SCALE 18-group gamma structure. For al but a small number of the energy groups there is
negligible flux in evidence in the figures. Note that the group with an upper energy of 1.0 MeV is
group number 11, and the groups with noticeable flux can be identified with reference to this (group
numbers increase with decreasing energy). Thus the *¥'Cs 662-keV line would contribute to
group 12, for instance.

Figures 10 through 14 show the dominance of **’Csasagamma-ray source. shows
the gammaflux spectrumat 1 mfrom an unshielded MOX assembly 1 day after discharge. [Figure 11
isthe corresponding plot for auranium-fueled assembly. The noteworthy point in comparingFigs. 14
and L1 isthat thereis no difference in the form of the spectraand that the differences in intensity are
about equal to the differences in total burn. is for the MOX assembly 5 years after
discharge, and isfor theMOX assembly 100 years following discharge. showsthe
gammaflux at 1 m from a Transnuclear TN-24P shielding containing 11 MOX assemblies at
5yearsfromdischarge. Theattenuationintroduced by the shielding cask isobviousfromtheintensity
relative to that for the unshielded assemblies.

In these various gamma-ray spectra, the ***Cs contribution will be seen in group 12 but is
overshadowed by the **'Cs contribution. The **Cs contribution is in evidence only in the earlier
stages (half-life of 2.07 years); the **'Cs contribution is much more lasting, having a half-life of
30 years.

Evidence supports the presence of ®Co for the earlier times (it contributes to groups 9 and
10). The half-life of ®®Cois 5.3 years. As noted earlier, the contribution depends on the amount of
cobalt (100% *Co) in the original structural materials of the assembly. Cobalt is a contaminant in
nickel and therefore is present in alloys that contain nickel. In these studies, we have assumed
0.033 kg of cobalt per assembly with the understanding that the actual value can be quite variable.
The subject of the elemental composition of reactor assemblies is addressed by Hermann et al.?jand
in references quoted therein.




Photon Flux (by 1.0E+9)

70

60

50

10

I N

N W I |

0.01

0.1 1
Photon Energy (MeV)

10

Fig. 10. Thegammaflux at 1 m from the side of an unshielded MOX assembly 1 d after discharge.

074



Photon Flux (by 1.0E+9)

70

60 -

30

20

i | ] |

T 1+

I N A |

0.1 1
Photon Energy (MeV)

10

Fig. 11. Thegammaflux at 1 m from the side of an unshielded uranium assembly 1 d after discharge.

Tc



Photon Flux (by 1.0E+9)

1.50

1.20

0.90

0.60

030

Lot et !—|‘I 11

0.00
0.01

0.1 1
Photon Energy (MeV)

10

Fig. 12. Thegammaflux at 1 m from the side of an unshielded MOX assembly 5 years after discharge.

ac



Photon Flux (by 1.0E+6)

100
90

70
60 -
50
40
30
20

L ' |
0 | | IR N S S 1 ] ! i I N TS I O

0.01 0.1 1
Photon Energy (MeV)

Fig. 13. Thegammaflux at 1 m from the side of an unshielded MOX assembly 100 years after discharge.

10

4



3000
x 2000
-
i
c
S
(o] -
N
@ 1000 -
0 | t { ] | | { | | — e T |
0.01 0.1 1 10

Photon Energy (MeV)

Fig. 14. Thegammaflux at 1 m from the side of a cask containing 11 MOX-fueled assemblies 5 years after discharge.

ve



25

Table 3. Energy group structure for gamma dose calculations

SCALE 18-group gamma structure Upper energy (MeV)

1 10.0
2 8.0
3 6.5
4 5.0
5 4.0
6 3.0
7 2.5
8 2.0
9 1.66
10 1.33
11 1.0
12 0.8
13 0.6
14 04
15 0.3
16 0.2
17 01
18 0.05

Lower energy bound 0.01
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Returning again to the effect of a shielding cask on the radiation (Fig. 14), when one looks
at the gammaradiation at 1 m from a cask containing 11 assemblies one, of course, sees that there
issignificant attenuation. Also, theradiation outsidethe cask containsaconsiderable gammaflux due
to Compton scattering in the cask material and furthermore, most of the radiation below 100 keV has
been absorbed by the cask.

4.5 DECAY HEAT FROM SPENT FUEL

showsthe decay heat generated by aspent MOX fuel assembly. The contributions
from actinides, fission products, and light elements are shown asisthe total decay heat. Decay heat
as calculated is the total amount of decay energy in joules per second generated by the spent fuel.
Whether or not thisis evident as heat in the immediate vicinity of the spent fuel will depend on the
composition of the assembly and any shielding that may be present. The utility of using decay heat
to characterize an assembly liesin the assumption that there is sufficient shielding such that the heat
will manifest itself locally. Inthe early stages following discharge, it is mostly the fission products
that contribute to the decay heat. In the time frame of 10 to 15 years beyond discharge, however,
the contribution of the actinides begins to dominate.

The results of decay heat calculations in the uranium-assembly case are shown in Fig. 16.
Theseresults are not greatly different than those in the MOX case, and the differences that do exist
are hardly noticeable when comparing and [l6 Thefission-product contribution to the decay
heat is greater in the case of the uranium assembly, a fact that is commensurate with the greater
burnup of that assembly. Immediately following discharge, the contribution of the actinides to the
decay heat is also greater for the uranium assembly. However, at al other calculated times, the
actinide contributionisgreater inthe caseof the MOX assembly. Essentially, oneisseeing the effects
of the plutoniuminthe MOX fuel. Thelarger actinide contributionimmediately following discharge
inthe case of the uranium assembly isfrom the somewhat greater amount of short-lived actinidesthat
result from the larger burnup experienced by that assembly.

In regard to the storage of spent fuel assemblies and the use of wet vs dry storage
arrangements, the results from the MOX and uranium assemblies are not very different. Just after
discharge, one sees valuesin the range of 70 to 80 MW per assembly, which dropsto around 5 kW
after 1 year. At some hundreds of years following discharge the value drops to several hundred
watts. At 10 years, for instance, the MOX and uranium assemblies give values of 730 and 790 W,
respectively.

4.6 DOSE RATES

showstheratios of the gammadose ratesin rens’h for the uranium-fueled assembly
vs the MOX-fueled assembly. These ratios are for dose rates at 1 m from a bare assembly. Dose
rates from the bare assemblies (and on the outside of casks containing assemblies) are comparable
for both the MOX and the uranium cases. The differences vary with time and for a combination of
reasons. But, broadly speaking, differences come about because of the different actinides that are
present and because of thelarger burnup in the case of the uranium assembly. Examining[Fig. 17, one
sees that the differences are within the range expected from the difference in burnup. Recalling the
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above discussion of gamma-ray spectra, the prominent contributors were ***Cs and **’Cs from the
fisson products and ®Co from the structura materials. One would expect that to a first
approximation, the concentrations of these nuclides will be proportional to burnup, and in the case
of the®Co, the concentration will also be dependent on the amount of cobalt in the original structural
material.

The absolute values of the gamma dose rates for the MOX fuel cycle are shown in Fig. 18.
Beyond afew hundred years, the values are quite small. The data shown are for aMOX assembly,
but, for the uranium-fueled assembly the form of the curveisthe same. Notethat the doserateison
the order of 150 rem/h at 100 years following discharge.

4.7 SEVERE ACCIDENT ANALYSES

Design-basis accidents usually involve destruction of the fuel by some mechanism with
consequent release to the environment of various fission products and actinides. One question of
concern to the plutonium disposition program iswhether the consequences of a severe accident with
MOX fuel exceeds the consequences of a similar accident with low-enriched uranium fuel. Even
though the analysis of such an accident is beyond the scope of these studies, input to severe accident
studies can be obtained from ORIGEN analyses.

The activities for selected nuclides commonly input to accident analyses are shown in
] Data for both MOX and uranium cycles are shown at the time of discharge. Some obvious
differences are observed between the two cases.

4.8 CRITICALITY SAFETY FOR GEOLOGIC REPOSITORY

Assessment of repository safety involves analyses covering time periods thousands of years
into the future. Even though actinide concentrations have been presented above, criticality analyses
for arepository include selected nuclidesthat have significant absorption cross sections(i.e., they are
good neutron poisons). Estimates of the quantities of these nuclides for the System 80+ fuel cycles
can be obtained from ORIGEN calculations, and they are listed in [Table §, where the values refer to
thetime of discharge. Datafor boththe MOX and uranium casesare provided. Again, someobvious
differences can be seen between the two cases.
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Table 4. Comparison of principal activity sources at discharge from

System 80+ for MOX and low-enriched uranium fuel assemblies

Activity (Ci)
Nuclide MOX LEU Ratio (MOX/U)
AmM 6.96E+02 1.25E+02 5.57
1Ba 5.44E+05 5.79E+05 0.94
uC 3.27E-01 7.51E-01 0.44
Y1Ce 5.00E+05 5.32E+05 0.94
%3Ce 4.29E+05 4.80E+05 0.89
1Ce 3.51E+05 4.36E+05 0.81
#2Cm 8.05E+04 3.56E+04 2.26
24Cm 2.87E+03 3.25E+03 0.88
*Co 5.65E+03 5.15E+03 1.10
®Co 3.38E+03 5.28E+03 0.64
¥Cs 7.03E+04 9.94E+04 0.71
1¥MCs 1.31E+04 1.84E+04 0.71
13%Cs 4.17E+04 3.00E+04 1.39
B'Cs 5.70E+04 6.47E+04 0.88
*H 2.76E+02 2.84E+02 0.97
131 3.43E+05 3.30E+05 1.04
132 4.90E+05 4, 79E+05 1.02
133 6.52E+05 6.65E+05 0.98
139 6.24E+05 6.38E+05 0.98
BKr 2.69E+03 5.02E+03 0.54
MK r 5.07E+04 7.02E+04 0.72
BKr 1.30E+05 1.92E+05 0.68
0 a 5.55E+05 6.00E+05 0.93
Yl a 4.96E+05 5.26E+05 0.94
*Mo 5.89E+05 6.06E+05 0.97
*Nb 4.56E+05 5.26E+05 0.87
®"Nb 5.21E+03 5.89E+03 0.88
“Nd 2.05E+05 2.16E+05 0.95
“Np 3.48E+04 2.07E+05 0.12
3Py 4.21E+05 4.78E+05 0.88
28y 1.24E+03 2.55E+03 0.49
2py 8.93E+02 1.79e+02 4.99
20py 1.10E+03 2.64E+02 4.17
2py 2.76E+05 8.52E+04 3.24
%Rb 3.72E+02 8.36E+02 0.44
1%Rh 4,99E+05 3.85E+05 1.30
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Table 4 (continued)
Activity (Ci)
Nuclide MOX LEU Ratio (MOX/U)
105MRh 1.45E+05 1.16E+05 1.25
1%3Ru 6.44E+05 5.60E+05 1.15
1%Ru 5.10E+05 4.10E+05 1.24
1%%Ru 3.74E+05 2.57E+05 1.46
1275h 3.86E+04 3.09E+04 1.25
1295h 1.22E+05 1.09E+05 112
895y 1.69E+05 2.65E+05 0.64
05y 2.00E+04 4.45E+04 0.45
gy 2.45E+05 3.43E+05 0.71
%25y 2.90E+05 3.75E+05 0.77
®MTe 5.22E+05 5.39E+05 0.97
2 Te 3.84E+04 3.06E+04 1.25
2ImTe 6.69E+03 5.23E+03 1.28
2Te 1.17E+05 1.04E+05 1.13
12MTe 2.41E+04 2.11E+04 1.14
B2Te 4.76E+05 4.70E+05 1.01
Bimxe 4.47E+03 4.76E+03 0.94
13X e 6.55E+05 6.68E+05 0.98
1Bmx e 2.16E+04 2.13E+04 1.01
X e 4.80E+05 2.33E+05 2.06
1mx e 1.52E+05 1.43E+05 1.06
0y 2.03E+04 4. 70E+04 0.43
oy 2.46E+05 3.54E+05 0.69
olmy 1.42E+05 1.99E+05 0.71
2y 2.91E+05 3.78E+05 0.77
sy 2.45E+05 2.95E+05 0.83
Zr 4.58E+05 5.42E+05 0.85
Zr 4.86E+05 5.46E+05 0.89
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Table 5. Concentrations of nuclides of interest for criticaity safety

Grams per assembly

Nuclide MOX LEU Ratio (MOX/U)
150 5.63E+04 5.70E+04 0.99
%Mo 2 96E+02 4.12E+02 0.72
10IRY 4.27E+02 4.64E+02 0.92
®Tc 4.04E+02 4.58E+02 0.88
1085Rh 3.71E+02 2 5OE+02 1.48
1090 g 9.50E+01 5.10E+01 1.86
143N 4.25E+02 4.66E+02 0.91
15N 3.04E+02 3.94E+02 0.77
147Sm 4.65E+01 5.23E+01 0.89
1495m 4.96E+00 1.41E+00 3.52
1505m 1.57E+02 1.81E+02 0.87
1515m 2 55E+01 1.03E+01 2.48
1525m 7.94E+01 7.21E+01 1.10
158 7.38E+01 7.52E+01 1.02
155G 2.08E-01 5.13E-02 4.05
235 4.32E+02 3.82E+03 0.11
23 8.13E+01 2.44E+03 0.03
2 3.77E+05 3.91E+05 0.96
27Np 6.50E+01 3.19E+02 0.20
28py 7.24E+01 1.49E+02 0.49
29py 1.44E+04 2.89E+03 4.98
240py 4.85E+03 1.16E+03 4.18
241py 2.67E+03 8.23E+02 3.34
22py 4.31E+02 3.56E+02 1.21
2Am 2.03E+02 3.66E+01 5.55
242mAm 5.91E+00 8.66E-01 6.82
23Am 1.14E+02 9.97E+01 1.14
25Cm 2.11E+00 1.88E+00 1.12




5. CONCLUSIONS AND OBSERVATIONS

The calculations reported here refer to the nuclide inventoriesin assemblies containing spent
MOX fuel. Similar assemblies containing only conventional uranium fuel have also been discussed
for comparison purposes. Besides the nuclide inventories themselves, important issues regarding
safety, transportability, radiological, and other hazards have been discussed. These results provide
atechnical background on which to base decisions on the best method for plutonium disposition.

For the gross hazard parameters defining a spent fuel assembly (dose rate, decay heat, and
overall activity, for instance), the MOX and uranium cases are not much different. It isnoteworthy,
however, that the calculations show the 1-m dose rate for the MOX assembly to be about 150 rem/h
at 100 years following discharge. Thisvalue isin excess of the canonical value of 100 rem/h.

I nspection of the dose-rateresultsfor theuranium-fueled assembly showsthat thevaluesseem
to scale with burnup. More appropriately, one needsto know the uncertainty on these calculations.
Probably enough information is available on the uncertainty in cross-section estimates, for instance,
such that an overall uncertainty could be calculated for the estimates we have made here. It is
unlikely that such uncertainty analyses have been performed in a general sense for these types of
estimates. The term "uncertainty analysis' does not mean a simple sensitivity analysis but rather an
effort to estimate the uncertainty of all quantities used in the calculations and, in turn, to determine
how these uncertainties propagate through the entire simulation.

As regards the actua nuclide inventories, the weapons-grade plutonium is definitely non-
weapons grade at discharge. However, the results in [Tables 4 and f show some noticeable
differences between the two cases. It ispossible that nuclides of interest in severe accident cases or
fromacriticality safety standpoint may cause different resultsinthe MOX case ascompared withthe
uranium case. However, one must keep in mind the following facts in assessing whether or not the
differences between the two cases are significant in Tables4 and 5. In the first place, one expects
large differences for actinides because of the differencesin fuel composition. Furthermore, because
of the differencesin total burn, one expectsaMOX to LEU ratio of 0.88 if all elsewereequal. This
trend can be seen for some of these nuclides. Finally, in the case of fission productswith low yields,
these yields may not be well known and therefore there may be differences between the two cases
because these low-yield fission products result from different fissioning nuclides. Yieldsfor some of
these fissioning nuclides may actually be very different or, perhaps, it is simply the case that the low
fission yield values are subject to varying degrees of uncertainty. One notes, however, that thereis
a significant difference in the **Gd predictions shown in Table §. This is likely the result of
differences in the **Gd capture cross sections because of neutron flux spectrum changes. Such a
difference is to be expected although its magnitude in this case is surprising.
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APPENDIX A
The SCALE System and Input Data to the Simulations

The SCALE system codes used in the simulations have been discussed in [Sect. 4.1. Some
files associated with these simulations are contained on a disk that isincluded as part of thisreport.

To summarize briefly, the SAS2H code sequence was used to simulate the burnup of the fuel
assemblies studied. ORIGEN-S then made use of the output from SAS2H to calculate the isotopic
composition and a number of other related quantities for the assemblies. ORIGEN-S also provided
source terms that were used with the SAS1 code sequence to determine neutron and gamma fluxes
and dose rates resulting from the spent fuel assemblies.

The files contained on the disk attached to this report are as follows:

MOXSAS2.IN: The input to SAS2H for the MOX (plutonium) case.
LEUSAS2.IN: Theinput to SAS2H for the low-enriched uranium (LEU) case.

MOXORG1.0UT: The ORIGEN-S output for the MOX fuel assembly at decay times of 1day, 3
days, 10 days, 30 days, 100 days, 1 year, 5 years, and 10 years.

MOXORGL1.71: The source-termfile from ORIGEN-S for the above decay times and to be used by
SASL

MOXORG2.0UT: The ORIGEN-S output for the MOX fuel assembly at decay times 15 years, 30
years, 100 years, 300 years, 1,000 years, 3,000 years, 10,000 years, 30,000 years, 100,000 years, and
250,000 years.

MOXORG2.71: The source-term file from ORIGEN-S for the above decay times and to be used by
SASL

LEUORGL1.0UT, LEUORGL,71, LEUORG2.0UT, and LEUORG2.71 are the corresponding files
for the LEU case.

MOXSASL.IN: Theinput file to SASL1 for one unshielded MOX assembly.
LEUSASL.IN: Theinput fileto SASL for one unshielded LEU assembly.

MOXCSASL.IN: The input file to SAS1 for 11 MOX fuel assemblies contained in a Transnuclear
cask.

LEUCSASL.IN: Theinput fileto SAS1 for 11 LEU fuel assemblies contained inaTransnuclear cask.
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