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ABSTRACT

The isotopic composition of mixed-oxide fuel (fabricated with both uranium and plutonium
isotopes) discharged from reactors is of interest to the Fissile Material Disposition Program. The
validation of depletion codes used to predict isotopic compositions of MOX fuel, similar to studies
concerning uranium-only fueled reactors, thus, isvery important. The EEI-Westinghouse Plutonium
Recycle Demonstration Program was conducted to examine the use of MOX fuel in the San Onofre
PWR, Unit I, during cycles 2 and 3. The data, usualy required as input to depletion codes, either
one-dimensional or lattice codes, were taken from various sources and compiled into this report.
Where data were either lacking or determined inadequate, the appropriate data were supplied from
other references. The scope of the reactor operations and design data, in addition to the isotopic
analyses, was considered to be of sufficient quality for depletion code validation.
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1. INTRODUCTION

Onegoal of theU.S. Department of Energy’ sFissileMaterialsDisposition Progran‘E](FM DP)
isto certify the capability to predict the characteristics of mixed-oxide (MOX) spent fuel. Further,
any fuel-depletion code for this purpose should be evaluated to determine how the accuracies of the
computations compare with those of the more common low-enriched-uranium (LEU)-fueled light-
water reactors (LWRs). Vadlidation studies have been performed for the SCALE code system
fuel-depletion analyses of both pressurized-water reactor&3 (PWRs) and boiling-water reactor&
(BWRs). During the operation of these reactors, the plutonium gradually increases in the fuel that
initially contained uranium as the only actinide. However, thereis amuch more dominant influence
on the flux and depletion characteristics from the plutoniumin the MOX fuel because the plutonium
concentration is several times greater than that of spent LEU fuel and it has a greater sensitivity to
the thermal spectrum.

The EEI-Westinghouse Plutonium Recycle Demonstration Program, sponsored by Edison
Electric Institute, Westinghouse Electric Corporation, and the Atomic Energy Commission, was
conducted from 1968 to 1974. A significant part of this program involved the measurement of
isotopic compositions of the uranium and plutonium in depleted MOX fuel withdrawn from the
San Onofre PWR, a reactor having a Westinghouse design and operated by Southern California
Edison and San Diego Gas & Electric companies. The operating and design data typically required
by fuel depletion codes can be found in alarge number of sources®2 Also, the operating reportsin
the range from Docket 50206-79 through Docket 50206-201 contain similar data. The objective of
this report isthe compilation of the required data for fuel depletion codesinto asinglereport. Data
assumptions, which are considered to be reasonable, are included where the data are lacking. Even
though input datafor the SAS2H module of SCALER are the primary objectives of the compilation,
an effort was made to include data required by lattice codes and other depletion codes.

Four MOX fuel assemblies were loaded at the start of cycle 2 of the San Onofre Nuclear
Generation Station, Unit | andirradiated for both cycles2 and 3. Then, isotopic composition analyses
were conducted by the Westinghouse Electric Corporation on six sample pellets from four fuel rods
of test assembly D51X. The basic parameters describing these six sample cases arelisted in[Table 1l
Notethat in al cases natural uranium was used, and three different weight percent values for fissile
plutonium (*°*Pu + 2**Pu) were applied in the initiadl MOX fuel. Also, one may refer to
of this report for details of the determination of the case burnups listed in [Table 1. The design data
for uranium-only assemblies and core power distributions of cycles 2 and 3, which may be required

in applying lattice codes for depletion calculations, are included in[Appendix B.



Table 1. Basic parameters of measured MOX spent fuel samples

Initial enrichment

Case IDoftest Pin  Cycle (atom % Location Burnup®
No. assembly ID No. 25)2 (Wt % fissilePu)  ht°(in)  (MWd/MTHM)?
1 D51X 067 2 0.72 331 53.0 8,167
2 D51X 141 2 0.72 2.84 95.5 6,808
3 D51X 079 2,3 0.72 3.10 49.0 20,891
4 D51X 167 2,3 0.72 2.84 16.5 17,447
5 D51X 167 2,3 0.72 2.84 95.5 18,713
6 D51X 167 2,3 0.72 2.84 114.0 11,065
*Taken from

PHeight above bottom of active fudl.

Determination from **3Nd measurements described in the appendix.
IMegawatt days per metric ton heavy metal (U + Pu).

Source: fef. 12, unless otherwise specified.



2. MOX FUEL ASSEMBLY DESIGN DATA

The reactor fuel assembly design and fuel compositions for the four San Onofre MOX
assemblies loaded in cycles 2 and 3 are presented in this section. The MOX fuel assembly design
data, which would be significant to depletion codes, arelisted in[Table 2. Most of the data are taken
from a Westinghouse repor'tEl(WCAP-4167-2) that was issued near the start of the demonstration
program. Some of the data presented in were calculated, as noted, from other datain the
table. The average soluble boron, not found in the available sources, was estimated to be 500 ppm
because the average for five PWRs in previous studie3 was 490 ppm. The guide tube dimensions
were taken from data for the uranium-only assemblies. Although the tube sizes and boron content
could have been different, the change would probably not have a significant influence on results.

The initia isotopic compositions of the uranium and plutonium in the MOX fuel of the
San Onofre PWR aregivenin[Table3. Two deficienciesare noted in theinitial plutonium data of this
table. First, it isknown that the plutoniumisrecycled plutoniumfrom spent fuel and 2*Pu/*°Pu ratios
are usualy from 0.02to 0.04 intypical PWR spent fuel 22/ However, no **Puislisted in the available
data, and its absence needsto be considered in evaluating the uncertainty related to predicted analytic
results. The other deficiency intheinitial Pu specificationsisthat the decay of the 14.35-year half-life
2Py js not considered. In the fuel-assembly fabrication program, 17 analyses were made on #°Pu
and %'Pu in revised analyses (as indicated in [Table 3) for accountability. The change in *Pu
composition, thus, can be taken into account.

Thefractional composition of UO, and PuO, for the different valuesof wt % fissile plutonium
are presented in Table 4. The weight fraction of UO, and PuO, in the MOX fuel is useful in
determining fuel atomic densities or, more directly, as values input in the arbitrary material data of
the fuel input to SAS2H. These weight fractions were calculated from the fuel stack density of
Table 2, the initial isotopic atom compositions of and the atomic weights™ of the U and Pu
isotopes. Theinitial Pu isotopic datawere used because the revised data are incomplete. However,
the decay timefor the?**Pu to change (5.2 to 4.8%) was calculated to be 1.66 year, or 605 days. The
depletion code input should have a 605-day step of decay (or very low power) that precedes the
irradiation cycles, accounting for the ?*Pu change. Although the revised data are incomplete, code
input may either be revised to 4.8% for *'Pu or include the 605-day step of decay.

The locations of the four fuel pins analyzed from the MOX fuel assembly D51X, listed in
Table 1], are showninFig. 1. A complete description of the assembly, showing the fissile plutonium
enrichment pattern, is presented infFig. 4. Thisinformation would probably be required for depletion
lattice codes. The locations of the four MOX fuel assemblies during cycles 2 and 3, are shown in
Fig. 3 Lattice depletion codeinput may usethe fact that assembly D51X is adjacent to the reflector
region in cycle 2.



Table 2. San Onofre MOX fuel assembly design data

Parameter Data
Assembly general data
Designer Westinghouse Electric
Rod lattice 14 x 14
Number of assemblies/core? 157
MOX assembliesin cycles2 and 3 4
Total MOX loading, metric ton heavy metal, MTHMP 1.335
MOX fud/assembly, kg U + PU° 333.75
Number of MOX fue rods 180
Number of instrument tubes® 1
Number of guide tubes” 15
Equivalent core diameter, cm (in.)? 282 (111)
Assembly pitch, cm (in.)° 19.941 (7.851)
H,O moderator pressure, psia® 2100
Average moderator temperature, K (°F)° 576.5 (578)
Average moderator density, g/cm? © 0.7179
Average clad temperature, K (°F)° 615 (648)
Soluble boron (estimated), ppm (wt)® 500
Fuel rod data
Type of fud pdlet UO, plus PuO, (or MOX)
Stack density, g/cm? © 10.2235
Rod pitch, cm (in.) 1.41224 (0.556)
Clad OD, cm (in.) 1.07188 (0.422)
Diametrical gap, cm (in.) 0.01905 (0.0075)
Clad thickness, cm (in.) 0.06172 (0.0243)
Clad ID, cm (in.)° 0.94844 (0.3734)
Pdlet OD, cm (in.) 0.92939 (0.3659)
Activefud length, cm (in.) 303.28 (119.4)
Clad material Zircaloy-4
Guide tubes
Material Stainless steel-304
Tube D, cm (in.)’ 1.29794 (0.511)
Tube OD, cm (in.)’ 1.35890 (0.535)

*Taken fromyef. 6
*Taken fromfef. 5
“Calculated from other data in table.

4T aken from or .

“Assumed cycle 3 average boron concentration equals that of cycle 2.
'Assumed similar to that of U assemblies, taken from

Source: fef. 9 unless otherwise specified.




Table 3. Initial compositions of the uranium and plutonium
| sotope Atom % in U or Pu, ppm **Am
Uranium?
el 0.0055
2y 0.7200
28y 99.2745
Plutonium® Initial Revised Decay time, d
2py 80.6 80.7 -
20py 13.4 -° -
2py 5.2 4.8 605°
22py 0.8 -° -
Other
A 5000
aTaken from fef. 14.

b nitial fromref. 5 revised from fef. g.
‘No revised measurement reported.
9Decay time not calculated.

®Calculated decay time required to change #**Pu from the initial

to the revised composition.

In ppm (wt) of Pu, from fef. 9.

Table 4. Fractional composition® of UO, and PuO, in the MOX fuel

Weight fractionin MOX (UO, + PuO,)

Pin No. of same Wit %

Case ID type pins fissle Pu of UO, of PuO,
1 067 24 331 0.961423 0.038577
2 141 64 2.84 0.966901 0.033099
3 079 92 3.10 0.963870 0.036130
4,5, 6 167 64 2.84 0.966901 0.033099

3Computed from datain [Tables 2 and 3 and atomic weights of fef. 14.



Fig. 1. Location of rods removed from San Onofre Plutonium
Demonstration Assembly D51X for post-irradiation examination. Source: fef. 11.



Fig. 2. Enrichment pattern for the four plutonium assemblies.

Source: and 9l
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Fig. 3. Location of plutonium demonstration assemblies in San Onofre cycle 2 and cycle 3.

Source: and L1,



3. THE PWR OPERATIONS DATA AND MODEL
OF ASSEMBLIES

The San Onofre PWR, Unit |, operations data, pertaining to the MOX fuel assemblies in
cycles 2 and 3 are presented in[Table 5. The pellet sample burnups were derived from the **Nd
measurements, as described in the appendix. The average cycle power experienced by each of the
six pellet samples were calculated from the burnup and cycle times.

Portions of the operating conditions were listed in [Table 2. The clad and water moderator
temperature$ are in the "assembly general data" listed in the table. The moderator density was
obtained by interpolation of datain the temperature-pressure-density tablédat 578° Fand 2100 psia.@

The effective fuel temperatures, applied in the resonance treatment, were obtained from the
fuel-temperature-vs-rod linear power curvédin Fig. 4. The curve was developed for the Obrigheim
PWR. There are similarities in lattice (14 x 14), pellet OD (<1% difference) and moderator
temperature (differ by 4.5 K) between the San Onofre and Obrigheim reactors. This method of
estimating fuel temperature was applied in the validation of H. B. Robinson PWR analysesZ! The
resulting temperatures are given in Table 5.

The unit cell zone geometry data for Path-B of SAS2H is listed in Table 6.

It isrecommended that cross sections should be determined during the neutronics calculation
for al nuclides that are significant to the results, as recommended in the most current validation
stud)E] and a burnup-credit sensitivity study.



Table 5. San Onofre operating data, including sample pellet powers and resonance-type

fuel temperatures

Operation data type, Pin ID Totad
(‘height, in.) Units Cycle2 Cycle3 burnup
Cycle times®
Startup date 11/18/70 3/U72
Shutdown date 12/26/71 6/2/73
Uptime Days 403 459
Downtime Days 66 b
Fud pdlet burnups” MWdJ/MTHM
067 (53.0) 8,167 - 8,167
141 (95.5) 6,808 - 6,808
079 (49.0) 7,015 13,877 20,891
167 (16.5) 5,999 11,448 17,447
167 (95.5) 6,434 12,279 18,713
167 (114.0) 3,843 7,222 11,065
Fud pdlet powers® MW/MTHM
067 (53.0) 20.266 -
141 (95.5) 16.894 -
079 (49.0) 17.406 30.232
167 (16.5) 14.885 24.942
167 (95.5) 15.965 26.751
167 (114.0) 9.536 15.735
Effective fud temperatures® K
067 (53.0) 744 -
141 (95.5) 713 -
079 (49.0) 718 839
167 (16.5) 695 787
167 (95.5) 705 805
167 (114.0) 650 703
Shutdown to analysis times Days
067 (53.0) 717 -
141 (95.5) 719 -
079 (49.0) 194
167 (16.5) 187
167 (95.5) 187
167 (114.0) 192

aData taken from and [11.

*Time from cycle shutdown to sample analysis.
“Determined in the appendix from ***Nd measurements.
dCalculated directly from the burnup- and cycle-time data.
®Effective fud temperature for resonance treatment.
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Fig. 4. Fuel-temperature-vs-rod power for Obrigheim. Source: [ref. 2.
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Table 6. Effective SAS2H geometry of the San Onofre MOX assembly model

Radid Effective radius
Cycle zone Mixture No. Composition (cm)

2 1 3 Borated moderator 0.64897

2 2 5 Stainless steel-304 0.67945

2 3 3 Borated moderator? 0.79677

2 4 500 Homogenized fuel, clad and borated 2.78870
moderator

2 5 3 Borated moderator between 2.81266
assemblies

3 1 3 Borated moderator 0.64897

3 2 5 Stainless steel-304 0.67945

3 3 3 Borated moderator? 0.84510

3 4 500 Homogenized fuel, clad and borated 2.78870
moderator

3 5 3 Borated moderator between 2.81266

assemblies

®Radius different in cycles 2 and 3 to account for the removal of the two pinsindicated in

and 4
bCalculated from assembly pitch and equivalent core diameter in Table 2,

12



4. ISOTOPIC MEASUREMENTSFOR MOX FUEL
SAMPLES

Samples from the San Onofre MOX spent fuel were prepared at the Battelle Memorial
Ingtitute hot-cell facility (Columbus, Ohio). These sampleswere sent to the Westinghouse Waltz Mill
Analytical Laboratory for the comprehensive spectrometric analysis of isotopic concentrations. The
measured isotopic compositions, as atomratios, of the six MOX sample pelletsare givenin Table 7.
Theseresults pertainto thelisted date of analysis. Theresultsfor the uraniumand plutoniumisotopes
adjusted to the end of the irradiation time of the sample are presented in[Table 8.

Thefirst 11 isotopic ratios (through **Nd/?**U) that are listed in Table 7 were performed by
mass spectrometric methods. The remaining five ratios in the table were measured by apha
spectrometry. Although these five cases were analyzed later, they were decay corrected in
to the dates given in the table for consistency.

Table 7. Measured isotopic compositions of San Onofre MOX spent fuel in atom ratios
a time of analysis
Pin ID (height, in.) 067 (53.0) 141(955) 079(49.0) 167(16.5  167(955) 167 (114.0)

Date of analysis 12/11/73 12/13/73 12/13/73 12/06/73 12/06/73 12/11/73
Days after shutdown 717 719 194 187 187 192
Burnup,

MWd,MTHM 8,167 6,808 20,891 17,447 18,713 11,065
2U/U x 102 0.005 0.006 0.005 0.005 0.005 0.005
2U/U x 102 0.628 0.641 0.470 0.483 0.479 0.569
U/U x 102 0.023 0.018 0.052 0.050 0.051 0.032
8U/U x 102 99.344 99.335 99.473 99.462 99.465 99.394
Z8py/Pu x 102 0.557 0.462 0.989 0.860 0.884 0.642
Zpy/Pu x 102 71.886 73.218 56.998 57.626 57.130 66.193
20py/Pu x 10 19.050 18.812 26.422 26.613 26.593 22.401
21py/Pu x 102 7.210 6.384 12.530 12.047 12.444 9.088
22py/Pu x 107 1.295 1.124 3.061 2.8%4 2.949 1.678
9py/=8yY x 102 2.619 2.293 1.741 1.594 1.601 1.965
MENd/ZBU x 10* 1.508 1.250 3.875 3.226 3.460 2.046
2AM/ZPu x 102 -2 -2 -2 6.51 6.83 1.59
ZAM/ZPu x 102 -2 -2 -2 141 155 0.27
25py/=9py x 10° 4.04 4.60 17.7 12.4 134 6.50
28py/2%py x 10 7.65 6.16 17.0 14.7 15.2 9.43
ZNp/U x 10°° -2 -2 -2 9.7 111 5.7

#No measurement.
®In place of atom ratio, units are grams 'Np/g U.

Source:

13



Although there were no indicationsthat uncertainties or standard deviations were developed
for the measured data, the reanalysis of three samples "showed excellent agreement between initial
and repeat results.”

Table 8. Measured isotopic compositions of San Onofre MOX spent fuel in atom ratios
adjusted to shutdown time

Pin ID (height, in.) 067 (53.0) 141(955) 079(49.0) 167 (165  167(95.5) 167 (114.0)

Burnup,

MWd/MTHM 8,167 6,808 20,891 17,447 18,713 11,065
2U/U x 102 0.005 0.006 0.005 0.005 0.005 0.005
AU/U x 102 0.628 0.641 0.470 0.483 0.479 0.569
U/U x 102 0.023 0.018 0.052 0.050 0.051 0.032
8U/U x 102 99.344 99.335 99.473 99.462 99.465 99.394
Z8py/Pu x 102 0.560 0.465 0.986 0.857 0.880 0.639
Zpy/Pu x 102 71.345 72.729 56.744 57.379 56.877 65.979
20py/Pu x 102 18.907 18.686 26.304 26.499 26.495 22.328
21py/Pu x 102 7.903 7.003 12.919 12.423 12.831 9.382
22py/Pu x 10 1.285 1.116 3.047 2.842 2.936 1.673
9py/=8yY x 102 2.619 2.293 1.741 1.594 1.601 1.965

Source:

14



5. SUMMARY

One of theimportant functions of the Fissile Materials Disposition Programisto calculatethe
isotopic composition of mixed-oxidefuel withdrawnfromreactors. Thevalidation of depletioncodes
for this purpose have been conducted?=lfor uranium-only fueled light-water reactors.

During the period from 1968 to 1974 the EEI-Westinghouse Plutonium Recycle
Demonstration Program was established to examine the use of MOX fuel. One of the reactors used
inthe programwasthe San Onofre PWR Unit I. Many reports of the preliminary plans, progressand
summaries were written during the program. The main purpose of this report is to compile the
assembly design and cycle operating data of the MOX fuel assemblies into a single report. It is
intended that the latest and required data for most depletion codes is included in this compilation.
One of the codes in which the data may be applied is the SAS2H= control module of the SCALE
system. Also, data which may be required for lattice codes are included (Figs. 1, @ and[B). The
resultsof both massand alphaspectrometer analyses, producingl6 atomratiosof significant isotopes,
are presented in[Table 7.

An effort was made to have the correct reference given for each item of data. When theitem
was calculated from other data, a reference was given to the proper tables. In afew cases, where
datawerelacking, the method of estimation was explained. The burnup datareportedhavi ng been
calculated in 1974, was not considered accurate. A more universally applied method, as covered in
was used for converting **®Nd data to burnup.

Some depletion codes require design and operating data for fuel assemblies that do not
contain MOX fuel. contains design data of the uranium-only fuel assemblies and
available core power distributions, that may be required for lattice-type depletion codes.

It was concluded that the comprehensive design and operating data and the isotopic MOX
spent fuel measurements for the San Onofre PWR were of adequate quality for the proper validation
of depletion codes. Calculationsthat were performed with SAS2H for the six samples using the data
of this report indicated that the data were adequate.
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APPENDIX A

SAMPLE BURNUP DETERMINATIONS

This appendix provides an expanded explanation regarding the sample burnup datalisted in
[Table§. First, the reasons are given why the available burnup daté?¥ are considered inadequate,
probably due to the use of methods that have become obsolete. Then, the method applied for
converting the **Nd measurement to burnup is referenced and discussed. Finally, the total burnup
results and the separate cycle data are shown.

There is a high degree of confidence in the ANSI/ASTM standards for converting **Nd
measurements to burnup in nuclear research concerning uranium-only fueled LWRs. A tota of 68
spent fuel samples from eight different reactors have been used in comparisons of measured and
calculated isotopic resultsin previous validation studiesh224 The referenced burnups were, except
for one reactor, derived from the **Nd analysis. In 40 of the sample cases, from five reactors, the
18N 'd measured result was given and compared with the SAS2H calculation that applied the **Nd-
derived burnup. The computed/measured “**Nd differences in the 40 cases ranged form -2.4 to
1.7%, with an average of - 0.32%. The averagesfor thefive reactorswere-1.4,1.7, 0.4, -2.0 and
0.3%, with an average of 0.20%. Or, the average of the absolute values of the reactor averages was
1.16%.

The preceding comparisons of analyses and SAS2H results validate that the methods of
converting ***Nd measurementsto burnupsare adequate. However, preliminary computations, using
SAS2H, for the MOX fuel cases gave *Nd differences as large as 4% for 1-cycle cases and 12% for
2-cyclecases. Althoughthereportsgiving datathat were used in the validation study did not usually
give the conversion factors used in determining burnup, the datef=lfor the Turkey Point PWR did
containtherequired conversionfactors. Thus, the decision was madeto apply the conversionfactors
used with the Turkey Point data in deriving burnups for the MOX fuel for the following reasons.
First, applying these factors showed that the referenced burnupwere too high by approximately
the same differences indicated by the ***Nd code-to-measured-results comparisons. Using the same
factors from the Turkey Point PWR on data for the Calvert Cliffs PWR, the Cooper BWR and the
JPDR BWR of 18 cases gave values within about 1% of the reported burnups. Thediscussiononthe
Turkey Point PWR referred to the ANSI/ASTM Standards E321-75 and E267, and that on the
Calvert Cliffs PWR and Cooper BWR referred to the ANSI/ASTM Standard E321-79 and E219.

One more question should be considered before using the above **Nd-burnup conversion
method (i.e., factorsapplied in Turkey Point PWR cases) for MOX spent fuel. Higher concentrations
of Pu isotopes and lower concentrations of U isotopes are noted in the average MOX fuel thaninthe
average uranium-only fuel during irradiation. Therearetwo factorsthat thiscan change: the average
fission fraction of *Nd production, and the average recoverable energy per fission. The percent
fission fractions (based on thermal reactors) for “**Nd (or mass 148) listed in ENDF/B-VASE gre
1.670 for #°U, 2.081 for 28U (fast), 1.635 for *°Pu, and 1.990 for **'Pu. An approximate average
fission fraction for a given case may be calculated by weighting these four fission fractions by the
average isotopic density times the average microscopic fission cross section of the corresponding
isotope (or, rather, the isotopic average macroscopic fission cross section). In two SAS2H tria
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cases, average macroscopic fission cross sections of the isotopes were estimated from atomic
densitiesand cross sectionslisted inthe case outputs. An estimate of the sum of the weighted fission
fractionsindicated alto 2.5% increasein the average fission fraction fromMOX fuel compared with
that fromtypical uranium-only fuel. The ORIGEN-S code computesand writesthetotal recoverable
energy per fission for each time step. The values of the average energy per fission of MOX fueled
reactors compared with uranium-only reactors indicate an increase of approximately 1 to 1.5%.
Thefission fraction isinthe denominator, and the energy per fissionisinthe numerator in converting
the*Nd/U atomratio to burnup. Thus, it isestimated that the burnup could be no greater than 1.5%
less for MOX fuel than that produced by the conversion method used for uranium-only fuel cases.

The detailed procedure for converting the measured atom ratio of **Nd/?®U to burnup by
using the same conversion factors, C and F,,,, applied in deriving the Turkey Point datalA5lis the
following:

B=RCAF,(1-D,yg)/ F »

(A1)

where

B = caculated burnup, MWd/MTHM,

R = aom ratio of (fina ***Nd atoms)/(final U atoms),

Fu = fission fraction for mass 148 = 0.0168,R=]

C = 9600 (MWdA/MTHM)/at. % of fuel which fissions,22!

A = 2% a. % in natura U, or 99.2745,

F, = weight fraction of UO, in the MOX from Table 4,

D, = 2®U fractional depletion, 0.007 per cycle estimated.

F, should be the atom fraction of U in the U + Pu of the MOX, because each term of the equation
is aways the ratio of atoms. For the sample compositions, the atom ratio of U to U + Pu is not
significantly different than the weight ratio of UO, to UO, + PuO,. The estimate of D,y is
0.007 + 0.002, which should cause an error in B no greater than 0.2%. The method in
applied the same factors C and F,,g in converting R to B, but equivalent measurements were used
instead of AF, (1 - D,g).

Asan example of using Eq. (A.1), consider the 2-cycle casefor pin ID 079, where the value
of F, from[Table 4/is 0.963870 and R = 3.875 x 10°*

B =3.875x 10" x 9600 x 99.2745 x 0.96387 x 0.986/0.0168

(A.2)
=20,891.4 MWd/ MTHM.

The reported burnup of 23,500 MWdJ/MTHM is 12.5% greater than that determined in Eq. (A.2).
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Burnups of the six cases computed by Eq. (A.1) arelisted in Table A.1. The revised values
aregiveninTable5. Itisseenthat the old, or reported, burnups®® are significantly greater than the
revised burnups.

The calculation of the burnup for each cycle of the samplesirradiated in both cycles 2 and 3
are given in Table A.2. The use of the reported®2 linear power for both cycles of the samples
permitted the calculation of linear burnups, the fraction of total burnup per cycle, and thefinal burnup
by cycle. These resulting burnups are listed in [Table 5, in addition to the computed cycle powers
required in depletion code input.

Table A.1. Dataapplied in determining recommended burnup®

No. of % fissle B, MWdMTHM
Case R cycles  1-Dyg Pu F, revised old % diff.p
1.508 x 10 1 0.993 331 0.961423 8,167 8,700 6.5

1.250 x 10" 1 0.993 2.84 0.966901 6,808 7,200 5.8
3.875x 10* 2 0.986 3.10 0.963870 20,891 23,500 12.5
3.226 x 10* 2 0.986 2.84 0.966901 17,447 19,800 13.5
3.460 x 10* 2 0.986 2.84 0.966901 18,713 21,200 13.3
2.046 x 10 2 0.986 2.84 0.966901 11,065 12,500 13.0

*Derived B by applying Eqg. (A.1)} the constants F,,, C and A, in addition to data in this table.
b(BoId/Brevised - 1) 100%.

o 01~ WN P

Table A.2. Calculation of burnup for each cycle for 2-cycle cases

chcle’
Pinesr kw/ft | Uptime, d Biinear: kwd/ft Fraction B,y MWdJ/MTHM
Cycle Cycle Cycle Cycle Cycle
Case | 2 3 2 3 2 3 2 3 2 3

3 38 6.6 | 403 459 | 15314 3,0294 | 0.335774 0.664226 | 7,015 13,877

4 37 6.2 | 403 459 | 14911 28458 | 0.343817 0.656183 | 5,999 11,448

5 37 6.2 | 403 459 | 1491.1 28458 | 0.343817 0.656183 | 6,434 12,279

6 20 3.3 | 403 459 806.0 1514.7 | 0.347309 0.652691 | 3,843 7,222
P e 1S linear power at the sample height infref. A.1.
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APPENDIX B

URANIUM-ONLY FUEL ASSEMBLY DESIGN DATA
AND CORE POWER DISTRIBUTIONS

The data included here, essentially, are the design data of the uranium-only fuel assemblies
and core power distributions during the cycles in which MOX fuel was irradiated. Also, the
calculated axial buckling and ky versus cycle 2 burnup isincluded. Therewere significantly lessdata
available for cycle 3. Two of the analyzed samples were taken from fuel rods removed at the end of
cycle 2 and the other four sampleswere fromrodsirradiated during cycle 3, also. The datahere may
be used with that previously given in this report to allow modeling of the San Onofre reactor core
(MOX and U-only fuel assemblies) if desired.

B.1 Uranium-Only San Onofre PWR Fuel Assemblies

Although there were differences in the fuel for the different regions in the core, the basic
design data®Z of all uranium-only fuel assemblies remained the same. The assembly design data for
the uranium-only fuel are presented in Table B.1l Although some of the design data were the same
asthat for the MOX assemblies, the data were repeated for completeness.

The uranium-only fuel assembly data that varies by region in core are shown in [Table B.2.
The dataincludes the *U enrichments, pellet densities and the uniform stack densities of the fuel by
region. The pellet dishing, or the volume lost from rounding off the ends of the pellets, was used to
convert to the final stack density.
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Table B.1. San Onofre uranium-only fuel assembly design data

Parameter Data
Assembly general data
Rod lattice 14 x 14
Number of fuel rods 180
Number of instrument tubes® 1
Number of guide tubes® 15
Assembly pitch, cm (in.)° 19.941 (7.851)
H,O moderator pressure, psia 2100
Average moderator temperature, K (°F)? 576.5 (578)
Average moderator density, g/cm?® 0.7179
Average clad temperature, K (°F)° 615 (648)
Soluble boron, ppm (wt)?® 500
Fuel rod data
Type of fuel pellet uo,
Stack density Variable (Table B.2)
Rod pitch, cm (in.) 1.41224 (0.556)
Clad OD, cm (in.) 1.07188 (0.422)
Diametrical gap, cm (in.) 0.01397 (0.0055)
Clad thickness, cm (in.) 0.04191 (0.0165)
Clad ID, cm (in.)’ 0.98806 (0.3890)
Pellet OD, cm (in.) 0.97409 (0.3835)
Active fuel length, cm (in.) 304.8 (120)
Clad material Stainless steel-304
25U enrichment Variable (Table B.2)
Guide tubes
Material Stainless steel-304
Tube ID, cm (in.) 1.29794 (0.511)
Tube OD, cm (in.) 1.35890 (0.535)
T aken from or B.3.
bTaken from [Table 2.
“Taken fromfef. B.4.
“Taken fromfef. B.5.

“Assumed cycle 3 average boron concentration equal to that of cycle

2.
fCalculated from other datain table.

Source: Ref B.1], unless otherwise specified.
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Table B.2. San Onofre uranium-only fuel assembly data that varies by region in core

Data by Region
Parameter 1 2 3 aU 4Py 5
Enrichment, wt-% 25U 316 340 3.86 400 071 400

Pellet density, % Theoretical 93.8 94.0 92.7 93.2 91.0 92.9

Pellet dishings, % of cylindrical 6.87 6.87 6.87 6.87 6.87 6.87
volume?

Stack density,” g/cm? 9.574 9.595 9.462 9513 10.224° 9.482
Number in cycle 2¢ 1 52 52 48 4 0
Number in cycle 3° 1 0 52 48 4 52

dCalculated for MOX fuel from fuel loadings, volume and % theoretical density and assumed
equal for uranium fuel.

®Applied, for uranium-only assemblies, the pellet density, the % dishing and a UO, theoretical
density of 10.96 g/cn?®.

“Taken from [Table 2.

“Taken fromfef. B.5.

°Taken from [ef. B.1l

Source: Ref. B.6, unless otherwise specified.
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B.2 San Onofre Core Power Distributions

The quality of quarter-core power distributions determined for cycle 2 of the San Onofre
PWR are significantly better than those available for cycle 3. Thisistrue because the cycle 2 power
distributions applied dateBSlavailable after the shutdown of cycle 2, whereas the power distributions
for cycle 3 were preliminary estimation$® made prior to the loading of cycle 2 fuel.

Therewerethree methods of deriving quarter core power distributions of cycle 2. First, there
was the preliminary estimation method®Z made prior to cycle 2. Second, there was a partly
experimental method2=! using flux levels determined from detectors located in the reactor core.
The flux measurements were processed using the INCORE code, a Westinghouse proprietary code.
The third methodB= used the PDQ-7/HARMONY code package for two-dimensional depletion
calculationswithinput crosssectionsobtained fromzero-dimensional computationsby the LASER-M
code.

The stud utilizing the third method of computing quarter core power distributions chose
the second method as areference because it was partly experimental and more accurate than the first
method. The calculated values of axial buckling®Zand ky as a function of cycle time and burnup,
applied in the stud using the third method of deriving power distributions, are presented in
Table B.3.

Quarter core power distribution£22! derived by the third method and compared with the
reference (method 2) for different burnups of cycle 2 are shownin[Figs. B.1-B.4, inclusive. [Fig. B.
containsthe core region numbers, the reference burnups, and the quarter core power distributions of
the fuel assembliesfor the beginning of cycle 2. showsthe calculated versusreference power
distributions for the beginning of cycle 2. and B.4 show the calculated versus reference
power distributions at cycle 2 burnups of 3342 and 6045 MWdA/MTM, respectively.

As stated above, the quarter-core power distributions available for cycle 3 were preliminary
calculations made prior to loading of cycle 2 fuel. These were less accurate because both the fuel
assembly burnups and the flux levels in the core were not measured prior to the calculation. These
preliminary quarter-core power distribution calculationg for the beginning of cycle 3 are shownin
Fig. B.5. No other calculations for cycle 3 were reported. It may be noted that the location of the
two MOX assemblies are inward by one position from the actual locationin Fig. 3. Inorder to help
determinethe quality (or error) of cycle 3 calculations, it might be useful to notethe similarly derived
power distributions for the beginning of cycle 2 shown in Fig. B.6.
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Table B.3. Calculated axia buckling and ky versus cycle 2 time and burnup

Time Cycle Burnup Accumulated Burnup Axial Buckling?

(hours) (MWdJ/MTM) (MWdJ/MTM) (cm®) Kt

0 0.0 8828.2 3.16x 107 1.0065

100 88.5 8916.7 3.16x 107 1.0051
1910 1691.3 10519.7 3.32x107? 1.0043
3755 3300.4 12128.6 3.44x 107 1.0046
5620 4905.1 13733.3 3.56x 10?2 1.0040
6792 5905.2 14733.4 3.64x 107 1.0031
9110 7858.0 16686.0 3.72x107? 1.0012

#Taken from .

Source: unless otherwise specified.
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Center
Line
|
'8 9 10 11 12 13 14 15
1 2 3 2 2 2 2 4Py
18131 14560 8996 18464 17446 17490 17733 0---1
0.924 1.039 1.148 0.974 0.952 0.919 0.883 0.740
2 3 2 3 3 2 4 4
7563 16930 14537 8028 16283 0 0
1.174 1.016 1.087 1.166 1.016 1.110 0.620
3 2 2 3 2 3 4
13525 9141 18264 11768 0
1.056 1.186 1.044 1.134 0.946
2 3 3 2 3 4 4
18161 14364 0 0
1.034 1.110 1.166 0.673
2 3 2 3 3 4
7575 0
1.050 0.748 Key
2 2 3 4 4 Region No. *
Ref. Burnup
(MWdA/MTM)
2 4 4 4 Ref. Assembly Power
4Py 4 :
*See for enrichment

Fig. B.1. Reference quarter core power distribution and assembly burnups for beginning

of cycle 2.
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Center
Line
i 8 9 10 11 12 13 14 15
0.924 1.039 1.148 0.974 0.952 0.919 0.883 0.740
0.944 1.052 1.165 0.966 0.945 0.895 0.848 0.746 "]
+2.2% +1.3% +1.5% -0.8% -0.7% -2.6% -3.9% +0.8%
1.174 1.015 1.087 1.166 1.016 1.110 0.620
1.196 1.021 1.101 1.144 0.972 1.104 0.616
+1.9% +0.6% +1.3% -1.4% -4.3% -0.4% -0.6%
1.056 1.186 1.044 1.134 0.946
1.058 1.178 1.012 1.130 0.968
+0.3% -0.7% -3.0% -0.4% +2.4%
1.034 1.110 1.166 0.673
1.006 1.110 1.189 0.699
-2.7% 0.0% +2.0% +3.7%
1.050 1.748
1.054 1.775
+0.4% +3.6%
Key
Ref. Power
Calc. Power

Average Differenceis 1.8%

% Difference

Fig. B.2. Calculated versus reference powers for beginning of cycle 2.
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Center
Line
i 8 9 10 11 12 13 14 15
0.905 1.022 1.131 0.964 0.942 0.931 0.890 0.749
0.914 1.015 1.125 0.954 0.949 0.919 0.874 0.753 7]
+1.0% -0.7% -0.5% -1.0% +0.7% -1.3% -1.8% +0.5%
1.150 1.002 1.076 1.144 1.018 1.130 0.638
1.148 0.995 1.073 1.129 0.984 1.125 0.657
-0.3% -0.7% -0.3% -1.3% -3.3% -0.4% +3.0%
1.026 1.165 1.033 1.144 0.973
1.032 1.146 1.003 1.124 0.997
+0.6% -1.6% -2.9% -1.8% +2.5%
1.021 1.097 1.176 0.696
0.992 1.093 1.188 0.739
-2.8% -0.4% +1.0% +6.2%
1.038 0.760
1.052 0.811
+1.3% +6.7%
Key
Ref. Power
Calc. Power
% Difference

Average Differenceis 2.0%

Fig. B.3. Calculated versus reference powers at 3342 MWdA/MTM.
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Center
Line
i 8 9 10 11 12 13 14 15
0.921 1.021 1.123 0.966 0.972 0.955 0.926 0.779
0.919 1.017 1.123 0.959 0.954 0.926 0.879 0.757 7]
-0.2% -0.4% 0.0% -0.7% -1.9% -3.0% -5.1% -2.8%
1.144 1.004 1.078 1.144 1.022 1.130 0.669
1.143 0.997 1.070 1.125 0.984 1.118 0.675
-0.1% -0.3% -0.7% -1.7% -3.7% -1.1% +0.9%
1.029 1.153 1.024 1.122 0.969
1.033 1.138 0.999 1.109 0.998
+0.4% -1.3% -2.4% -1.2% +3.0%
1.009 1.080 1.144 0.702
0.990 1.083 1.172 0.755
-1.9% +0.3% +2.4% +7.5%
1.024 0.764
1.049 0.828
+2.4% +8.4%
Key
Ref. Power
Calc. Power

% Difference

Fig. B.4. Calculated versus reference powers at 6045 MWdA/MTM.
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<—— REGION NUMBER

<—— ASSEMBLY RELATIVE POWER
< ASSEMBLY BURNUP (MWd/MTM)

Fig. B.5. Power and burnup distributions San Onofre cycle 3, BOL.
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Fig. B.6. Power and burnup distributions San Onofre cycle 2, BOL.

37



REFERENCES

B. 1. J Haey, EEI —Westinghouse Plutonium Recycle Demonstration Program Progress Report

B.2.

B.3.

B.4.

B.5.

B.6.

B.7.

for the Period Ending December, 1970, WCAP-4167-2, Westinghouse Electric Corp., March
1971.

J. B. Melehan, EElI — Westinghouse Plutonium Recycle Demonstration Program Progress
Report for the Period October 1971 —March 1972, WCAP-4167-4, Westinghouse Electric
Corp., December 1972.
T. W. Wallace, EElI — Westinghouse Plutonium Recycle Demonstration Program Progress
Report for the Period April 1973 - September 1973, WCAP-4167-6, Westinghouse Electric
Corp., December 1973.

Southern California Edison Co., San Onofre Nuclear Generation Sation, Unit 1, Operating
History and Verification of Design Objectives, Part 1, Vol. 1, Docket-50206-79.

B. F. Momsen, An Analysis of Plutonium Recycle Fuel Elementsin San Onofre- |. Master’s
thesis, Massachusetts I nstitute of Technology, May 1974.

Southern Cdlifornia Edison Co., San Onofre Nuclear Generation Sation, Unit 1, Fuel
Densification, December 1972, Revision 1, February 1973, Docket-50206-188, March 1973.

Personnel Communications, Y ankee Atomic Electronic Co., April 1974.

38



ORNL/TM-1999/108/R1

INTERNAL DISTRIBUTION

1. B.B.Bevad 22. D.T.Ingersoll
2. S. M. Bowman 23. H.T.Ker
3. B.L. Broadhead 24. M. A. Kuliasha
4. J.J. Carbajo 25. S. B. Ludwig
5. W.C. Carter 26. G. E. Micheels
6. E.D. Callins 27. B. D. Murphy
7. B.S. Cowsdll 28. D.L.Moses
8. M. D. DeHart 29-33. C. V. Parks
9. F. C. Difilippo 34. L.M. Petrie
10. R.J. Ellis 35-39. R.T.Primmllil
11. M. B. Emmett 40. C. H. Shappert
12. 1. C. Gauld 41. J. C. Wagner
13. J. C. Gehin 42. R. M. Wedtfall
14. S. R. Greene 43. Central Research Library
15-20. O.W. Hermann 44-45., ORNL Laboratory Records (OSTI)
21. T.W. Horning 46. ORNL Laboratory Records-RC

EXTERNAL DISTRIBUTION

47. N. Abdurrahman, College of Engineering, Dept. of Mechanical Engineering,
University of Texas, Austin, TX 78712

48. M. L. Adams, Department of Nuclear Engineering, Texas A&M University, Zachry
129, College Station, TX 77843

49. H. Akkurt, College of Engineering, Dept. of Mechanical Engineering, University of
Texas, Austin, TX 78712

50. D. Alberstein, Los Alamos National Laboratory, MS-E502, P.O. Box 1663,
Los Alamos, NM 87545

51. J. Baker, Office of Fissile Materials Disposition, U.S. Department of Energy, MD-3,
1000 Independence Avenue SW, Washington, DC 20585

52. J. B. Briggs, Idaho National Environmental and Engineering Laboratory, P.O. Box
1625-3855, Idaho Falls, ID 83415-3855

39



53.

54-55.

56.

57.

58.

59.

60.

61.

62.

63.

65.

66.

67-71.

72.

73.

74.

75-79.

80.

A. Caponiti, Office of Fissile Materials Disposition, U.S. Department of Energy,
MD-3, 1000 Independence Avenue SW, Washington DC 20585

|. Carron, Department of Nuclear Engineering, Texas A&M University, 129 Zachry,
College Station, TX 77843-3133

M. S. Chatterton, Office of Nuclear Reactor Regulation, U.S. Nuclear Regulatory
Commission, MS 010 B3, Washington, D.C. 20555-0001

K. Chidester, Los Alamos National Laboratory, MS-E502, P.O. Box 1663,

Los Alamos, NM 87545

R. H. Clark, Duke Cogema Stone & Webster, 400 South Tryon Street, WC-32G,
P.O. Box 1004, Charlotte, NC 28202

W. Danker, U.S. Department of Energy, MD-3, 1000 | ndependence Avenue SW,
Washington DC 20585

T. W. Doering, Framatome Cogema Fuels, 1261 Town Center Drive, Las Vegas,
NV 89134

D. Dziadosz, Innsbruck Technical Center, 5000 Dominion Blvd., Glen Allen, VA
23060

T. Gould, Lawrence Livermore National Laboratory, P.O. Box 808, MS-L 186,
Livermore, CA 94551

L. Holgate, Office of Fissile Materials Disposition, U.S. Department of Energy,
MD-1/2, 1000 Independence Avenue SW, Washington, DC 20585

L. Jardine, Lawrence Livermore National Laboratory, P.O. Box 808, MS-L 166,
Livermore, CA 94551

A. Kaashnikov, Ingtitute of Physics and Power Engineering, 1 Bondarenko Square,
Obninsk, Kaluga Region, Russia 249020

M. Kalugin, Russian Research Center "Kurchatov Institute”, Institute of Nuclear
Reactors, VVER Division, VVER Physics Department, 123182 Kurchatov Square 1,
Moscow, Russia

D. E. Klein, Associate Vice Chancellor for Special Engineering Programs,
The University of Texas System, 210 West Sixth Street, Austin, TX 78701

S. Neshit, Duke Cogema Stone & Webster, 400 South Tryon Street, WC-32G,
P.O. Box 1004, Charlotte, NC 28202

J. O. Nulton, Office of Fissile Materials Digposition, U.S. Department of Energy,
MD-3, 1000 Independence Avenue SW, Washington DC 20585

S. L. Passman, Sandia National Laboratories, Suite 110, 950 L’ Enfant Plaza, SW,
Washington DC 20024-2123

A. Pavlovitchev, Russian Research Center "Kurchatov Institute,”" I nstitute of Nuclear
Reactors VVER Division, VVER Physics Department, 123182, Kurchatov Square,
1, Moscow, Russia

K. L. Peddicord, Associate Vice Chancellor, Texas A&M University, 120 Zachry,
College Station, TX 77843-3133

40



81.

82.

83.

85.

86.

87.

G. Radulescu, Framatome Cogema Fuels, 1261 Town Center Drive, MS-423,
LasVegas, NV 89143

W. D. Reece, Texas A&M University, Department of Nuclear Engineering,
129 Zachry, College Station, TX 77843-3133

P. T. Rhoads, Office of Fissile Materials Disposition, U.S. Department of Energy,
MD-4, 1000 Independence Avenue SW, Washington, DC 20585

U. Shoop, Office of Nuclear Reactor Regulation, U.S. Nuclear Regulatory
Commission, MS O10 B3, Washington, D.C. 20555-0001

D. A. Thomas, Framatome Cogema, 1261 Town Center Drive, Las Vegas, NV
89134

J. Thompson, Office of Fissile Materials Disposition, U.S. Department of Energy,
MD-4, 1000 Independence Avenue SW, Washington DC 20585

Fitz Trumble, Westinghouse Savannah River Company, Building 730R, Room 3402,

WSRC, Aiken, SC 29808

41



42



	ORNL/TM-1999/108/R1
	San Onofre PWR Data for Code Validation of MOX Fuel Depletion Analyses & Revision 1
	O. W. Hermann
	Date Published: March 2000
	CONTENTS
	LIST OF FIGURES
	LIST OF TABLES
	ACKNOWLEDGMENTS
	ABSTRACT
	1. INTRODUCTION
	2. MOX FUEL ASSEMBLY DESIGN DATA
	3. THE PWR OPERATIONS DATA AND MODEL OF ASSEMBLIES
	4. ISOTOPIC MEASUREMENTS FOR MOX FUEL SAMPLES
	5. SUMMARY
	6. REFERENCES
	APPENDIX A SAMPLE BURNUP DETERMINATIONS
	REFERENCES

	APPENDIX B URANIUM-ONLY FUEL ASSEMBLY DESIGN DATA AND CORE POWER DISTRIBUTIONS
	B.1 Uranium-Only San Onofre PWR Fuel Assemblies
	B.2 San Onofre Core Power Distributions
	REFERENCES

	INTERNAL DISTRIBUTION
	EXTERNAL DISTRIBUTION

