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The validity of the computation of pressurized-water-reactor (PWR) spent fuel isotopic 
composition by the SCALE system depletion analysis was assessed using data presented in the 
report. Radiochemical measurements and SC&E/SAS2H computations of depleted fuel 
isotopics were compared with 19 bknchmark-problem samples from Calvert Clifh Unit 1, H. B. 
Robinson Unit 2, and Obrigheim PWRS. Even though not exhaustive in scope, the validation 
included comparison of predicted and measured concentrations for 14 actinides and 37 fission 
and activation products. 

The basic method by which the SAS2H control module applies the neutron transport 
treatment and point-depletion methods of SCALE functional modules (XSDRNPM-S, 
NITAWL-11, BONAMI, and ORIGEN-S) is described in the report. Also, the reactor fuel 
design data, the operating histories, and the isotopic measurements for all cases are included in 
detail. The underlying radiochemical assays were conducted by the Materials Characterization 
Center at Pacific Northwest Laboratory as part of the Approved Testing Material program and 
by four different laboratories in Europe on samples processed at the Karlsruhe Reprocessing 
Plant. 

Comparisons are given in terms of percentage differences of computed minus measured 
compositions of the fuel. The SCALE depletion analyses for all cases applied two different 
cross-section libraries. One was the 27-energy-group SCALE4 liirary, which has light-element 
and actinide data processed fiam ENDFB-IV and fission-product data processed from 
ENDFB-V. The second library applied was a 44-energy-group library derived entirely from the 
latest ENDFB-V files with the exception that data for l60, '%Eu, and ls5Eu were taken from 
ENDFB-VI. Almost all the total average percentage difEerences for the actinide isotopes and 
for the isobaric mass values 154 and 155 were significantly better in cases using the latter library, 
whereas other fssion-product comparisons with measurements were essentially the same in using 
either library. The final fuel rod and batch average differences for nuclides 215U and ? P u  were 
-3.1 and 5.4% for the former library and -2.2 and -0.4% for the latter library, respectively. 
Except for p7Np, only "2Cm and 2cdCm had excessive differences (> 15%); these isotopes had 
similarly large uncertainties in theit measurements. The percentage differences exceeded 15% 
for fmion products v c ,  '%n, '%m, 14'Sm, '"Sm + lS1Eu, %m, %rn + lUEu + lS4Gd (for 
the former library only) and lSsEu -+ IsSGd. Although the spread of the percentage differences 
for all cases of each nuclide were large (particularly for comparisons of pellet sample results), 
reasons why the pellet-location-dependence of reactor flux affect si@cant nuclide reaction 
rates were briefly investigated and discussed. It was concluded by the authors that the SCALE 
depletion analysis properly qualifies as a basic tool for predicting isotopic compositions of spent 
fuel from PWR power plants. Also, it was evident that cross sections of actinide isotopes 
processed from ENDFB-V were superior to those taken fiom ENDFB-IV. 

xi 





1. INTRODUCTION 

The radionuclide characteristics of light-water-reactor (LWR) spent fuel play key roles 
in the design and licensing activities for radioactive waste transportation systems, inkrim storage 
facilities, and the final repository site. Several areas of analysis require detailed information 
concerning the timedependent behavior of radioactive nuclides including (1) neutrodgamma-ray 
sources for shielding studies, (2) kile/absorber concentrations for criticality safety 
determinations, (3) residual decay heat predictions for thermal considerations, and (4) curie 
and/or radiological toxicity levels for materials assumed to be released into the 
ground/environment after long periods of time. One of the functions of the SCALE 
(Standardized Computer Analyses for Licensing Evaluation) code system' is to predict the 
radionuclide composition of depleted fuel discharged from a pressurized-water reactor (PWR). 
Recent applications of calculated isotopic contents for depleted reactor fuel include several 
criticality safety analyses for investigation of stora e or shipment of spent fuel.*& The ANSUANS 

fuel criticality analyses. Although this study focuses on isotopes important for criticality studies, 
the results should be of sufficient scope to apply to other areas such as radiation shielding and 
heat transfer as well. The purpose of this report is to present and discuss a set of problems to 
be used in the validation of the SCALE modular code system for computing the isotopic content 
of PWR spent fuel. 

The spent fuel isotopic predictions reported in this document were computed by the 
SAS2H control mod~le'*~*'~ contained in Version 4 2  of the SCALE system (SCALE-4.2) except 
for an additional application of the more recently developed 44-group cross-section library noted 
below. AU further references to SCALE4 in this document refer generically to Version 4 of the 
SCALE system, although all calculations herein were performed with SCALE-4.2. The major 
portion of the radiochemical assays of PWR spent fuel included in this study were condu~ted~''~* 
by the Material Characteristics Center (MCC) at Pacific Northwest Laboratory (PNL) using 
discharged PWR fuel from Calvert cliffs Unit 1 and €I. B. Robinson Unit 2. Additional spent 
fuel characterizati~ns'~~'~ presented herein were conducted by four research laboratories in 
Europe using fuel elements from the Obrigheim (KWO) PWR. 

A wide range of parameters was included in the problems analyzed for this study. The 
fuel exposures, or burnups, are in the range 16.02 to 46.46 gigawatt days per metric ton uranium 
(GWdNTU). The PWR designs are substantially diffeIent. Also, there are significant variations 
in fuel p5U enrichments (2.45 to 3.04 wt %), assembly power histories, material temperatures 
(743 to 923 K), specific powers (13.1 to 44.7 Mw/MTU), and other pertinent operational 
conditions among the cases considered. 

The source of the neutron cross-section data used in fuel depletion analyses by the 
SCALE system is a significant aspect of the validation. Two different cross-section libraries were 
applied. The SCALE "27BuRNuI)LIB" cross-section library (Vol. III, Sect. M4.2.8 of ref. 1) 
has actinide and light-element data derived from Version N of the Evaluated Nuclear Data Files 
(ENDF') and fission-product data processed from early ENDFB-V files. The second library, 
"44GROUPNDF5,"'7 applied in the analyses reported here, is a 44energy-group library derived 
entirely from the latest ENDFB-V fila with the exception of data for three nuclides. The cross 
sections for l60, '%Eu, and '"Eu in this library were taken from ENDFB-W;' the cross sections 
of the latter two nuclides were expected to substantially improve the computation of '%Eu, usEu, 
and lSsGd inventories. 

8.1 criticality safety standard7 requires validation I of the analytical methods used in these spent 

1 



2 

The model and methods applied in SAS2H are discussed in the next section. The 
benchmark problems used in this analysis 'are given in the subsequent section, including the 
reactor fuel assembly design and operating data required for input to the SCALE fuel depletion 
cases. Comparisons of predicted and measured isotopic compositions of the problems for the 
three reactors are then presented, discussed, and summarized. Finally, the reliability of the basic 
data and computation techniques based on comparisons of predicted and measured kotopics is 
discussed in the general summary of this report. 



2. MODEL AND MEIRODS IN S A S W  

The SAS2H control moduld of the SCALE code system has been documented extensively 
elsewhere (Sect. S2, ref. 1). A concise description of the model is included in this section. 

2 1  BACKGROUND 

The SM2H control modde of the SCALE4 system was designed to provide an 
automated, yet highly flexible, analysis sequence for determining the characteristics of spent fuel 
@e., isotopics, decay heat, radiation sources, etc.). The SAS2 control module was originally 
developed for earlier versions of SCALE to provide a sequence that generates radiation source 
terms for spent fuel and to utilize these sources within a one-dimensional (1-D) shielding analysis 
of a shipping cask. Although the shielding portion of the sequence can still be accessed, the 
principal use of SAS2(H) over its history has been fuel depletion and decay analyses to obtain 
spent fuel characteristics needed for subsequent analyses. Because earlier SAS2 versions used 
an infinite lattice pin-cell model for the neutronics analysis, only variations in lattice design and 
composition could be considered. This simple procedure has been shown to produce 
conservative actinide inventories for PWR spent fuel, but does not provide the versatility 
required for depletion anaiysis of boiling-water-reactor (BWR) fuel.” Thus, the original S M 2  
sequence has been enhanced considerably to produce the SCALE4 version that is denoted as 
SAS2H. With the SM2H model, the presence of water holes, control rods, burnable poison 
~ o d s  (BPRs) orifice tubes, and other assembly design features can be considered in an 
approximate fashion. This new capability allows a more accurate evaluation of isotopic 
concentrations and source terms at long cooling times (> 10 years), where actinide contributions 
are more important. 

The criteria originally appiied in developing the SAS2 module have not changed over its 
continual evolution. These criteria are the following: 

1. 

2. 

3. 

4. 

5. 
6. 

7. 

8. 

In noting 

predict, using first principles, the nuclear characteristics for spent fuel assemblies 
having a specified reactor history; 
predict radiation dose rates for a radial model of a shipping cask containing spent 
fuel with the calculated characteristics; 
permit the user to supply a minimal quantity of input using the relatively convenient 
format of the SCALE system; 
apply standard analytical modeis using well-established computer codes to represent 
the physics of the system being analyzed within the 1-D limits of the codes; 
apply acceptable and documented data bases, which can be updated in the future; 
automate the use of known methods in calculating some of the input parameters and 
the selection of appropriate control options for the various codes applied in the 
analysis; 
document extensively the analytical techniques, limitations, program flow, sample 
cases, and user’s guide; and 
make both the code and the manual easily available to the technical community. 

the more general value of the module, the neutron and photon spectral sources 
produced by SAS2H can now be wdveniently accessed by the SCALE shielding analysis modules. 

I 

3 
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The remainder of this section describes the SAS2H analysis sequence used to calculate 
the characteristics of spent LWR fuel. Previous limited validation/verification efforts for the 
SAS2H models and results will also be discussed. 

22 MODULESANDDATA 

The SAS2H control module performs the depletioddecay analysis using the well- 
established codes (or functional modules) and data libraries provided in the SCALE system. The 
applicable modules and data libraries are reviewed briefly in this section. More detail can be 
found in ref. 1. 

Problem-dependent resonance processing of neutron cross sections is performed by 
SAS2H using the BONAMI-S and NITAWL-I1 modules. BONAMI-S applies the Bondarenko 
method of resonance self-shielding for nuclides that have Bondarenko data included with their 
cross sections. NITAWGII is an updated version of the NITAWL code and performs resonance 
self-shielding corrections using the Nordheim Integral Treatment for nuclides that have 
resonance parameters included with their cross sections. 

The XSDRNPM-S module, as applied by SAS2H, is used to produce weighted and 
collapsed cross sections for the fuel-depletion calculations. XSDRNPM-S performs a 1-D 
discrete-ordinates transport calculation based on various specified geometries requested in the 
data supplied by SAS2H. Data from the weighted cross-section library and spectra produced by 
XSDRNPM-S are used by the COUPLE module to update an OFUGEN-S nuclear data library 
and modify the ORIGEN-S spectral parameters (THERM, RES, and FAST). 

The ORIGEN-S module is used for the depletioddecay portion of SAS2H. ORIGEN-S 
is  referred to as a point-depletion code and contains no explicit spatial dependence. Therefore, 
all data provided to ORIGEN-S (Le., cross sections or spectral data) are effective values 
weighted over the spatial region of interest. ORIGEN-S is used to compute time-dependent 
concentrations and source terms for a large number of isotopes that are simultaneously 
generated or depleted through neutronic transmutation, fission, radioactive decay, input feed 
rates, and physical or chemical removal rates. The time dependence of the nuclide 
concentrations is solved by using the matrix exponential expansion technique. A generalized 
form of the Bateman equation is used to solve for concentrations of short-lived nuclides to 
ensure better accuracy. 

Any master AMPX cross-section l i b r a g  with SCALE nuclide identifiers can be used 
by the SAS2H module. Of the available SCALE libraries, the hybrid 27-group neutron cross- 
section library is typically applied. This library primarily has ENDFB-IV data, but early 
ENDFB-V data have been added for the needed fission products. Also, a 44-group neutron 
cross-section library repared with the latest revised ENDFB-V data files, with the exception 

been processed and is used in this study. A fssion-product evaluation conducted at ORNL and 
r e p ~ r t e d ' ~  in 1990 showed a significant difference between ENDFB-V and ENDFB-VI capture 
cross-section evaluations of both '"Eu and "'Eu. The resonance integral for lssEu in the 
ENDFB-VI evaluation was greater than an order of magnitude higher than that in the 
corresponding ENDFB-V evaluation. The reason for this extreme difference is that Is5Eu 
resonance parameters were not available in the ENDF/B-V data files. 

The ORIGEN-S data libraries (Sect. M7 of ref. 1) are accessed for the half-lives, decay 
constants, fission yields, and Q-values. One modification to the ORIGEN-S decay data base in 
Version 4.2 of SCALE was re uired in this study. The half-life of 79Se was corrected from 
33,000 to 330,000 years. The 99Se spent fuel content was measured in units of curies. The 

that l60, l'Eu, and ' P 'Eu cross sections were prepared with ENDFB-VI data files, has recently 
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conversion of the calculated 79Se pass to curies applies the half-life. Preliminary results were 
an order of magnitude too high. An inspection of the progress report in which the upper limit 
of the 79Se half-life was first reported indicated that instead of using the correct factor of 1.68 x 
lo* for converting pg/(d/s) to half-life in years, a value of approximately 1.68 x lo7 was applied, 
which is too low by a factor of 10. The larger half-life was updated in the ORIGEN-S library 
for local use and will be included in future releases of S C U .  

Input data for each SCALE module are prepared by SAS2H based on a single set of 
input consisting of basic engineering parameters (e-g., fuel pin-cell dimensions and compositions) 
and keywords cast in a simple, free-form format. The SAS2H program uses this basic 
information to derive additional parameters (e.g., number densities or associated physics data) 
and to prepare the input for each of the functional modules in the sequence. Nuclide densities 
required by the codes are preparcpd by the SCALE Material Information Processor Library 
(MLPLIB) from both the user input (e.g., material densities or volume fractions) and the 
contents of the SCAL;E Standard Composition Library. MIPLIB is also an essential tool in 
calculating applicable physics parameters (e-g., Dancoff factors) for the neutronics modules. 

The method applied by SASW utilizes data describing a fuel assembly as it is initially 
loaded into a particular reactor. The geometry, initial material composition, average mne 
temperatures, and time-dependent specific power of the fuel assembly are required input. 
Fundamentally, the chief function of the SAS2H program is to convert this user input data, plus 
data available within the SCALE system, into the input required by functional modules and 
transfer the data onto the interface units read by these codes. A diagram of the basic flow path 
invoked by SAS2H and the SCALE driver for depletion and decay analyses is shown in Fig. 1. 
Appropriate parameters are returned to the SCALE driver to properly invoke the functional 
modules in the SAS2H method. The methods and techniques employed by SAS2H through the 
execution of the final ORIGEN-S case are discussed in the remainder of this section. 

23.1 NeutronksModels 

The flow chart of Fig. 1 indicates two computational paths (path A and path B) for the 
neutronics portion of the depletion analysis. Although the neutronics modules used in these 
sequential flow paths are similar (both access BONAMI-S, NITAWL-II, and XSDRNFM-S), the 
models analyzed are quite different. Path A evaluates a model similar to that used in earlier 
SAS2 versions. The addition of flow path B and its model distinguishes the new version of the 
SAs2 control module that is denoted SAS2H. 

Basically, the model used in path A represents the fuel as an infinite lattice of fuel pins. 
Cross-section processing is followed by a 1-D discrete-ordinates transport computation of the 
neutron flux in a unit cell with white boundary conditions. The cell-weighted cross sections 
produced by this path-A model are then applied to the fuel zone of the path-B model. The 
model applied in path €3 is a larger unit cell model used to represent part or all of an assembly 
within an infinite lattice. The concept of using cell-weighted data in the 1-D XSDRNPM-S 
analysis of path B is an approximate method for evaluating heterogeneity effects found in fuel- 
pin lattices containing different types of rods or water "holes." The path-B model is used by 
SAS2H to generate few-group, celljweighted cross sections for ORIGEN-S and to calculate the 
neutron flux for an "assembly-avedaged" fuel region that is used to update the ORIGEN-S 
spectral parameters for isotopes no$ explicitly included in the cell model. 
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Fig. 1. How path invoked in SAS2H depletion and decay sequences. 
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Two examples of the larger unit cells are depicted in Fig. 2, where diagram (a) applies 
to a PWR control rod assembly and diagram (b) applies to a burnable poison assembly in a 
BWR. Variations to diagram (b) (e.g., omitting the casing and channel moderator) would apply 
to different types of BWR or PWR assemblies. The essential rule in deriving the zone radii is 
to maintain the relative volumes in the actual assembly. The central region of the larger cell can 
be modeled as an assembly guide tube, a BPR containing no fuel, an orifice rod, an axial peaking 
rod, a fuel rod containing a burnable poison, or almost any other pin-cell type rod. A fuel region 
surrounds the central region moderator with a radius that conserves the relative volumes of fuel 
and moderator for the entire assembly. Also, the fuel assembly housing material, or casing, and 
channel moderator between assemblies may be added by conserving volumes. Assembly rod 
spacers and other hardware that may be present are usually ignored. However, if their effects 
are estimated to be significant, they may be input by using zone average or effective densities. 

During normal reactor operation, there ase axial variations in moderator density and 
power in all assemblies. The approximation used to determine the average water density may 
have a significant effect upon the iesults. A frequent and acceptable practice in using SAS2H 
for PWR assemblies is to derive the average density using the water pressure and the average 
core temperature. 

Fuel cross sections vary with burnup because of the change in nuclide concentration and 
because of the resulting shift in the energy spectrum of the neutron flux The neutronics- 
depletion procedure of Fig. 1 is applied repeatedly by SAS2H to produce cross-section libraries 
for the irradiation intervals requested in the input. The major data differences for the sequential 
"passes" are in the nuclide densities and reactor history parameters. 

The user input specifies the numbex of reactor power cycles, the number of hiraries to 
make per cycle, the specific power in each cycle, and both the total operation time and downtime 
of each cycle. The irradiation-time interval associated with each library is derived from this 
input. With the exception of the initial fresh-fuel library, each cross-section library is based on 
number densities obtained for the midpoint of the irradiation-time interval. The midpoint 
number densities for an irradiation internal are computed from an ORIGEN-S case that uses the 
library from the previous irradiation interval. Collapsed cross sections for all nuclides included 
in the p a t h 3  explicitly updated and included on each new 
ORXGEN-S working liirary. Other nuclide cross sections on the ORIGEN-S library are updated 
using broad-group, flux-weight factors from the path-B XSDRNPM-S analysis. Trace amounts 
of the selected nuclides shown in Table 1 are automatically included by SAS2H in the 
XSDRNPM-S analysis to ensure that appropriate cross sections are available for important 
nuclides that build up in the fuel during depletion. Additional trace nuclides (e.g., major fmion 
products) can be input by the user. 

The procedure is illustrated schematically in Fig. 3 for a two-cycle case where two 
libraries per cycle are requested. The first step is to produce the "PASS 0" library prepared using 
the fresh fuel isotopics. This initial library is used in the first ORIGEN-S case to generate 
number densities at the midpoint pf the first irradiation interval. Next, the SAS2H module 
performs the necessary data processing and rewrites all code interfaces. Then, the "PASS 1" 
library is produced by executing pa+ A and path B of Fig. 1 a second time with the new input 
interfaces. Each additional pass 'applies the same procedure as used for "PASS 1" [i.e., 
(1) isotopic densities at the midpoint of the Nth irradiation interval are obtained using the library 
from the N-1 interval and the isotppic densities at the start of the N-1 interval, and (2) the 
"PASS N" liirary is obtained using the neutronics procedure with the midpoint isotopic densities]. 

XSDKNPM-S analysis are 
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Fig. 2. Examples of larger unit cell for the model used in the path-B portion of SAS2H. 
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Table 1. List qf fuel nuclides automatically included by 
SA52 for neutronics processing" 

I3'xe 238Pu 2 4 2 r n h  

133cs 239Pu 2 4 3 h  

234u "OPU " * ~ m  
235u 24'Pu *j3Crn 

242Pu 244Cm 236v 
238U 
237Np 

l/v-absorberb 2 4 1 h  

aUnless overridden by user input, these nuclides are added to the 
initial fuel mixture with a number density of lo-= atomsb-cm. 

(see Sect. F7 of Ref. 1). 
to calculate the THERM parameters applied in ORIGEN-S 

oRNLDHFG 301K12166 

LIBRARIES 
USED 

(1 1 2,394) 
(3) 
(2) 
(1) 
(0) - 

FINAL ORIGEN-S CASE - 4th ORIGEN-S CASE 
4- 3rd ORIGEN-S CASE 
t 2nd ORIGEN-S CASE 

1 st ORiGEN-S CASE 

I 1 I I 

CYCLE 1 CYCLE 2 

LOCATION OF 
PASS 0-4 LIBRARIES 

Fig. 3. Schematic of successive ORIGEN-S cases used to produce the burnup-dependent 
number densities for a SAS2H cask with two libraries per cycle. 
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Number densities for the heavy nuclides of the fuel, together with their activation 
products and fission products, are all computed by ORIGEN-S. In addition, ORIGEN-S 
calculates the depletion of the burnable poisons boron, gadolinium, and cadmium, and some of 
the specified structural materials or light elements (e.g., lithium). As noted earlier, the 
moderator density does not change from the initial material specification unless requested by the 
user. The fraction of the fmt-cycle (initial material specification) density of the water or soluble 
boron may be specified by the user for each cycle. 

233 Final Depletion and Decay Analysis 

The purpose of the neutronics-depletion method was to produce a set of ORIGEN-S 
working libraries that apply to the specified fuel assembly at various points during its irradiation 
history. These libraries and the initial nuclide densities form the input to the final ORIGEN-S 
depletion case. All the nuclides in the ORIGEN-S binary library' are available for the analysis. 
These nuclides presently include 689 light elements, such as clad and structural materials, 129 
actinides, including fuel nuclides and their decay and activation products, and 879 fission-product 
nuclides. All depletioxddecay transitions are automatically provided in the ORIGEN-S library 
and can be updated easily by COUPLE. 

The first step of the final ORIGEN-S case is the nuclide generation and depletion 
computation using the "PASS 1" library. The first-cycle power and "PASS 1" time interval are 
applied. Four equal-size time steps are used during the irradiation time, followed by a single 
downtime interval. If no downtime is specified, a zero-time interval is applied. Next, a similar 
computation is performed using the compositions determined at the end of the "PASS 1" 
calculation and the cross-section data on the "PASS 2" library. The analysis proceeds with each 
succeeding library and corresponding assembly power and time interval. Ultimately, the nuclide 
inventories (actinides, fission products, and light elements) are computed at the bumup 
corresponding to the discharge of the assembly from the reactor. Finally, a decay-only subcase 
(six equal-size time steps) is computed for the requested spent fuel cooling time. The calculated 
compositions from this last decay subcase are applied in the determination of other spent fuel 
characteristics (e.g., radiation sources and heat generation). 

Basic engineering data, in ffee-form input, are required to perform the SAS2H analysis. 
An example of the input for the fuel-depletion data in a sample case is shown in Fig. 4. The 
input provided in Fig. 4 is for a three-cycle depletion of a 17 x 17 PWR assembly to 
33 MWd/kgU. The first part through the line giving the square-pitch dimensions defines the 
reactor materials and lattice cell design, the next part d e s c r i i  the power operating history and 
other data on the fuel assembly, and the final part gives the light-element contents. Even though 
all the data are available at reactor sites, nominal data can be found in various reactor fuel 
characterization compilations (see various references in Sect. 3). 
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- S a  W 
SAS2 SAMPLE CASE 3: 33 MWD/KGU, 17*17 PIN, PWR, 3 CYC, DRY-FUEL CASK 
27GROUPNDF4 UTTICECELL 
U02 10.9018 811 92234 0.028 92235 3.2 92236 0.015 92238 96.757 END 
ZIRCAUOY 2 1 620 END 
H20 3 DEN4.733 1 570 END 
ARBM-30RMOD 0.733 1 1  0 0 SO00 100 3 55O.OE-6 570 END 
co- 59 3 1-20 570 END 
END COMP 
SQUARE2ITM 1.25984 0.83566 1 3  0.94996 2 END 
pilPIN/ASSM-264 m a = 3 6 5 . 7 6  NCYCLES-3 NUB/CYC-1 
PRINTLEvEL-4 
LIGHTEGl.6 
POWER-18.3025 BURN-290 DOWN-30 EZJD 
POWER-17.3025 BURN-300 DOWN-60 3FRAc-o.95 END 
POWER-16.3025 BURN-290 DOWN-1826.25 BFRAD.0.92 ]EM) 

C 0.05999 I 0.03377 0 62 .14  AL 0.04569 
S I  0.06586 P 0.1422 TI 0.04983 CR 2.340 
MN 0.1096 FE 4.599 CO 0.03344 WI 4.402 
ZB 100.8 NB 0.3275 P#) 0.1816 SN 1.652 

PARM- ' SKIpSfEIPDATA ' 

m 

Fig. 4. Example of fuel depletion SAS2 input. 

25 HEAT GENERATION VATJDATION 

Reference 21 descnk work performed to validate the SASZH analysis sequence for use 
in calculating heat generation rates for PWR and BWR spent fuel. The validation study involved 
comparing calorimetric measurements of spent fuel assembly heat rates with computed values. 
In this study, results were compared for ten PWR and ten BWR spent fuel assemblies obtained 
from three reactors: Point Beach Unit 2 (PWR), Turkey Point Unit 3 (PWR), and Cooper 
Nuclear Station (BWR). Measured and computed decay heat rates and percentage differences 
for each measurement are documeqted. The average differences for the three reactors indicated 
the computed values of the Point Beach PWR assemblies to be greater than the measurements 
and the opposite relationship for data of the other two reactors. Specifically, the assembly 
average percentage differences were 3.0 1.9%, -0.7 f 1.7%, and -0.7 f 2.6% for the Point 
Beach, Turkey Point, and Cooper Nuclear Station analyses, respectively. The report concluded 
that SAS2H gave valid results for spent fuel heat generation for a wide range of burnups, initial 
enrichments, and reactor power &tory. The validation performed here provides a more 
strenuous test of the analysis sequehce since heat generation is a global quantity that could mask 
compensating errors in individual isotopics. 



3. PWR FUEL ASSEMBLY DATA FOR PROBLEMS ANALYZED 

The problems selected for validation of depletion and decay analysis using the SAS2H 
control module of the SCALE code system are based on post-irradiation measurements 
performed with PWR spent fuel from the Calvert Cliftk Unit 1, H. B. Robinson Unit 2, and 
Obrigheim reactors. The Materials Characterization Center at Pacific Northwest Laboratory 
selected three 14 x 14 Combustion Engineering (CE) assemblies from Calvert Ciiffs and one 
15 x 15 Westinghouse assembly from H. B. Robinson for the Approved Testing Material (ATM) 
program that was designed to provide a source of well-characterized spent fuels.'*-14 For a 
specific rod within each assembly, radiochemical measurements were made on fuel pellets from 
either three or four axial positions with each position corresponding to a different burnup. For 
each pellet, measured data were obtained for the major actinides, cesium isotopes, and Y c .  
Other fission products of importance to burnup credit @e., high neutron absorbers) have recently 
been measured for one Calvert Cliffs assembly PO47 (ATM-104) zL Isotopic measurements of 

each assembly was cut in half lengthwise and dissolved separately at the Karlsruhe Reprocessing 
Plant in Germany. The radiochemical analysis for a number of actinide and fission products was 
subsequently carried out by four independent institutes. The Obrigheim measurements thus 
provide "assembly average" isotopic values that, in comparison with individual pellet 
measurements, are more consistent with the spatially independent @e., assembly average) point- 
depletion techniques typically used to characterize spent fuel for away-from-reactor applications. 
Some pellets were also selected from the Obrigheim assemblies for radiochemical assay, but these 
measurements have not been included in this evaluation. 

The initial 235U fuel enrichment, the accumulated burnup, and the cooling time are very 
important parameters in characterizing the nuclide inventory of spent PWR fuel. Table 2 
provides these basic characterization parameters for the three Calvert Clifh assemblies, the single 
H. B. Robinson assembly and the five Obrigheim assemblies considered in this report. The 
enrichments, burnups, and cooling times in Table 2 are representative of a very large percentage 
of the spent fuel inventory in the United States and thus provide appropriate data for validating 
nuclide depletion, buildup, and decay models. The following subsections provide the detailed 
descriptions necessary to perform a calculational prediction of the spent fuel isotopic 
compositions for each assembly and pellet location. Listings of the actual input data to SAS2H 
for all of the validation cases are shown in Appendix A Comparisons of the measured data 
against isotopic compositions predicted using the SAS2WORIGEN-S sequence of SCALE-4 
code system are given in Sect. 4. 

the Obrigheim 14 x 14 assemblies were performed in Europe.' 1: l6 For these measurements, 

3.1 CALVERT CllFFS PWR SPENT FUEL DESIGN AND OPERATING DATA 

The Calvert ClifES Unit 1 PWR uses CE fuel assemblies with a 14 x 14 pin lattice. A 
general description of the standard Calvert Cliffs fuel assembly design is presented in Table 3. 
The initial fuel compositions for the assemblies are listed in Table 4. The locations within the 
14 x 14 assembly lattice of the specific fuel rods examined from each assembly are shown in 
Figs. 5 through 7. 

The assembly designated IXM7 was loaded in Calvert Cliffs Unit 1 during cycles 2 
through 5, inclusive. DlOl was only loaded during cycles 2 through 4, inclusive. BT03 was 
loaded during cycles 1 through 4, inclusive. The operating data (e.g.> cumulative burnups) on 

12 
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Table 2. Basic parameters of the measured spent fuel 

Test Axiar 

Pressurized water reactor (ATM No.) (wt % (cm) (GWd/MTu) time (d) 

Calvert Cliffs Unit 1 DO47 3.038 13.20 27.35 187ob 

assembly Enrichment location Burnup cooling 

(ATM-104) 27.70 37.12 
165.22 44.34 

Calvert Cliff3 Unit 1 DlOl 2.72 8.90 18.68 2374 
(ATM-103) 24.30 26.62 

161.70 33.17 

Calvert Cliffs Unit 1 BllB 2.453 11.28 31.40 2447 
(ATM-106) 19.92 37.27 

161.21 46.46 

H. B. Robinson Unit 2 BO5 2.561 11 16.02 3936 
(ATM-101) 26 23.81 3936 

199 28.47 3631 
226 31.66 363 1 

Obrigheim 170 3.13 NIA.' 25.93 od 

Obrigheim 172 3.13 Nlk' 26.54 od 

Obrigheim 176, batch 91 3.13 NlA.' 27.99 od 

Obrigheim 168 3.13 Nlk" 28.40 od 

Obrigheim 171 3.w NJA.~ 29.04 d 

Obrigheim 176, batch 90 3.13 NIAb 29.52 od 
~~ ~ 

"Distance from bottom of fuel. 
'Radiochemical analyses of additional fission products at 3817 d, with reported values adjusted 

Wot applicable. Assembly average isotopic measurements and burnup. 
dMeasured data converted to time of shutdown for discharge. 

to 1870 d. 
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Table 3. Calvert Cliffs general fuel assembly design data 

Parameter Data 

Assembly ID DO47 and DlOl BT03 

Assembly general data 
Designer Combustion Engineering Combustion Engineering 

Number of fuel rods 176 176 

Assembly pitch, cm 20.78 20.78 

Lattice 14 x 14 14 x 14 

Number of guide tubes 5 5 

Fuel rod data 
Type fuel pellet 
U02 density, g/cm3 
Pellet end dishing, vol % 
Pellet stack density, g/cm3 
Rod pitch, cm (in.) 
Rod OD, cm (in.) 
Rod ID, cm (in.) 
Pellet diameter, cm (in.) 
Active fuel length, crn (in.) 
Clad material 

uo2 
10.413 
3.539” 
10.045 
1.4732 (0.580) 
1.1176 (0.440) 
0.9855 (0.388) 
0.9563 (0.3765) 
347.22 (136.7) 
Zircaloy-4 

uo* 
10.175 
1.366’ 
10.036 
1.4732 (0.580 
1.1176 (0.440) 
0.9855 (0.388) 
0.9639 (0.3795) 
347.22 (136.7) 
Zircaloy-4 

Guide tube data 
Inner radius, cm (in.) 1.314 (0.5175) 1.314 (0.5175) 
Outer radius, cm (in.) 1.416 (0.5575) 1.416 (0.5575) 
Tube material Zircaloy-4 Zircaloy-4 

“Calculated from design dimensions of pellet. 
Sources: refs. 12 through 14 and ref. 23. 
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Table 4. Fuel commsition of Calvert Cliffs fuel assemblies 

IM47" DIOlb BM3' 
Parameter (ATM-104) (ATM-103) (ATM-106) 

Enrichment, 
wt % psu 3.038 2.72 2.453 
wt % =U" 0.027 0.024 0.022 
wt % mu" 0.014 0.013 0.01 1 

Oxygen, wt % 11.86 11.86 11.86 
Carbon, ppm 18 12 19 
Nitrogen, ppm 23 24 44 
Fluorine, ppm <5 <5 c 5  
Chlorine, ppm < 10 c 10 < 10 
Iron, ppm c45 52 e 45 
Silver, ppm <1 <1 <1 
Aluminum, ppm c115 < 121 < 115 

Total uranium, wt % 88.14 88.14 88.14 

Nickel, ppm <25 <25 < 25 

OData taken from ref. 13. 
%ata taken from ref. 12. 
'Data taken from re€ 14. 
dNot part of fuel certification data; calculated according to the 

following equations:" 
wt % = 0.0089 x 235U wt % 
wt % = 0.0046 x w w t  % 
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Fig. 5. Location of Fuel Rod MKP109 in Assembly D047. 
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Fig. 6. Location of Fuel Rod -098 in Assembly D101. 
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Fig. 7. Location of Fuel Rod NBD107 in Assembly BT03. 
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the samples taken from the D047,assembly were available in greater detailB than the data for 
the DlOl and BT03 assemblies. Lmear heat generation rates (LHGRs) for DO47 Rod MKP109 
at the three axial locations of the samples are listed in Table 5. At each axial location, the linear 
burnups of time intervals (Le., the product of interval size and LHGR) were summed for each 
cycle. The linear burnups per cycld were then normalized to the total burnups of the three DO47 
samples listed in Table 2 to produce the cumulative burnups presented in Table 6. Estimates 
of the cumulative burnups for samples from the other two assemblies were derived with a 
different procedure because no LE-IGR data were reported for their samples. Assembly DlOl 
resided in the reactor during the first three of the four cycles in which DO47 was present. Also, 
each of the axial distances to the bottom of the fuel of the Dl01 samples were only 3.2 to 4.1 cm 
less than those of the DO47 samples at similar positions. Thus, the cumulative burnups of the 
DlOl samples were estimated by assuming that the burnups experienced during a cycle at similar 
axial locations in both assemblies were equal fractions of the corresponding cumulative burnup 
over the three cycles of operations common to both assemblies. The method of estimating the 
sample burnup used for DlOl could not be applied to BT03 because the reactor residence period 
of BT03 included one cycle prior to that of DO47. Also, operating history data of the BT03 
assembly samples were specified in terms of the cycle and cumulative burnups of the entire Rod 
NBD107. Therefore, the fraction of the total four-cycle burnup that was experienced in each 
cycle by the rod was applied to the total burnup of each sample of BT03 to produce the cycle 
and cumulative burnups of the samples. The final cumulative burnups of the nine samples listed 
in Table 6 are equal to the corresponding sample burnups in Table 2. The power histories of 
each of the pellet samples, also shown in Table 6, were calculated from the cycle lengths and 
corresponding cycle burnups. 

The cycle average boron concentrations in Table 6 were derived from the data in 
Table 5. The first and last soluble: boron concentrations for each cycle were used to estimate 
the rate of change in boron versus time. An initial and final boron concentration for each cycle 
was calculated by extrapolation from the average values in the first and last intervals, 
respectively, using the calculated rate of change in boron versus time. The cycle average boron 
concentrations in Table 6 are the average of the extrapolated initial and final concentrations. 
The boron concentration of cycle 1 was set equal to that of cycle 2. 

The effective fuel temperature data in Table 6 was specifically for DO47 Rod MKP109, 
but were applied to all three fuel rods since no data were available for DlOl Rod MIA098 or 
BT03 Rod NBD107. An effective fuel temperature for each sample was derived by burnup- 
weighting of cycle temperatures ih Table 6 for assemblies DO47 and 0101. Estimates of the 
impact of these temperature assumptions were determined. The cumulative burnup, and thus 
the average power, during the first three cycles of DlOl Rod MLA098 was between 3 and 9.5% 
less than that of pellet samples from similar locations in DO47 Rod MKP109. Computations for 
fuel temperatures with a 100 K difference, indicated a maximum uranium and plutonium isotopic 
change of 0.013%/ K. Applying an estimate (based on Obrigheim temperature vs power data 
in Sect. 3.2) of 2 3  W% change in p e r ,  the maximum isotopic error in uranium and plutonium 
is estimated to be 0.3% (9.5 x 2.3 x 0.013). The average power of BT03 Rod NBD107 was 
between 6 and 18% less than the corresponding values of DO47 Rod MKP109. Using the same 
type of estimate as applied to D101, the maximum uranium and plutonium isotopic error would 
be 0.5%. Although the possible bias from fuel temperature estimates are not ideal, they may be 
considered acceptable. Note that, there were no estimates of fuel temperatures in cycle 1 to 
apply to assembly BT03. Thus, the1 effective fuel temperature for a sample in BT03 was assumed 
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Table 5. Power histories and boron concentrations 
Fuel Assembly DO47 Rod MKP109 

Cycle No. 2 (3-22-77 to 1-22-78) 

Average LHGRP kW/ft 
Interval soluble 

boron, ppm 13.20 cm 27.70 cm 165.22 cm days 

7.0 654 2.0 3.04 5.42 
30.8 614 2.73 4.08 6.64 
16.3 563 2.80 4.18 6.60 
11.4 533 2.86 4.26 6.60 
12.5 507 2.94 4.34 6.56 
23.7 468 3.01 4.43 6.41 
22.8 418 3.16 4.61 6.44 
23.2 368 3.27 4.73 6.37 
8.1 333 3.30 4.75 6.34 

31.4 290 3.48 4.95 6.34 
34.3 218 3.59 5.05 6.53 
16.4 162 3.75 5.25 6.38 
19.2 122 3.75 5.21 6.26 
12.8 86 3.81 5.28 6.30 
34.2 36 3.63 4.98 5.95 
1.9 0 3.64 4.98 5.96 

71.0 0 0 0 0 

Cycle No. 3 (4-3-78 to 4-20-79) 

Average LHGR," kW/ft 
Interval soluble 

boron, ppm 13.20 cm 27.70 cm 165.22 cm days 

7.9 
14.4 
19.7 
16.8 
16.3 
15.4 
39.1 
31.2 
31.8 
3 1.8 
44.3 
25.0 
59.1 
28.9 
81.0 

883 
862 
837 
808 
775 
741 
684 
61 1 
545 
478 
368 
291 
224 
120 
83 

2.63 
2.71 
2.14 
3.18 
3.35 
3.74 
3.71 
3.95 
4.08 
4.20 
4.38 
0 
4.67 
4.95 
0 

3.85 
3.95 
3.11 
4.58 
4.81 
5.33 
5.23 
5.50 
5.64 
5.75 
5.93 
0 
6.20 
6.52 
0 

7.47 
7.20 
5.04 
7.79 
7.78 
8.16 
7.45 
7.37 
7.20 
7.02 
6.93 
0 
6.89 
7.12 
0 
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Table 5. (continued) 
~ ~ -- 

Cycle~No. 4 (7-10-79 to 10-18-80) 

Average LHGR," kW/ft 
Interval soluble 
days boron, ppm 13.20 cm 27.70 cm 165.22 cm 

46.1 960 2.79 3.97 6.59 
24.0 889 2.9 1 4.11 6.54 
22.6 827 3.07 4.29 6.43 
25.7 759 3.29 4.56 6.33 
30.2 706 1.57 2.17 3.05 
41.2 788 1.79 2.46 3.18 
503 720 1.72 2.35 3.00 
11.0 673 3.18 4.33 5.23 
32.8 527 3.93 5.3 1 6.17 
23.5 460 4.07 5.42 6.12 
29.4 370 4.05 535 5.95 
28.1 301 4.25 5.56 6.07 
65.4 191 4.42 5.67 5.98 
35.7 73 4.62 5.87 6.02 
85.d" 31 0 0 0 

Cycle No. 5' (1-11-81 to 4-17-82) 

Average WGRP kWB 
Interval soluble 
days boron, pprn 13.20 cm 27.70 cm 165.22 cm 

65.0 919 1.98 2.67 4.55 
5.5 911 2.15 2.91 4.80 
6.6 8% I 2.20 2.98 4.80 
28.6 854 236 3.15 4.79 
31.2 784 2.54 3.36 4.72 
27.0 715 266 352 4.73 
227 655 277 3.63 4.71 
27.1 603 246 3.22 4.05 
55.2 521 281 3.64 4.34 
20.9 434 3.17 4.08 4.75 
41.9 356 3.32 4.24 4.79 
21.6 281 3.38 4.30 4.80 
27.6 226 3.2 1 4.04 4.49 
19.0 173 3.57 4.49 4.87 
61.2d 79 3.05 3.79 4.00 
.At indicated axial locatioas from bottom of fuel. 
'Cooling times to dates of DlOl and BT03 sampk analyses (April 1987 and June 1987) were 2374 d 

Qniy assembly DO47 was loaded in & cycle. 
'Cooling time following this b a l  irradiation interval to date of DO47 sample analysx (June 1987) was 

Sources: refs. 13 and 25. 

(65 y) and 2447 d (6.7 y), reqxtiveiy. 

1870 d (5.1 y). 
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Table 6. Operating data for Calvert Cliffs Assembly D047, Rod MKP109, 

Cycle number 1“ 2 3 4 5 

Assembly D101, Rod MLA098, and Assembly BM3, Rod NBD107 

Cycle length, d 
Downtime after cycle: d 

Cumulative burnup, GWd/M”U 
Rod MKp109, 13.20 cm 
Rod h4KP109, 27.70 cm 
Rod MKP109, 165.22 cm 
Rod MLA098, 9.10 cm 
Rod MLA098,24.50 cm 
Rod MLA098,161.90 cm 
Rod NBDlO7, 11.28 cm 
Rod NBD107, 19.92 cm 
Rod NBD107, 161.21 cm 

Cycle average power, MWfhtTU 
Rod MKP109,13.20 cm 
Rod MKP109, 27.70 cm 
Rod h4KP109, 165.22 cm 
Rod -098, 9.10 cm 
Rod MLAO98,24.50 cm 
Rod -098, 161.90 cm 
RQd NBD107, 11.28 crn 
Rod NBD107, 19.92 cm 
Rod NBD107, 161.21 cm 

+le average boron, ppm (wt) 

Effective fuel temperature; K 
Rod MKP109,13.20 cm 
Rod MKP109,27.70 cm 
Rod MKP109, 165.22 cm 
Rod MLA098, 9.10 cm 
Rod ML4098,24.50 cm 
Rod MLA098, 161.90 cm 

816.0 
81.0 

- 
- 
- 
- 
- 
- 

1459 
1732 
22.59 

- 
- 
- 
- 
- 

17.88 
21.22 
26.46 

330.8 

- 
- 
- 
- 
- 
- 

306.0 
71.0 

5.28 
7.56 
9.52 
4.78 
7.08 
9.25 

20.31 
24.10 
30.05 

17.24 
24.72 
31.12 
15.61 
23.15 
30.24 
18.67 
22.16 
27.62 

330.8 

829 
940 
997 
829 
940 
997 

381.7 
81.3 

12.69 
17.78 
21.93 
11.49 
16.65 
21.31 
25.29 
30.02 
37.42 

19.43 
26.76 
3251 
17.59 
25.06 
31.58 
13.06 
15.51 
1933 

469.4 

850 
927 
958 
850 
927 
958 

466.0 
85.0 

20.63 
28.42 
34.14 
18.68 
26.62 
33.17 
31.40 
37.27 
46.46 

17.04 
22.84 
26.20 
15.43 
21.39 
25.46 
13.10 
15.55 
19.39 

503.7 

775 
793 
794 
775 
793 
794 

461.1 
I 

27.35 
37.12 
44.34 - 
- 
- 
- 
- 
- 

14.57 
18.87 
2212 - 
- 
- 
- 
- 
I 

4 E l  

709 
712 
747 

- 
- 
- 

‘No burnup or power s e e d  if assembly not loaded in cycle. 
’Cooling times after shutdown for discharge to time of assay analyses listed in Table 2 
TJo fuel temperature data for Assembly BT03, Rod NBD107. 
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to be equal to that for a sample at the corresponding axial location in D047. The estimated 
weighted effective fuel temperatup, derived by the above procedures, are listed in Table 7. 

The moderator temperatures listed in Table 7 were calculated as a function of distance 
from the bottom of the fuel rod. The calculation was based on an inlet temperature of 543.2"F 
and an outlet temperature of 593.6'E It was assumed that the heat produced in the moderator 
versus fuel height was a sine function. Integrating this function yields the following formula for 
moderator temperature vs height: 

where 

T(h) 
TIN 

Tom 
H 

= temperature (OF) at height h, 
= inlet temperature = 543.2"F, 
= outlet temperature = 593.6"F, 
= total fuel height = 347.22 cm. 

The moderator temperatures in Table 7 are based on this formula. The moderator densities 
were determined by using these temperatures to interpolate on a temperature-pressue-density 
table at a pressure of 2247 psia. The inlet and outlet temperatures and moderator pressure were 
supplied by the operating utility.25 

32 H. B. ROBINSON PWR SPENT FUEL DESIGN AND OPERATING DATA 

The H. B. Robinson Unit 2 PWR uses Westinghouse fuel assemblies with a 15 x 15 pin 
lattice. Descriptions of the design characteristics of Assembly BO5 and the burnable poison 
fixture present in the assembly during cycle 1 are presented in Table 8 (refs. 19 and 26). The 
assembly was loaded in H. B. Robinson during cycles 1 and 2. The location within the BO5 
lattice of Rod N-9, the fuel rod examined, is shown in Fig. 8. 

Power histories and other operating data for Assembly BO5 are listed in Table 9. 
Detailed operating data were condensed to that given in the table. As a modeling 
approximation, each reactor cycle was split into two equal irradiation time intervals to allow the 
placement of downtime at the cycle midpoints. The &day downtime was the duration of the 
reloading period between cycles. The specific power of each pellet sample was assumed to 
decrease linearly with irradiation time and was normalized to produce the final total burnup in 
deriving the interval bumups and corresponding average powers. The differences between the 
estimated and detailed power histories should not cause a significant change in the isotopic 
compositions calculated at the cooling times (- 10 years) of the radiochemical analyses. 

Moderator temperatures and densities and effective fuel temperatures are listed in 
Table 10. The moderator temperatures were calculated by the same method applied to the 
Calvert Cliffs moderator (see Sect. 3.1) using inlet and outlet temperatures of 5465°F and 
600.6"F, respectively.n The moderator densities were determined by interpolating data on a 
temperature-pressuredensity table at a pressure of 2250 psian The effective fuel temperatures 
were determined from the fuel te' perature versus rod linear power curve in Fig. 9 (from 
ref. 16). Although the curve was dem veloped for the Obrigheim PWR, the rod dimensions, rod 
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Table 7. Moderator conditions and effective 
fuel temperatures' for Calvert cliffs 1 PWR 

Moderator Moderator Fuel 
Test Rod Axial temperature density temperature 

DO47 MKP109 13.20 543.4 557 0.7575 790 
27.70 544.0 558 0.7569 841 
165.22 566.5 570 0.7332 873 

assembly ID location (cm) (OF') (K) (g/cm3) (W 

Dl01 MIA098 9.10 543.3 557 0.7576 816 
24.50 543.8 558 0.7571 880 
161.90 565.7 570 0.7341 910 

BT03 NBD107 11.28 543.3 557 0.7576 790 
19.92 543.6 557 0.7573 841 
161.21 565.6 570 0.7342 873 



25 

Table 8. Design gata for H. B. Robinson Fuel Assembly BO5 

Parameter Data 

Assembly general data 
Designer 
Lattice 
Soluble boron, cycle avg, ppm (wt) 
Number of fuel rods 
Number of position with only guide tubes 
Number of burnable poison rods 
Number of instrument tubes 
Assembly pitch, cm (in.) 
Assembly fuel, kg U 

Fuel rod data 
Type fuel pellet 
Enrichment: wt % 235U 

w t % W  
wt%=U 

Pellet stack density, g/cm3 (% TD) 
Rod pitch, cm (in.) 
Rod OD, cm (in.) 
Rod ID, cm (in.) 
Pellet diameter, cm (in.) 
Active fuel length, cm (in.) 
Clad temperature, K 
Clad material 

Guide tube data 
Inner radius, crn (in.) 
Outer radius, cm (in.) 
Material 

Instrument tube data 
h e r  radius, cm (in.) 
Outer radius, cm (in.) 
Material 

Wes tinghouse 
15 x 15 
450 
204 
8 
12 
1 
21.50 (8.466) 
443.7 

uo2 
2.561 
0.023 
0.013 

1.4300 (0.563) 
1.0719 (0.422) 
0.9484 (0.3734) 
0.9294 (0.3659) 
365.76 (144) 
595 
Zircaloy-4 

9.944 (90.73) 

0.6502 (0.2.56) 
0.6934 (0.273) 
zrcaloy4 

0.6502 (0.256) 
0.6934 (0.273) 
Zircaloy-4 

Burnable poison rod data 
Air OD, cm (in.) 
SS304 OD, cm (in.) 
Air OD, cm (in.) 
Borosilicate glass OD, cm (in.) 
Air OD, cm (in.) 
SS304 OD, cm (in.) 

OS677 (0.2235) 
0.6007 (0.2365) 
0.6172 (0.2430) 
1.0058 (0.3960) 
1.0173 (0.4005) 
1.1151 (0.4390) 

Sources: refs. 19 and ,26. 
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Location of fuel rod analyzed 
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Instrument tube location 

Fig. 8. h t i o n  of Fuel Rod N-9 in diagram of Assembly BO5 
coupled with burnable poison fixture. Sources: refs. 11 and 26. 
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Table 9. Operating data for H. B. Robinson Assembly B05, Rod N-9 pellet samples 

Operating interval number 1 2 3 4 

Cycle number including interval 1 1 2 2 

Downtime following interval, d 40.0 64.0 39.0 -- 
Interval time, d 243.5 243.5 156.0 156.0 

a 

Cumulative burnup, GWd/MTU 
No. N-gB-S, 11 cm 5.08 9.99 13.04 16.02 
No. N-gB-N, 26 cm 7.85 15.18 19.60 23.81 

No. N-gC-D, 226 cm 10.88 20.68 26.39 31.66 
No. N-gC-J, 199 cm 9.62 18.41 23.61 28.47 

Interval average power, MW/MTU 
No. N-gB-S, 11 cm 20.86 20.15 19.57 18.11 
No. N-gB-N, 26 cm 3223 30.10 28.35 26.99 
No. N-gC-J, 199 cm 39.50 36.11 3333 31.16 
No. N-9C-D, 226 cm 44.68 40.25 36.61 33.78 

Average soluble boron, ppm (wt) 652.5 247.5 652.5 247.5 
Burnable poison fixture, in/out in in out out 

"Cooling times after shutdown, on May 6, 1974, for discharge to time of radiochemical 

Source: ref. 11. 
analyses listed in Table 2 

Table 10. Moderator conditions and effective fuel 
temperatures for H. B. Robinson Unit 2 PWR 

Moderator 
temperature" Density of Pellet Axial Total 

sample location burnup moderatof 

N-9B-S 11 16.02 546.6 559 0.7544 
N-9B-N 26 23.81 547.2 559 0.7538 
N-9C-J 199 28.47 577.3 576 0.7208 
N-9C-D 226 31.66 583.3 579 0.7135 

ID (a) ( G w d q  (OF) (9 (g/m3) 

Fuel 
temperature' Rod linear 

power 
~W/Cm) ("C) (K) 

119.2 470 743 
177.2 557 830 
211.9 610 883 
235.6 650 923 

'Derived by method in Sect. 2.1 &Sing 546.5"F and 600.6"F for inlet and outlet temperatures 

bDetermined from the moderator temperature and the nominal pressure of 2250 psia (ref. 27). 
%timated from curve of effective fuel temperature as function of linear power for reactor rod 

(ref. 27). 

data (ref. 16) of similar dimemiom gnd pitch (Fig. 9). 
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Fig. 9. Fuel temperature vs rod power for Obrigheim. Source: ref. 16. 
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lattice pitch, and operating conditibns of the H. B. Robinson and Obrigheim fuel assemblies are 
similar. The temperatures were then converted from Celsius to Kelvin. 

The BPRs referred to in Tables 8 and 9 and Fig. 8 contained the high-neutron absorber 
boron in borosilicate glass. The composition of borosilicate glass taken from ref. 28 is listed in 
Table 11, with the exception that the boron itself6 applies to the H. B. Robinson PWR. These 
data, and the atomic weights and isotopic abundances from the Chart of the NuclidesB were used 
in calculating the atomic densities in Table 12. 

3 3  OBRIGHEIM PWR SPENT FUEL DESIGN AND OPERATINE DATA 

Obrigheim is a Siemens PWR that uses a 14 x 14 fuel assembly lattice. A description 
of the Obrigheim fuel assemblies examined is presented in Table 13. All the fuel assemblies 
analyzed were loaded in Obrigheim during cycles 3,4, and 6. Power histories for these cycles 
are listed in Table 14. The total days of uptime and downtime for each cycle are summarized 
in the table. 

Table 15 gives the cycle-specific operating data for the Obrigheim assemblies used to 
prepare the power history input. The cycle uptime and downtime is taken from Table 14. The 
cumulative bunups and cycle average powers are based on datal6 reported by the reactor 
operating utility. The data were normalized to the measured burnup for each assembly. The 
effective fuel temperatures were determined from the fuel temperature vs rod linear power curve 
in Fig. 9 (from ref. 16). The cycle average power was converted to the linear power of the rod 
in order to obtain temperatures from the c w e .  These temperatures were then converted from 
Celsius to Kelvin. A single effective fuel temperature for each assembly batch was determined 
by incremental burnup weighting af the cycle-dependent fuel temperatures. 

3.4 ADDITIONAL PWR DATA USED FOR SCALE SYSIEM INPUT 

The essential data for fuel depletion analyses of the problems listed in Table 2 are 
included in Tables 2 through 15. However, additional data (e.g., the selection of options or the 
generic quantities of light elemen@) are required as input to the SAS2H control module of 
SCALE4 These data, or selections, were separately listed in this subsection because they apply 
more than one of the reactor types considered here. 

The data presented in Tables 3 through 7 were used to prepare the SAS2H input for the 
isotopic calculations for the nine Calvert Cliffs spent fuel samples. Because of the large guide 
tubes in the CE 14 x 14 fuel assembly design (refer to Fig. 41, a "path-B" model for the SAS2H 
calculations was set up to describe the larger unit cell as a guide tube surrounded by fuel. This 
was done by using input level (INPLEVEL) = 2. The path-B model is illustrated in Fig. 10. 
The guide tube is surrounded by a fuel mne that is equivalent in area to one-fifth of the total 
cross-sectional area of all fuel rods in an assembly because there are five guide tubes per 
assembly. 

Special consideration was also needed for the H. B. Robinson "path-B" model. The 
path-B unit cell described in Fig. 2 accounts for the use of a different type of rod, such as a BPR 
or a guide tube, in addition to the fuel rods. However, it does not allow the model to explicitly 
simulate two different types of rods or tubes plus fuel rods. In the case of the burnable poison 
fixture located in Assembly BO5 in the H. B. Robinson PWR, there are 12 positions with BPRs, 
8 positions with only guide tubes, and a single position with an instrument tube (refer to Table 8 
and Fig. 8). An effective fuel celllwas derived to incorporate the BPR cell together with the 
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Table 11. Borosilicate glass composition" 
in BP assemblies 

Compound Weight fraction 

Si02 0.805 

Na,O 0.038 
0.004 
0.022 

B203 0.125 

K 2 0  
A 1 2 0 3  

"Data from The Ropertks of Glass, 
by G. W. Morey (ref. 28). 

Table 12. Borosilicate glass input atom densities" 

Weight Density, 
Element Isotope fraction atombarn-cm 

0 
Na 
Al 
Si 
K 
B 

Total 

0.5358 0.04497 
0.0282 0.00165 
0.0116 0.00058 
0.3763 0.01799 
0.0033 o.Ooo11 
0.03882 

'OB 9.595 x 10' 
llB 3.863 x 10-3 

0.99402 

"Applying weight fractions of compounds in Table 11 
and 2.23 gkm3 glass density (ref. 28). 
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Table 13. Design data for the analyzed Obrigheim fuel assemblies 

Parameter I Data 

Assembly general data 
Designer 
Lattice 
Water temperature, K 
Water density, g/cm3 
Soluble boron, cycle avg, ppm (wt) 
Number of fuel rods 
Number of guide tubes 
Assembly pitch, cm 

Fuel rod data 
Type fuel pellet 
Enrichment, 

W t % %  

W t % %  
Pellet stack density gkm3 
Rod pitch, cm 
Rod OD, cm 
Rod ID, cm 
Pellet diameter, cm 
Active fuel length, cm 
Clad temperature, K 
Clad material 

Guide tube data 
Inner radius, cfpl 
Outer radius, cm 
Tube material 

Siemens 
14 x 14 
572 
0.7283 
450 
180 
16 
20.12 

uo2 

3.13 
0.028" 
0.014" 

1.430 
1.O7lb 
0.93@ 

295.6 
605 

9.749 

0.9wb 

zircaloy-4 

0.6413' 
0.6845' 
Zircalov-4 

'Not available, calculated according to the following equations 
(ref. 24): 

~uwt%=o.oo89x23sum% 
=juwt % = 0.0046 x z3svwt % 

!Dimensions and density while hot, in operating reactor. 
"Dimensions of Westinghouse 14 x 14 guide tubes assumed 

Sources: re&. 15 and 16. 
(ref. 23). 
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Table 14. Power historv of Obrieheim fuel assemblies 168. 170. 171. 172. and 176 

Days Operating Days Operating Days Operating Days Operating 
Cycle 3 condition Cycle 4 condition Cycle 5 condition Cycle 6 condition 

4.9 
2.4 
79.1 
3.7 
18.3 
1.2 
12.2 
37.7 
136.5 
6.8 
37.0 
29.2 

369 

288 

81 

ma 
zLb 
FL 
ZL 
EL 
ZL 
FL 
2% 
FL 
ZL 
FL 
ZL 

124.2 
8.5 
90.1 
2.4 
9.7 
1.2 
13.4 
4.9 
1.2 
2.4 
70.6 

328 

309 

19 

FL 377 
ZL 
FL 
ZL 
FL 
ZL 
FL 
2% 
FL 
ZL 
FL 

Cvcle length, days 

Uptime dam 

Downtime daw 

ZL' 127.8 FL 
2.4 ZL 
54.8 FL 
1.2 ZL 
65.7 FL 

377 252 

0 248 

377 4 

"FL = full load. 
bZL = zero load. 
m e  specified assemblies were not loaded in cycle 5. 
Source: ref. 16. 
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Table 1 5  Operating data for the Obrigheim fuel assemblies and dissolved fuel batches 

Operating history 
parameter type 

Uptime, days 
Downtime, days 

Cumulative burnup, 
GWd/MTu: 

Average power, 
M W m  

Effective fuel 
temperature, K: 

Cycle number 
Burnup 

weighted 

number 3 4 5 6 temp" 
Assembly Batch fuel 
ID 

all 
all 

170 
172 
176 
168 
17 1 
176 

170 
172 
176 
168 
171 
176 

170 
172 
176 
168 
171 
176 

all 
all 

94 
92 
91 
86 
89 
90 

288 309 
81 19 

6.03 17.61 
10.03 17.77 
8.77 19.55 
8.16 19.90 
8.39 20.42 
9.25 20.62 

94 20.929 37.468 
92 34.833 25.035 
91 30.457 34.894 
86 28336 38.005 
89 29.124 38.952 
90 32121 36.801 

94 743 896 
92 865 778 
91 825 865 
86 807 895 
89 813 905 
90 840 883 

248 
913 

25.93 
26.54 
27.99 
28.40 
29.04 
29.52 

33.564 
35.374 
34.016 
34.249 
34.748 
35.875 

851 846 
870 841 
855 849 
860 859 
865 867 
875 867 

'Applied a constant effective fuel temperature derived from weighting the cycle 

Source: ref. 16. 
temperature by cycle incremental burnup. 



QRMI-OW6 932-33194 

MODERATOR IN 
GUIDE TUBE CELL 

MODERATOR BETWEEN 
ASSEMBLIES 

Region 

1 
2 
3 
4 
5 

w 
P 

Radius fcm) Description Source of dimension 

1.314 Moderator inside guide tube Guide tube inner radius 
1.416 Guide tube Guide tube outer radius 
1.662 Moderator outside guide tube Area of single unit cell 
5.203 
5.243 Space between assemblies per guide tube Apply assembly pitch 

Fuel area per guide tube Ratio areas by 14 x 14 to 20 

Fig. 10. SAS2H "Path B" model for Calvert Cliffs fuel assemblies. 
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guide tube cell. In the effective cell, the densities of the isotopes or elements remained 
unchanged from their actual densities, but rod diameters of the glass and stainless steel in the 
BPRs were reduced to account for their absence in the guide tube positions. The method of 
deriving the effective cell was such that the various material total masses were conserved. The 
effective cell geometry of the 21 non-fuel-rod positions is shown in Table 16, listing the effective 
radii from the innermost to the outside of the guide tube. 

The SAS2H input data for the cases d e s m i  in this report are included in Appendix k 
Fuel assembly design and cycle operation data considered essential for isotopic analyses using 
fuel depletion d e s  were presented earlier in this section. These data were sufficient to prepare 
SAS2H input with the exception of two types of data. The first type of data was the weights of 
the light elements or structural materials of the specified fuel assemblies. These data were not 
readily available. Although large uncertainties in the light-element weights produce only small 
uncertainties in energy per fission, it is more complete to include the data in the SAS2H input 
(see in ut example in Sect. 2.4). A commonly applied generic set of light-element weights for 

and kg/MTU to allow the predictions to be compared more directly with analyses performed in 
units of either mass/MTU02 or mass/MTU. 

The second set of SAS2H data not specified explicitly in Tables 3 through 15 are the 
nuclides selected as those €or which cross sections should be updated during the depletion. The 
nuclide set to be updated is listed in Table 18. A nuclide was included in the set to be updated 
if any of the following criteria applied. 

PWRs, E listed in Table 17, was assumed. These data are provided both in units of kg/MTUO, 

* 
The nuclide was in the set for radiochemical analyses for which results were reported. 
The nuclide was a precursor and the omission of its cross section from the calculation 
would cause a 2 1% change in the predicted concentration of a measured nuclide. 
The nuclide had a neutron absorption fraction 20.005 and thus could have a potential 
impact on the flux spectra. 
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Table 16. Effective parameters of the 21 nonfuel positions- 
20 guide tubes (12 with BPRs) and 1 instrument tube 

Material Density, g/cm3 Effective radius, crn 

Air 1.22 x 10-3 0.21457 
ss-304 7.92 0.22705 
Air 1.22 x 10-3 0.23329 
Glass 2.23 0.38017 
Air 1.22 x 10-3 0.38449 
ss-304 7.92 0.42145 
Water -- 0.65024 
Zr-4 6.44 0.69342 

Table 17. Light element" mass per unit of fuel for SM2H input 

H. B. Robinson Calvert Cliffs Obrieheim - 

Element 

8 
cr 
M n  
Fe 
co 
Ni 
Zr 
Nb 
Sn 

kg/MTUO* k-02 k r n  

119.0 119.0 135.0 
5.2 5.2 5.9 
0.29 0.29 0.33 

11.0 11.0 13.0 
0.066 0.066 0.075 
8.7 8.7 9.9 

195.0 195.0 221.0 
0.63 0.63 0.71 
3.2 3.2 3.6 

"Included only elements with contents exceeding 

Source: ref. 24. 
0.5 kg/MTU plus Mn and Co. 
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Table 18. Fuel, fuel activation, fission product, and light-element nuclides 
for which crod sections were uDdated in SAS2H cases 

I 

Fuel nuclides and fuel activation products: 

='Np V U  24'Am 
psU mPu "'PU 243Am 
236v S 9 P U  "2Pu 

Fission products: 

%f 
8QKp 

Light-element nuclides: 

'%m 
'"Sm 
15%m 
15'Eu 
lS3Eu 
*Eu 
'ssEu 
lUGd 
lUGd 

157Gd 
l S S W  

"Included only in the Obrigheim PWR cases in order to predict fission-product 

%eluded only in Assembly DO47 cases in order to properly predict additional 

"Updated only for BPR material of H. B. Robinson PWR cases. 

ratios not analyzed in other cases. 

measured nuclides not analyzed in other cases. 



4. PREDICXED AND MEASURED IsomPIc coMxJosmoNs 

Comparisons of spent PWR fuel isotopic compositions predicted by SCALE-4 
calculations and measured by radiochemical assay analyses are provided in this section. 
Percentage differences between the computed and measured values for all isotopes selected for 
the assay analysis are given for each sample. Also included in this section are the average 
percentage differences for each assembly and for each of the three reactor types. The 
comparisons are shown for two different SCALE cross-section libraries derived, in part, from 
different versions of ENDF/B data. Automated comparison outputs listing measurements, 
predictions, and percentage differences of all the cases are given in Appendix B. 

4.1 CALVERT CLDFFS PWLQ ANALYSES 

Radiochemical isotopic analyses of Calvert Cliffs PWR spent fuel were conducted by the 
MCC at PNL. Isotopic measurements, in units of grams per gram UO, , of spent fuel samples 
from assemblies D047, D101, and BM3 are listed in Tables 19 through 21. Also, other assay 
data for the samples from the three assemblies measured in units of curies per gram UO, are 
tabulated in Tables 22 through 24. The general description of the fuel specimens analyzed, such 
as the initial % enrichments and cooling times, are given in Table 2. 

Spent fuel isotopic compositions predicted by SCALE-4/SAS2H for the Calvert Cliff% 
samples were compared with the measured data listed in Tables 19 through 24. Percentage 
differences between the measured and computed nuclide compositions for the three axial 
samples from the assemblies are given in Tables 25 and 26, applying cross-section libraries in 
which the actinide data were derived from ENDFB-IV and ENDFB-V, respectively. The 
average percentage difference of each assembly for the nuclides and final average of the three 
assembly comparisons are presented in Table 27. 

4-2 H. B. ROBINSON PWR ANALYSES 

Radiochemical analyses of H. B. Robinson spent fuel were performed by the MCC at 
PNL. Isotopic compositions of the samples from Assembly BO5 are listed as grams per gram 
UO, and curies per gram UO, in Tables 28 and 29, respectively. Percentage differences between 
measured and computed nuclide compositions €or the four axial samples from the assembly are 
listed in Tables 30 and 31 for SCALE-4/SAS2H calculations applying cross-section libraries in 
which the actinide data were derived from ENDFB-IV and ENDFB-V, respectively. 

43 OBRIGHEIM PWR ANALYSES 

The average isotopic measurements from Obrigheim derived from plotted data” are 
listed in Table 32. Also, average nuclide atomic ratio measurements (tabulated in Appendix C) 
are shown in Table 33. The radiochemical analyses were performed independently by the 
laboratories of the European Institute for Transuranic Elements, the Institute for 
Radiochemistry, the Karlsruhe Reprocessing Plant, and the International Atomic Energy Agency. 
Each fuel assembly was split lengthwise before dissolution so that two batches per assembly were 
available for analysis. The measured results used here were from one batch of each fuel 
assembly. Both the assembly ID and the batch number are used to identi& samples in Tables 
32 and 33. The burnups and cycle average powers in Table 15 correspond to these specific 
batches. Percentage differences between measured and computed nuclide compositions for the 
assembly samples, using cross-section libraries in which the actinide data were derived from 
ENDFB-N (27BURNUPLIB) and ENDFB-V (44GROUPNDFS), are listed in Tables 34 and 
35, respectively. 

38 
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Table 19. Measured irradiated composition," in g/g UO, of Calvert Cliffs 
Assembly DO47 Rod MKP109 

~ ~ ~ __ ~~ 

Axial location, cm from bottom of fuel 
(Burnup,b GWdMI") 

13.20 cm 27.70 cm 165.22 cm 
Nuclide (27.35) (37.12) (44.34) 

1.6 X 10" 

3.14 x lo3 
8.47 x 10-3 

8425 x 10-1 
1.01 x lo4 
4.264 x 103 
1.719 X lW3 
6.81 x 10" 
12.89 x lo4 
268 x 10" 
8.5 x 10" 
1.0 x 10" 
3.6 x 10' 
7.7 x 10' 
6.13 x 10" 
9.43 x l@ 
5.10 x 10" 
4.90 x 104 
2.65 x lo4 
,124 x 10' 
221 x lo4 
1-06 x 10" 
29 x 104 
2.07 x 10' 
9.34 x 10" 
I L ~  x 10-5 

7.9 x 10-5 
4.16 x 10" 
4.74 x 10" 

1.4 X 10' 
5-17 x 10-3 
3.53 x 10-3 

1.89 x lo4 
4.357 x 103 
2.39 x 10-3 

8,327 x 10-1 

9.03 x 10' 
5.76 x lo4 
3.56 x 10" 

4.0 x 104 

7.16 x 10" 

6.53 x lo4 
6.82 x 10' 
3.59 x 10" 
1.72 x lo4 
2-54 x 10' 
1.64 x lo4 
3.0 x lo4 
271 x 10" 
930 x lo6 
1.04 x lo4 
1-09 x 104 
6.07 x lo5 
7.10 x lo4 

1.09 x 10-3 

1.04 x 10-3 

1.388 x 10-3 

20 x 10-2 

1.2 x lo4 

3.69 x lo3 
8.2486 x 10'' 
2.69 x 10" 

3.54 x 1 ~ ~ 3  

4.357 x 103 
2.543 x 103 
1.020 x 10-3 
8.40 x lo4 
4.68 x 10" 
1-24 x 10-3 

4.3 x lo4 
1-25 x 10-3 

1.643 x 103 

3.0 x 

7.63 x 10"' 

7.44 x lo4 
8.30 x 10' 
4.28 x lo4 
2.08 x 10" 
2.68 x lo4 
2.22 x 10" 
4.7 x lo4 
3.61 x 10" 
9.78 x lo4 
1.21 x 10' 
1.48 x 10" 

9.82 x lo4 
8.42 x 10-5 

"Radiochemical analyses performed after a cooling time of 1870 days, unless 

*Burnup based on measured 14Nd concentration (ASTM 1985). 

!Radiochemical analyses performed after 3817 days cooling time, with reported 

Sources: refs. 13, 22, and 25. 

different time specified. 

on 1 3 7 ~ / 1 u ~  mass ratio. 

values adjusted to 1870 days. 



Table 20. Measured irradiated composition, in g/g UO, of 
Calvert Cliffk Assemblv DlOl Rod -098 

Axial location, cm from bottom of fuel 
(Burnup," GWdNTU) 

8.90 cm 24.30 cm 161.70 cm 
Nuclide (18.68) (26.62) (33.17) 

% 1.400 x lo4 1.210 x lo4 1.200 x lo4 
235U 1.025 x 10-2 6.940 x 10-3 4.780 x 10-3 
=% 2.500 x 10-3 2.990 x 10-3 3.260 x 10-3 

8551 x lo-' 8.538 x 10' 8.422 x lo-' 
238Pu 4.850 x lo5 9.690 x lo-' 1.483 x 10" 
239pU 3.954 x 10-3 4.252 x 103 4.187 x lo3 

"'Pu 4.543 x lo4 6.822 x lo4 8.125 x 10" 
24opU 1.243 x lo3 1.766 x 2.111 x 10-3 

22Pu 1.394 x lo4 3.301 x 10' 5.474 x 10' 

"Burnup based on measured laNd concentration (ASTM 1985). 
Source: ref. 12. 

Table 21. Measured irradiation composition, in g/g UO, of 
Calvert cliffs Assembly BTo3 Rad NBD107 

Axial location, cm from bottom of fuel 
(Bumup," G W W )  

11.28 cm 19.92 cm 161.21 cm 
Nuclide (31.40) (37.27) (46.46) 

234v 1.53 x lo4 1.27 x lo4 7.49 x 10" 
235u 3.86 x 10-3 271 x 10-3 1.406 x 10-3 

2.86 x 10-3 3.03 x 10-3 3.04 x 10-3 

? P U  3.814 x lo" 3.835 x 3.7% x 10-3 
24opU 2.067 x lo3 2.321 x 2.599 x 10-3 

8.446 x lo-' 8.438 x 10" 8.272 x 18' 
=PU 1.426 x lo4 1.947 x 104 2842 x 10' 

%IPu 7.260 x lo4 8.130 x lo4 8.862 x lo4 
"2pU 5.463 x 104 7.753 x 104 1.169 x 

"Burnup based on measured laNd concentration (ASTM 1985). 
Source: ref. 13. 
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Table 22. Measused irradiation composition, in Ci/g UO, of 
Calvert Offfs Assemblv DM7 Rod MKP109 

Axial location, cm from bottom of fuel 
(Burnup: GWd/MTTJ) 

13.20 cm 27.70 cm 165.22 cm 
Nuclide (27.35) (37.12) (44.34) 

"lAm 8.56 x 10' 1-18 x 10-3 1.31 x lo3 
u 3 ~  + "Cm 734 x 10" 2.93 x 10-3 6.40 x loq3 
'%e 4.55 x 10" 6.036 x 10' 6.49 x 10" 
%r 4.59 x 10-2 5.90 x 1 0 2  6.58 x 
99TC 959 x 10" 1-23 x 10-5 1.35 x 10' 

"Burnup based on measured laNd concentration (ASTM 1985). 
Source: ref. 13. 

Table 23. Measured irradiation composition, in Ci/g UO, of 
Calvert Cliffh Assembly DlOl Rod U 0 9 8  

Axial location, cm from bottom of fuel 
(Burnup? GWdlMTu) 

8.9 cm 24.3 cm 161.7 cm 
Nuclide (18.68) (26.62) (33.17) 

"7Np 1.23 x 107 211 x 10-7 2.41 x 10-7 
"'Am 6.67 x 10" 9.91 x 10" 1.20 x 1 0 3  

W r n  + u4Cm 1.64 x 10" 8.15 X 104 211 x 103 

79se 3.43 x lo4 4.59 x lo4 5.54 x 1o-g 
%r 3.36 x 10-2 4.41 x 10" 5.23 x 10-2 
gprC 7.07 x 106 9.37 x 104 1.13 x 10-5 

l4c 3.91 x 10-7 5.03 x lW7 7.69 x lo7 

'%Sn 8.60 x 10' 1.36 x 10-7 1.69 x lo7 
'?I 1.75 x 10" 241 x 108 3.36 x 10' 
1 3 5 ~  279 x 10-7 3-12 x 10-7 3.32 x 

4.59 x 10" 6.53 x la2 8.06 x 1 3 7 ~  

"Burnup based on measured "Nd concentration (ASTM 1985). 
Soutce: ref. 12. 
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Table 24. Measured irradiation composition, in Ci/g UO, of 
Calvert Cliffs Assemblv BT03 Rod NBD107 

Axial location, cm from bottom of fuel 
[Bumup," GWd/MTU) 

11.28 cm 19.92 cm 161.21 cm 
Nuclide (31.40) (37.27) (46.46) 

"7Np 1-84 x 10-7 2.26 x 10-7 2.66 x 10-7 
%lArn 1.18 x 10-3 1.46 x 10-3 2-18 x 10-3 
243Cm -t %Cm 1.87 x 1 0 3  4.11 x 10-3 9-86 x 10-3 
79Se 4.18 x 10" 5.63 x lo4 5.99 x lo4 

99'rC 7.70 x 10" 8.% x 10" 1-09 x 10-5 
'%n 1.41 x 10-7 1.60 x 107 2.10 x 10-7 

4.04 x 10-7 4-15 x 10-7 4.79 x 10-7 
1 3 7 ~  7.47 x lo-z 8.56 x 10" 1.12 x 10-l 

90Sr 4.64 x 5.18 x lo-' 6.04 x lo2  

1 3 S ~  

"Burnup based on measured laNd concentration (ASTM 1985). 
Source: ref. 14. 
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Table 25. Percentage difference" between n 

Assembly DO47 

Burnup, G W d m  
Initial wt % z3sU 

Nuclide 

=5u 
236v 
=U 
=PU 
?PU 
UOPU 
"'Pu 
=PU 
D7Np 
ulAm 
W r n  + m a n  
"c 
79sec 
90Sr 
V C  

%n 
'2al. 
"cs 
'ucs 

T S  
lGNd 
'&Nd 
'&Nd 
'*Nd 
laNd 
%d 
'47pm + '"sm 
'4$m 
%m 
'50sm 
%m + fi'Eu 
%m 
lS3Eu 
%m + 'UEu + -Gd 
'ssEu + mGd 

27.35 37,.12 44.34 
3.04 3.04 3.04 

0.7 -0.4 4.6 

3.1 2.9 1.7 
-0.6 -0.3 -0.1 

0.4 1.3 4.6 

4.1 3.3 4.4 

17.8 24.5 19.3 

-5.5 -8.6 -9.6 

-3.1 -0.5 0.1 

-6.2 -7.7 -8.6 

-4.2 -3.6 -6.5 

0.1 -6.5 -5.6 
18.1 -15.0 -14.7 

d - 
8.8 8.9 18.9 
8.9 6.0 7.0 
4.8 6.0 11.1 - - 
- - - 
1.2 1.8 2.7 

9.3 7.9 7.1 
1.7 2.0 1.2 
1.2 LO 1.7 

0.6 0 3  0.3 
0.5 0.4 0.4 
0.5 9.3 0.2 
2.3 3.3 4.1 
-1.9 -4.6 -6.9 
s16.6 -13-7 -17.4 
25.2 -21.0 -44.9 
-1.9 4.8 -4.5 
13.0 28.6 36.8 
11.7 21.0 19.2 
-5.8 O S  -9.2 
21.7 3&4 32.4 
77.4 106.2 104.2 

0.7 -9.5 -15.5 

0.3 0.2 -0.3 

s u r d  and computedb nuclide compositions for 
 le^ (27BURNUPLIB libraw) 

Assembly DlOl 

18.68 26.62 33.17 
2.72 2.72 2.72 

14.6 
-1.6 
-0.7 
-1.1 
,17.7 
-1.5 
-6.8 
-0.9 
.11.0 
10.4 
-2.4 
,29.3 
,17.3 
-0.1 
5.3 
0.4 

79.1 
,11.7 

9.4 
0.1 - 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

17.5 7.3 
-4.4 -2.4 
-0.4 -1.3 
-1.7 -0.9 
-7.1 -1.0 
-0.8 5.6 
-7.5 -7.8 
2.2 6.4 

2.3 17.9 
0.7 2.4 

-7.9 -9.1 

-19.4 -12.0 
-4.7 -20.6 
4.5 6.0 
6.0 4.7 
4.1 4.2 

181.0 201.8 
-6.1 -14.7 - - 
- - 
9.7 10.8 
0.2 1.1 
- - 
- - 
- - 
- - 
- - 
- - 
- - 
- - 

- 
- - 
- .-. 
- - 
- - 
- I 

- - 

- I  

Assembly BT03 

31.40 37.27 46.46 
245 2.45 2.45 

,21.2 
-0.9 
1.4 

3.1 
5.8 

-5.6 
1.8 

,10.5 
36.2 

1.3 
-8.9 

32.8 
5.6 

45.0 
!49.1 

-0.8 

- 

- 
- 
- 

14.8 
-0.6 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

-12.6 
-4.3 
-0.9 
-1.3 
3.4 
6.5 

-6.0 
2.3 

-11.1 
33.3 
-9.9 

-13.0 
- 

15.3 
6.5 

43.5 
283.7 

- 
- 
- 

17.9 
2 9  
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

31.4 
1.4 

-0.5 
-0.3 
2.2 

11.8 
-5.6 
6.6 

-14.0 
39.7 

-33.4 
-11.6 - 
32.0 
5.3 

40.1 
286.9 

- 
I 

- 
11.4 
-2.0 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

"(Calculated/measured - 1) x 100%. 
*Using SAS2WORIGEN-S analysis sequence and 27-group cross-section library 

The oomputed mmposition wa9Converted to curies using the corrected %e half-life of 330,000 
(27BURNUpLIB) of SCALE4 

years. "he ORIGEN-S decay library contained an incorrect value (an error in the ENDFB data) 
of 1OOO% at the time of the analysis. 
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Table 26. Percentage difference' between measured and computedb nuclide compositions for 
Calvert Cliffs PWR pellet sa1 des (44GROUPNDFS libraw) 

Burnup, GWd/MTU 
Initial wt % ='U 

Nuclide 

TJ 

=PU 
= T U  

UOPU 

"'PU 
"ZPU 

"'Np 
"'Am 
"Cm + W m  
I'C 
3 e C  
90Sr 
gprC 

'26Sn 
lBI 
133Q 

"cs 
T s  
lUNd 
I4Nd 
lUNd 
'&Nd 
'*Nd 
?Nd 
"Pm + '"Sm 
'%m 
'%m 
"Osm 
%m + "'Eu 
IJ%m 
's3Eu 
%m + %Eu + 'UGd 
'SSE~  + IssGd 

Assembly D047 

27.35 37.12 44.34 
3.04 3.04 3.04 

-1.5 -3.1 1.4 
-4.7 -7.7 -8.7 
2.9 2.9 1.9 

-0.6 -0.3 -0.1 
-8.3 -5.5 -5.0 
-5.3 -4.6 -1.5 
-0.6 -2.7 -3.9 
-1.9 -3.1 -2.4 
6.6 7.0 4.1 
5.8 15.5 7.2 

-4.9 -11.6 -11.0 
-3.1 -1.4 -1.8 
P - - 
8.7 8.8 18.8 
8.7 5.9 7.0 
5.1 6.5 11.9 

- - - 
- - - 
1.6 2.4 3.4 

4.6 2.7 1.7 
1.7 2.0 1.2 
0.6 0.1 0.5 
0.6 0.7 0.2 

1.0 1.1 1.3 
0.6 0.4 0.3 
2.5 3.4 4.2 

-2.9 -12.7 -18.6 

0.1 -0.4 -0.6 

-0.8 -2.9 -4.8 
-17.8 -14.6 -18.2 
-31.4 -27.3 -49.1 
-2.6 3.8 -5.6 
15.2 30.6 38.5 
14.5 23.9 22.0 
1.1 11.3 2.5 

-5.5 2.6 -3.4 
-27.1 -20.7 -25.3 

Assembly DlOl 

18.68 26.62 33.17 
2.72 2.72 2.72 

12.6 
-0.9 
-1.0 
-1.1 
22.5 
-6.6 
-0.9 
-6.0 
-0.5 
-1.7 
-7.0 
15.1 
17.0 
-0.2 
5.0 
0.5 

79.8 
11.6 
- 
- 
4.8 
0.1 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
I 

- 

14.9 4.5 
-3.4 -1.4 
-0.6 -1.3 
-1.7 -0.9 

-12.0 -6.1 
-6.4 -0.5 
-2.0 -2.5 
-3.8 -0.2 
2.4 0.9 

-8.5 5.7 
-4.7 -3.5 
-5.0 2.7 
-4.4 -20.2 
4.4 5.9 
5.8 4.6 
4.5 4.7 

180.9 201.3 
-6.0 -14.7 
- - 
- I 

4.5 5.2 
0.2 1.0 
- - 
- - 
- - 
- I 

- - 
- - 
- - 
- I 

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

., 
Assembly BT03 

31.40 37.27 46.46 
2.45 2.45 2.45 

23.5 
0.2 
1.3 

"0.8 
-2.6 
-0.5 
-0.3 
-4.3 
-1.2 
21.3 
-4.1 
4.5 

32.7 
5.6 

45.5 
.48.5 

- 

I 

- 
- 
9.6 

-0.7 
- 
- 
- 
- 
- 
- 
- 
- 
I 

- 
- 
- 
- 
- 
- 

-15.6 
-3.1 
-0.9 
-1.3 
-2.2 
0.1 

-1.0 
-4.1 
-1.8 
18.6 

-14.8 
-1.1 

15.2 
6.4 

44.2 
282.7 

- 

- 
- 
- 

12.2 
2.8 
I 

- 
- 
- 
- 
- 
- 
- 
I 

- 
- 
- 
- 
- 
- 

26.1 
2.5 

-0.3 
-0.3 
-3.4 
5.1 

-0.8 
-0.3 
-4.6 
23.8 

-37.2 
-0.3 
- 

31.9 
5.4 

41.0 
285.7 

- 
- 
- 
5.8 

-2.1 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

"(Calculated/measured - 1) x 100%. 
SAS2WORIGEN-S analysis sequence and a 44-group ENDFB-V cross-section library 

with data for 'S4E~  and lssEu taken from ENDFB-VI. 

years. The ORIGEN-S decay library contained an incorrect value (an error in the ENDFB data) 
of 1OOO% at the time of the analysis. 

'The computed composition was converted to curies using the corrected %e half-life of 330,000 
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Table 27. Average percentak difference" between measured and computed nuclide 
comuositions for each CalvertlcIifEs Pwf( assembly. using two ENDF/B data versions 

source of 
cross Sections 

Assembly ID 
Initialwt % 

Nuclide 

27BuRNupLlB 

DO47 Dl01 BT03 

3.04 2.72 2.45 

% dif€ererlce/assembly 

1.7 
-7.9 
25 
-0.4 
-1.2 
2.1 

-7.5 
3.9 
4.8 
21.8 
-4.0 

-15.9 

12.2 
7 3  
7 3  

- 

- 
- 
1.9 

-8.1 
8.1 
1.7 
1.3 
0.1 
0.4 
0.4 
0 3  
3.2 
-45 

-15.9 
-30.3 
-05 
26.1 
173 
-4.8 
30.8 
96.0 

13.2 
-28 
-0.8 
-1.3 
-8.6 
1.1 

-7.4 
26 

-9.3 
10.2 
0.3 

-20.2 
-14.2 

3.5 
5.3 
29  

187.3 
-10.8 

- 
10.0 
(1.5 

- 
e 

- 
- 
- 
- 
- 
I 

- 
- 
- 
I 

-0.8 
-1.3 

<os  
-0.8 
29 
8.0 

-5.8 
35 

-11.9 
36.4 

-14.0 
-11.2 

26.7 
5.8 

429 
273.3 

- 

- - 
- 

14.7 
0.1 - 
- 
- - 
- 
- 
.. 
- 
- 
L 

- 
- 
- 
- 
- 

Average 

4.7 
-4.0 
0.6 

-0.8 
-23 
3.8 

-6.9 
3.4 
-8.6 
22.8 
-5.9 

-15.8 
-14.2 
14.1 
6.1 

17.7 
230.3 
-10.8 

1.9 
-8.1 
10.9 
0.7 
1.3 
0.1 
0.4 
0.4 
03 
32 
-45 

-15.9 
-30.3 
-05 
26.1 
173 
-4.8 
30.8 
%.O 

44GROUPNDF5 

DO47 DlOl BT03 

3.04 272 2.45 

% &i€erenCe/asembly 

-1.1 10.7 -4.3 
-7.1 -1.9 -0.1 
2.6 -0.9 0.1 

-0.4 -1.2 -0.8 
-6.3 -135 -2.7 
-3.8 -45 1.6 
-24 -1.8 -0.7 
-24 -3.3 -29 
5.9 0.9 -25 
9.5 -1.5 21.2 

-9.2 -5.1 -18.7 
-2.1 -5.8 1.Q 
I -13.8 - 

12.1 3.4 26.6 
7.2 5.1 5.8 
7.8 3.2 43.6 - 1873 2723 - -10.8 - 
2.5 - c 

-11.4 - - 
3.0 4.8 9.2 
1.6 0.4 ~ 0 . 1  
0.4 - 
0.5 - 

-0.3 - 
1.1 - - 
0.4 - 
3.4 - - 
-2.8 - - 

-16.9 - - 
-35.9 - - 
-1.5 - - 
28.1 - - 
20.1 - 
5.0 - - 
-2.1 - - 

-24.4 - 

Average 

-1.8 
-3.0 
0.6 

-0.8 
-75 
-22 
-1.6 
-29 
1.4 
9.7 

-11.0 
-2.3 

-U.8 
14.0 
6.0 

18.2 
229.8 
-10.8 

25 
-11.4 

5.7 
0.7 
0.4 
0.5 

-0.3 
1.1 
0.4 
3.4 
-2.8 

-16.9 
-35.9 
-1.5 
28.1 
20.1 
5.0 
-2.1 

-24.4 

'(Calculated/measured - 1) x 100%. 
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Table 28. Measured irradiation composition, in g/g UOB of 
H. B. Robinson Assemblv BO5 Rod N-9 

Axial location, cm from bottom of fuel 
(Bumup,' GWd/MTU) 

11 cmb 26 cmb 199 cm" 226 cm' 
Nuclide (16.02) (23 -8 1) (28.47) (31.66) 

=%J 1.07 x 10" 7.21 x loe3 6.18 x 103 4.86 x 
236v 2-19 x 10-3 2.74 x 10-3 2-82 x 10-3 3.00 x 103 

=?PU 3.64 x 10-3 4.02 x 10-3 4.39 x 10-3 4.20 x 10-3 
24opU 1.09 x 103 1-67 x la+ 1-97 x 10-3 2.12 x 10-3 

8.47 x lo-' 8.47 x 10' 8.34 x 10-1 8.42 x 10'' 
=PU 2.83 x lo-' 6.95 x lo5  1.14 x lo4 1.30 x lo4 

"'Pu 3.04 x lo' 5.04 x lo4 6.81 x lo4 6.92 x 10" 
237Np 1.55 x lo4 2.60 x lo4 3-04 x lo4 3.33 x 10" 

"Burnup based on measured '&Nd concentration (MTM 1985). 
bSample radiochemical analyses in April 1984. 
'Sample radiochemical analyses in February 1985. 
Source: ref. 11. 

Table 29. Measured irradiation composition, in Ci/g UO, of 
H. B. Robinson Assembly BO5 Rod N-9 

Axial location, cm from bottom of fuel 
(Bumup,O GWd/M"U) 

11 cmb 26 cmb 199 cm' 226 em' 
Nuclide (16.02) (23.81) (28.47) (31.66) 

99TC 5.44 x lo4 8.09 x 10' 8-95 x 106 1-01 x 10' 
3.59 x 539 x 102 6.27 x 7.13 x 1P2 1 3 7 ~  

"Burnup based on measured "Nd concentration (ASTM 1985). 
bSample radiochemical analyses in April 1984. 
'Sample radiochemical analyses in February 1985. 
Source: ref. 11. 
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Table 30. Percentage difkrence' between measured and computedb nuclide 
compositions for H. B. Robinson PWR pellet samples and average 

from Assembly BO5 Rod N-9 (27BURNUPLIB library) 

Sample number N-9B-S N-9B-N N-9C-J N-9C-D 
Pellet height, cm 11 26 199 226 
Burnup, GWd/MTU 16.02 23.81 28.47 31.66 
Initial wt % W 2561 2561 2561 2.561 

Nuclide 

0.6 
-1.5 
0.1 
15 
7.0 

-1.5 
5.9 
6.0 

12.4 
0.2 

1.4 
-2.2 
-0.6 
0.9 
7.7 

-4.2 
6.0 
5.5 
8.6 

-0.8 

-4.9 
2.2 
0.5 

-6.5 
5.3 

-4.9 
0.5 

14.3 
14.6 
3.9 

3.3 
-0.4 
-0.8 
2.6 

12.8 
-4.1 
9.1 

18.4 
11.2 
1.5 

Average 

0.1 
-0.5 
-0*2 
-0.4 

-3.7 
5.4 

11.1 
11.7 
1.2 

8.2 

~ 

a(Calculated/measured - 1) x 100%. 
'Using SASZWORIGEN-S analysis sequence and 27-group cross-section library 

(27BURNUPLIB) of SCALE4 

Table 31. Percentage difference* between measured and computedb nuclide 
compositions for H. B. Robinson PWR pellet samples and average 

from Assembly BO5 Rod N-9 (44GROUPNDFS library) 

Sample number N-9B-S N-9B-N N-9GJ N-9GD 
Pellet height, cm 11 26 199 226 
Burnup, GWd/MTU 16.02 23.81 28.47 31.66 
Initial wt % 2.561 2561 2.561 2.561 

Nuclide Average 

1.3 
-1.8 
0.1 
-5.3 
1.6 
4.5 
0.6 
-6.4 
125 
0.1 

2.4 
-24 
-0.6 
-5.1 
1.8 
1.3 

c0.1 
-5.9 
8.9 
-0.9 

-3.9 4.5 
21 -0.4 
0.5 -0.8 

-11.9 -3.4 
-0.5 6.5 
0.2 0.9 

-5.4 2 5  
22 6.0 

15.1 11.8 
3.8 1.5 

1.0 
-0.6 
-0.2 
-6.4 
23 
1.7 

-0.6 
-1.0 
12.1 
1.1 

*(Caldated~easured - 1) x 100%. 
"using SAS2WORIGEN-$ analysis sequence and a 44-group ENDFB-V cross- 

section library. I 
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Table 32. Obrigheim average measured nuclide composition 
relative to time of unloading, in g/MTU 

Batch 94 92 91 86 89 90 
Reactor assembly 170 172 176 168 171 176 
Burnun GWd/MTU 25.93 26.54 27.99 28.40 29.04 29.52 

Nuclide 

23su 

=Pus 
D9Pu 
240pU 

24'Pu 
"2Pu 
"2Cm 
"Cm 

10950 
3590 

4805 
1800 
978 
3 12 

80.1 

17.1 
10.3 

10580 
3620 

4713 
1830 
978 
328 

88.9 

19.4 
11.6 

9850 
3700 

4925 
1920 
1058 
372 

94.8 

18.5 
14.1 

9680 
3730 

5013 
2020 
1103 
407 

105.4 

20.1 
15.8 

9580 
3750 

4957 
2000 
1107 
405 

101.3 

20.8 
16.9 

9180 
3810 

4943 
2040 
1128 
438 

107.1 

21.8 
19.2 

~~~ - 

PBased on correction for the measured discharged component from "2Cm, as analyzed 

Source: ref. 15. 
by only the European Institute for Transuranic Elements (TUX). 

Table 33. Obrigheim average measured isotopic 
atomic ratios adjusted to time of unloading 

Batch 94 92 91 86 89 90 
Reactor assembly 170 172 176 168 171 176 
Burnup, GWdMTU 25.93 26.54 27.99 28-40 29.04 29.52 

Nuclide 

0.252 
0.64 
0.308 
0.706 
1.483 
0.0733 
2.45 
1.938 
1.857 

0.245 
0.64 
0.304 
0.710 
1.490 
0.0726 
2.45 
1.950 
1.876 

0.23 1 
0.63 
0.297 
0.714 
1.505 
0.0782 
2.35 
1.315 
1.851 

0.248 
0.65 
0.306 
0.745 
1.470 
0.0760 
2.35 
1.910 
1.850 

0.238 0.241 
0.63 0.66 
0.286 0.292 
0.705 0.720 
1.540 1.520 
0.0770 0.0794 
2.35 2.34 
1.920 1.920 
1.873 1.865 
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Table 34. Percentage difference" between measured and computedb nuclide 
compositions and atomic ratios for Obrigheim PWR assembly samples 

(using 27l3tJlUWPLTB cross sections) 

Batch' 
Reactor assembly 
Burnup, GWd/MTu 

Nuclide 

Atomic ratio 

94 92 91 86 89 90 
170 172 176 168 171 176 
25.93 26.54 27.99 28.40 29.04 29-52 

I Average 
~ ~~ 

-3.3 -2.8 -2.6 -2.7 -4.7 -29 
1.0 1.4 1.8 1.7 2.1 1.3 
6.3 2.8 8.4 0.5 10.0 8.2 
6.1 8.7 5.0 3.5 5.1 5.7 

-5.3 -4.1 -4.4 -8.1 -5.4 -5.8 
7 s  9.7 7.4 4.8 7.0 6.7 

11.9 412.0 -11.3 -15.9 -10.8 -14.5 
22.4 -23.6 -13.4 -18.5 -17.5 -16.7 
24.7 -23.7 -19.8 -23.5 -20.5 -24.1 

-3.2 
1.6 
6.1 
5.7 

-5.5 
7.2 

-12.8 
-18.7 
-22.7 

I Average 

-4.9 -2.6 2.2 
-3.6 -3.3 -1.1 
1.4 2.1 3.4 

-3.2 -3.3 -2.9 
-1s -1.8 -2.0 
-2.9 -0.2 -4.0 
-1.3 -2.2 0.2 
1.9 0.9 1.9 

:0.1 -0.8 0.9 

-5.0 
-4.0 
0.1 
-6.7 
0.6 
0.3 
0.5 
1.9 
1 .o 

-1.5 -3.1 
-0.6 -5.0 
6.5 3.8 

-1.0 -2.8 
-3.6 -2.1 
0.9 -0.4 

-1.2 -1.5 
1.0 0.7 

-0.1 0.5 

-25 
-2.9 
2.9 

-3.3 
-1.7 
-1.1 
-0.9 
1.4 
0.3 

"(Calculated/measured/measured - 1) x 100%. 
SAS2H/ORIGEN-S analysis of SCALE42 with 27-group cross-section library 

(27BuRNuPLIB). 
"Assembly cut in half lengthwise and separately dissolved. 
'Corrected for the measured discharge component horn 242Cm, which was measured 

only by European Institute of Trdnsuranic Ekrnents. 
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Table 35. Percentage difference" between measured and computedb nuclide 
compositions and atomic ratios for Obrigheim PWR assembly samples 

(using 44GROUPNDF5 cross sections) 

Batch 
Reactor assembly" 
Burnup, GWd/MTU 

Nuclide 

Atomic ratio 

94 92 91 86 89 90 
170 172 176 168 171 176 
25.93 26.54 27.99 28-40 29.04 29.52 

-2.5 
0.9 
1.1 
0.5 
0.6 
1.5 

-1.6 
28.5 
-9.0 

-2.0 -1.7 
1.3 1.7 

2.9 -0.7 
1.7 1.4 
3.6 1.2 

-2.3 3.1 

-1.7 -1.1 
-29.4 -20.2 
-8.1 -3.7 

-1.9 
1.5 

-4.4 
-2.1 
-2.5 
-1.2 
-6.2 

-24.9 
-8.2 

-3.8 
2.0 
4.7 

-0.6 
0.3 
0.7 

4.6 
-23.9 
-4.7 

-2.0 
1.2 
3.0 

co.1 
-0.1 
0.5 

-4.7 
-23.1 
-9.1 

-4.9 
-3.5 
-1.2 
-1.9 
-0.7 
-6.3 
-1.9 
1.4 
0.4 

-2.6 2.2 
-3.2 -1.0 
-0.6 0.5 
-2.0 -1.6 
-0.9 -1.1 
-3.7 -7.3 
-2.8 -0.4 
0.4 1.4 

-0.4 1.3 

-5.0 
-3.9 
-2.8 
-5.4 
1.5 

-3.3 
-0.1 
1.4 
1.5 

-1.5 
-0.6 
3.3 
0.4 

-2.8 
-2.7 
-1.9 
0.4 
0.4 

-3.1 
-4.9 
0.7 

-1.4 
-1.3 
-4.0 
-2.2 
0.2 
1.0 

Average 

-2.3 
1.4 
0.8 

< o s  
0.2 
1.0 

-2.6 
-25.0 
-7.1 

Average 

-2.5 
-2.9 

c0.1 
-2.0 
-0.9 
-4.6 
-1.6 
0.9 
0.7 

"(Calculated/measured - 1) x 100%. 
SAS2H/ORIGEN-S analysis of SCALE-4.2 with 44-group ENDFB-V data 

(MGROUPNDFS) - 
'Assembly cut in half lengthwise and separately dissolved. 
dCorrected for the measured discharge component from "*Cm, which was measured 

only by European Institute of Transuranic Elements. 



5. S-Y AND DISCUSSION OF RESULTS 

The percentage differences i between measured and calculated nuclide compositions were 
provided in Sects. 4.1 through 4.3! A statistical data analysis of these differences is given in 
Appendix D. The purpose of this section is to summarize and discuss the measured/calculated 
comparisons. The most significant differences or inconsistencies in the comparisons are discussed 
in this summary. Reasonable explanations for many of the differences or apparent 
inconsistencies also are discussed in Appendix E. 

5.1 SUMMARY OF THE RESULTS 

The percentage differences between calculated and measured compositions as presented 
in Sects. 4.1 through 4.3 represent data for 19 spent nuclear fuel samples taken from nine spent 
fuel assemblies representing three different PWRs. Assembly-averaged results were obtained 
for H. B. Robinson and Calvert CWfk by averaging data for pellet samples within the same 
assembly. The six Obrigheim samples (two from the same assembly) were taken from 
dissolutions of half-assemblies, split lengthwise, and effectively represent average-assembly results. 
Individual percentage differences in measured and computed compositions by nuclide for results 
using the 27BURNUPLIB data are shown in Figs. 11 and 12. Figure 11 shows the data using 
all 19 cases, and Fig. 12 shows the data using assembly averages as compiled in Table 36. The 
same types of plots are shown in Figs. 13 and 14 for results using 44GROUPNDFS cross 
sections. The assembly-averaged data using 44GROUPNDFS is summarized in Table 37. The 
right-hand columns in Tables 36 arid 37 provide a global average of all the assembly data. 

There are numerous means by which one could evaluate the results of Sects. 4.1 through 
4.3. Table 38 provides a summary of average percentage differences and the spread (maximum 
and minimum) in the percentage differences for all the nuclide results, by case (ie., sample) and 
by assembly average. The average percentage differences of Table 38 could be interpreted as 
representing an estimate of the constant bias in the calculation of the nuclide composition. The 
uncertainty (or error) in the bias can be represented qualitatively by the maximum-minimum pair 
of percentage differences. Table 39 shows the average percentage difference for each element 
based on the absolute values of average percentage differences between measured and computed 
compositions for the isotopes of the element. This table, which lists the average element 
percentage differences based on the absolute averages of Tables 36 and 37 data, is a concise 
means for summarizing the quantitative bias andor validation comparisons of the SCALE42 
(SAS2/0RIGEN-S) fuel depletion analysis sequence. 

5 2  BASISFORDISCUSSION 

The purpose of the SAS2H fuel depletion sequence in SCALE is to predict the set of 
fuel volume-averaged nuclide densities of a specified LWR spent fuel assembly. In general, the 
fuel assembly is the smallest unit of fuel moved or loaded into the reactor core, placed into 
storage, or transported by a shipphg cask. Associated with each fuel assembly are its burnup, 
initial enrichment, design, power history, and other operating conditions. Specific space- 
dependent nuclide densities are not explicitly computed, because final densities are derived from 
cross sections integrated over space and energy-dependent flm However, if nuclide densities 
vary from one fuel rod to another for equal burnups, this variation would be reflected as a 
fraction of the difference betweerl, the measured and computed values of a fuel pellet at a 
specified location. 
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P W R  analyzed 

Assembly ID 
Batch 
Initial wt % 23JU 

Nuclide or ratio I 

Calvert Cliffs H. B. Robinson Obrigheim 

DO47 DlOl BM3 BO5 170 172 176 168 171 176 
- - - - 94 92 91 86 89 90 
3.04 2.72 2.45 2.561 3.13 3.13 3.13 3.13 3.13 3.13 

"sW 
2Mv 

=Pu 

*%I 

ulPu 
u2P u 
237Np 
"'Am 
"2Cm 
2 A 3 ~ m  + u4cm or %ern 
l4C 
%e 
%r 
?i-C 
'%n 

1 3 3 0  

1 3 5 ~  
lUC§ 

1 3 7 a  

143Nd 
"Nd 

1.7 
-7.9 
2.5 
-0.4 
-1.2 
2.1 

-7.5 
3.9 
-4.8 
21.8 
-4.0 

13.2 -0.8 
-2.8 -1.3 
-0.8 <0.1 
-1.3 -0.8 
-8.6 2.9 
1.1 8.0 

-7.4 -5.8 
2.6 3.5 

-9.3 -1 1.9 
10.2 36.4 
0.3 -14.0 

- - - 
-15.9 -20.2 -11.2 
- -14.2 - 

12.2 3.5 26.7 
7.3 5.3 5.8 
7.3 2.9 42.9 
- 187.3 273.3 
- -10.8 - 
1.9 - - 

-8.1 - - 
8.1 10.0 14.7 
1.7 0.5 0.1 
1.3 - - 
0.1 - - 

-3.3 -2.8 -2.6 -2.7 -4.7 -2.9 
1.0 1.4 1.8 1.7 2.1 1.3 

6.3 2.8 8.4 0.5 10.0 8.2 
6.1 8.7 5.0 3.5 5.1 5.7 

7.5 9.7 7.4 4.8 7.0 6.7 
-5.3 -4.1 -4.4 -8.1 -5.4 -5.8 

-11.9 -12.0 -11.3 -15.9 -10.8 -14.5 
VI 
P 

-22.4 -23.6 -13.4 -18.5 -17.5 -16.7 
-24.7 -23.7 -19.8 -23.5 -20.5 -24.1 



Table 36. (continued) 
I 

H. B. Robinson 0 brig h e i m 
I 

BO5 170 172 176 168 171 176 

2.561 3.13 3.13 3.13 3.13 3.13 3.13 
I - 94 92 91 86 89 90 

PWR analyzed I Calvert Cliffs 

Assembly ID 
Batch 
Initial wt % wU 

DO47 DlOl BTQ3 

3.04 2.72 2.45 
- - - 

Nuclide or ratio I 
""Nd 
'&Nd 
'Wd 
' w d  
14'prn + 147~m 
I%rn 

I%rn 

"8rn 
%m + '"Eu 
"2sm 
'3Eu 
'%m + '"Eu + Is4Gd 
lSsEu + lSJGd 
%r/%r 
%r/ 86Kr 
'31~e/1"Xe 
1TL~el'34Xe 
"%e/'%e 
'~csP3'Cs 
'"Ndf*Nd 
'4sNdf*Nd 
'46Ndl'48Nd 

0.4 
0.4 
0.3 
3.2 

-4.5 
-15.9 
-30.3 
-0.5 
26.1 
17.3 
-4.8 
30.8 
%.O - - - - - - 

-4.9 -2.6 2.2 -5.0 -1.5 -3.1 
-3.6 -3.3 -1.1 -4.0 -0.6 -5.0 
1.4 2.1 3.4 0.1 6.5 3.8 

-3.2 -3.3 -2.9 -6.7 -1.0 -2.8 
-1.5 -1.8 -2.0 0.6 -3.6 -2.1 
-2.9 -0.2 -4.0 0.3 0.9 -0.4 
-1.3 -2.2 0.2 0.5 -1.2 -1.5 
1.9 0.8 1.9 1.9 1.0 0.7 

~ 0 . 1  -0.8 0.9 1.0 -0.1 . 0.5 

Average 

0.4 
0.4 
0.3 
3.2 

-4.5 
-15.9 
-30.3 
-0.5 
26.1 

ul 17.3 
-4.8 tJl 

30.8 
%.O 
-2.5 
-2.9 
2.9 
-3.3 
-1.7 
-1.1 
-0.9 
1.4 
0.3 

~~ ~ 

"(Calculated/measured - 1) x 100%. 

'Used the averages of rod data for Calvert Cliffs and H. B. Robinson PwRs and batches for Obrigheim PWR. 
SAS2WORIGEN-S analysis of SCALE42 with 27-group cross-section library (27BURNUPLIB). 
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P W R  analyzed 

Assembly ID 
Batch 
Initial wt % 

I t 

Calvert Cliffs H. B. Robinson Obrigheim 

DM7 DlOl BTtB BO5 170 172 176 168 171 176 
- - - - 94 92 91 86 89 90 
3.04 2.72 2.45 2.561 3.13 3.13 3.13 3.13 3.13 3.13 

- 
1.0 

-0.6 
-0.2 
-6.4 
2.3 
1.7 

-0.6 

-1.0 
- 

- 
12.1 
- 

- 
1.1 
- 

- - - - - - 
-2.5 -2.0 -1.7 -1.9 -3.8 -2.0 
0.9 1.3 1.7 1.5 2.0 1.2 
- - - - - - 
1.1 -2.3 3.1 -4.4 4.7 3.0 
0.5 2.9 -0.7 -2.1 -0.6 <0.1 
0.6 1.7 1.4 -2.5 0.3 -0.1 
1.5 3.6 1.2 -1.2 0.7 0.5 

-1.6 -1.7 -1.1 -6.2 -0.6 -4.7 
- - - - - - 
- - - - - - 

-28.5 -29.4 -20.2 -24.9 -23.9 -23.1 
-9.0 -8.1 -3.7 -8.2 -4.7 -9.1 

)s for each 

Average 

1.8 
-2.2 
1.0 

-0.7 
-2.4 
-0.4 
-0.2 
-0.3 
-1.3 

cn rn 7.0 
-11.0 
-25.0 
-5.5 

-13.8 
14.0 
6.0 

16.7 
229.8 
-10.8 

2.5 
-11.4 

5.7 
0.8 
0.4 
0.5 



PWR analyzed 

Assembly ID 
Batch 
Initial wt % W 

Nuclide or ratio 

145Nd 
'*Nd 
'"Nd 
''%d 
'%n + "'~m 
'%m 

-%m 
u50Sm 
'"Sm + t'*Eu 
'?3m 
*s3Eu 
lS4Sm + '"Eu f '"Gd 
lssEu + lssGd 
Om/ %r 
mK.r/86m 
'31XeP%e 
13Xe/%e 
1MXe/134Xe 

'"Ndf'%d 
14sNd/'"Nd 
'*Nd/'*Nd 

1 3 4 ~ / 1 3 7 ~  

Calvert Cliffs 

Table 37 (continued 

DO47 DlOl BT03 

3.04 2.72 2.45 
- - - 

-0.3 
1.1 
0.4 
3.4 
-2.8 

-16.9 
-35.9 
-1.5 
28.1 
20.2 
5.0 

-2.1 
-24.4 
- 
- 
- 
- 
- 
- 
- 
- 
- 

Obrigheim 

170 172 176 168 171 176 
94 92 91 86 89 90 
3.13 3.13 3.13 3.13 3.13 3.13 

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

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

-4.9 -2.6 2 2  -5.0 -1.5 -3.1 
-3.5 -3.2 -1.0 -3.9 -0.6 -4.9 
-1.2 -0.6 0.5 -2.8 3.3 0.7 
-1.9 -2.0 -1.6 -5.4 0.4 -1.4 
-0.7 -0.9 -1.1 1.5 -2.8 -1.3 
-6.3 -3.7 -7.3 -3.3 -2.7 -4.0 
-1.9 -2.8 -0.4 -0.1 -1.9 -2.2 
1.4 0.4 1.4 1.4 0.4 0.2 
0.4 -0.4 1.3 1.5 0.4 1.0 

"(Calculated/measured - 1) x 100%. 
'Using SAS2WORIGEN-S analysis of SCALE-4.2 with 44-group ENDFB-V data (44GROUPNDFS). 
'Used ten averages of rods for Calvert Cliffs and H. B. Robinson PWRs and batches for Obrigheim PWR. 

Average 

-0.3 
1.1 
0.4 
3.4 
-2.8 

-16.9 
-35.9 
-1.5 
28. i 
20.2 

-2.1 
-24.4 
-2.5 
-2.9 

<0.1 
-2.0 
-0.9 
-4.6 
-1.6 

5.0 VI 
\o 

0.9 
0.7 



Nuclide or ratio 

"W 
W 

uBPu 
239pU 
*4OpU 

"'PU 
u2Pu 
Z)7Np 
"'Am 
"2cm 
2 4 3 ~ m  + U4Cm 
or #ern 
I4c 
%e 
%r 
T C  
'%n 
'? 
1 3 3 ~  

1 3 5 ~  

1 3 7 ~  

I4'Nd 
"Nd 

Table 38. Summary of percentage difference" averages and spreads - -  - 
27BURNUPLIB data 

Average 

Caseb Assembly 

4.7 
-2.9 
0.7 
-0.6 
0.7 
5.3 

-5.8 
5.0 

-10.3 
19.2 
-5.9 

-18.7 

-18.6 
-14.2 
14.1 
6.1 

15.8 
230.3 
-10.8 

1.9 
-8.1 
10.9 
0.9 
1.3 
0.1 

4.7 
-3.1 
1.1 

-0.7 
2.9 
5.4 

-5.7 
5.9 

-11.4 
19.9 
-5.9 

-18.7 

-20.4 
-14.2 
14.1 
6.1 

16.2 
230.3 

1.9 

10.9 
0.8 
1.3 
0.1 

-10.8 

-8.1 

Suread in data 

Case 
~ 

Max Min 

31.4 
3.3 
3.1 
0.5 

10.0 
12.8 
-1.5 
9.7 

-3.6 
39.7 
2.4 

-13.4 

-8.9 
-4.7 
32.8 
8.9 

45.0 
286.9 

-6.1 
2.7 
0.7 

17.9 
3.9 
1.7 
0.3 

-21.2 
-9.6 
-2.2 
-1.7 

-17.7 
-1.5 
-8.6 
-0.9 

-15.9 
2.3 

-33.4 
-23.6 

-29.3 
-20.6 
-0.1 
4.7 
0.4 

179.1 
-14.7 

1.2 
-15.5 

7.1 
-2.0 
1.0 

-0.3 

Assembly 

Max Min 

13.2 
0.1 
2.5 
-0.2 
10.0 
8.7 

-3.7 
9.7 

-4.8 
36.4 
0.3 

-13.4 

-11.2 
-14.2 
26.7 
7.3 

42.9 
173.3 
-10.8 

1.9 
-8.1 
14.7 
1.7 
1.3 
0.1 

-0.8 
-7.9 
-0.8 
-1.3 
-8.6 
1.1 

-8.1 
2.6 

-15.9 
10.2 

-14.0 
-23.6 

-24.7 
-14.2 

3.5 
5.3 
2.9 

187.3 

1.9 
-8.1 
8.1 
0.1 
1.3 
0.1 

-10.8 

44GROUPNDF5 data 

Average 

Case Assembly 

1.8 

0.6 
-1.9 

-0.6 
-4.6 
-0.6 
-0.3 
-1.2 
-0.2 
6.4 

-11.0 
-25.0 

-4.2 
-13.8 
14.0 
6.0 

16.3 
229.8 

2.5 
-11.4 

5.7 
0.8 
0.4 
0.5 

-10.8 

1.8 
-2.2 
1.0 

-0.7 
-2.4 
-0.4 
-0.2 
-0.3 
-1.3 
7.0 

-11.0 
-25.0 

-5.5 
-13.8 
14.0 
6.0 

16.7 
229.8 

2.5 
-11.4 

5.7 
0.8 
0.4 
0.5 

-10.8 

SDread in data 

Case 

Max Min 

26.1 -23.5 
4.5 -8.7 
2.9 -2.4 
0.5 -1.7 
4.7 -22.5 
6.5 -6.6 
4.5 -3.9 
3.6 -6.0 
7.0 -6.2 

23.8 -8.5 
-3.5 -37.2 

-20.2 -29.4 

4.5 -15.1 
-4.4 -20.2 
32.7 -0.2 
8.7 4.6 

45.5 0.5 
285.7 179.8 

-6.0 -14.7 
3.4 1.6 

-2.9 -18.6 
12.2 1.7 
3.8 -2.1 
0.6 0.1 
0.7 0.2 

Assembly 

Max Min 

10.7 -4.3 
1.0 -7.1 
2.6 -0.9 
-0.2 -1.2 
4.7 -13.5 
2.9 -4.5 
1.7 -2.5 
3.6 -3.3 
5.9 -6.2 

21.2 -1.5 
-5.1 -18.7 

-20.2 -29.4 

1.0 -9.1 
-13.8 -13.8 
26.6 3.4 
7.2 5.1 

43.6 3.2 
272.3 187.3 

2.5 2.5 
-11.4 -11.4 

9.2 3.0 
1.6 0.0 
0.4 0.4 
0.5 0.5 

8 

-10.8 -10.8 



Nuclide or ratio 

'4SNd 
'*Nd 
'%d 
'?Id 
'"Pm + '"Sm 
'%m 
*%rn 
'%m 
'"Sm + '"Eu 
"2sm 
lS3Eu 
"'Sm +'"Eu + lS4Gd 
lssEu + lssGd 
83Kr/86Kr 
@Kr/%r 
'"XePUXe 
132Xe/1MXe 
'%eP"Xe 

'43NdPWd 
'4sNd/'48Nd 
'*Nd/'"Nd 

1 3 4 ~ . / 1 3 7 ~  

27BURNUPLIB data 

Average Spread in data 

Caseb Assembly Case Assembly 

Max Min Max Min 

0.4 
0.4 
0.3 
3.2 
-4.5 

-15.9 
-30.3 
-0.5 
26.1 
17.3 
-4.8 
30.8 
%.O 
-2.5 
-2.9 
2.9 
-3.3 
-1.7 
-1.1 
-0.9 
1.4 
0.3 

0.3 
0.4 
0.2 
2.3 
-6.9 

-17.4 
-44.9 
-4.5 
13.0 
11.7 

21.7 
17.4 
-5.0 
-5.0 
0.1 
-6.7 
-3.6 
-4.0 
-2.2 
0.7 
-0.8 

-9.2 

0.4 
0.4 
0.3 
3.2 

-4.5 
-15.9 
-30.3 
-0.5 
26.1 
17.3 
-4.8 
30.8 
%.O 
-2.5 
-2.9 
2.9 

-3.3 
-1.7 
-1.1 
-0.9 
1.4 
0.3 

0.4 
0.4 
0.3 
3.2 
-4.5 

-15.9 
-30.3 
-0.5 
26.1 
17.3 

30.8 
%.O 
2.2 

-0.6 
6.5 
-1.0 
0.6 
0.9 
0.5 
1.9 
1.0 

-4.8 

0.6 
0.5 
0.5 
4.1 
-1.9 

-13.7 
-21.0 

4.8 
36.8 
21.0 
0.5 

38.4 
106.2 

2.2 
-0.6 
6.5 
-1.0 
0.6 
0.9 
0.5 
1.9 
1 .o 

0.4 
0.4 
0.3 
3.2 

-4.5 
-15.9 
-30.3 
-0.5 
26.1 
17.3 
-4.8 
30.8 
96.0 
-5.0 
-5.0 
0.1 

-6.7 
-3.6 
-4.0 
-2.2 
0.7 

-0.8 

44GROUPNDF5 data 

Average 

Case Assembly 

-0.3 
1.1 
0.4 
3.4 
-2.8 

-16.9 
-35.9 
-1.5 
28.1 
20.2 
5.0 

-2.1 
-24.4 
-2.4 
-2.9 

<0.1 
-2.0 
-0.9 
-4.7 
-1.5 
0.9 
0.1 

-0.3 
1.1 
0.4 
3.4 
-2.8 

- 16.9 
-35.9 
-1.5 
28.1 
20.2 
5.0 

-2.1 
-24.4 
-2.4 
-2.9 

<0.1 
-2.0 
-0.9 
-4.1 
- 1.5 
0.9 
0.7 

Suread in data 

Case 

Max Min 

0.1 -0.6 
1.3 1.0 
0.6 0.3 
4.2 2.5 
-0.8 -4.8 

-14.6 -18.2 
-27.3 -49.1 

3.8 -5.6 
38.5 15.2 
23.9 14.5 
11.3 1.1 
2.6 -5.5 

-20.7 -27.1 
2.2 -5.0 

-0.6 -4.9 
3.3 -28 
0.4 -5.4 
1.5 -2.8 

-2.7 -7.3 
-0.1 -2.8 
1.4 0.2 
1.5 -0.4 

Assembly 

Max Min 

-0.3 -0.3 
1.1 1.1 
0.4 0.4 
3.4 3.4 
-2.8 -2.8 

-16.9 -16.9 
-35.9 -35.9 
-1.5 -1.5 
28.1 28.1 
20.2 20.2 
5.0 5.0 

-2.1 -2.1 
-24.4 -24.4 

2.2 -5.0 
-0.6 -4.9 
3.3 -2.8 
0.4 -5.4 
1.5 -2.8 

-2.7 -7.3 
-0.1 -2.8 
1.4 0.2 
1.5 -0.4 

-~ 

E 

"(Calculated/rneasured - 1) x 100%. 
*Data listed under "Case" pertains to either the average or spread of the data applying the values of each of the 19 cases. 
'Data listed under "Assembly" pertains to either the average or spread of the data applying the averages of each of the 10 assemblies or 

batches. 
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Table 39. Percentage differences for each element averaged' over the absolute 
values of percentage differences of all isotopes of the element 

Cross-section source 
Element (single No. of 
isotopes given) isotopes 27BURNUPLIB 44GROUPNDFS 

U 4 2.4 1.4 
Pu 5 6.3 0.9 

1 19.9 7.0 
1 5.9 11.0 

Cm 2 19.6 15.3 
c ('") 1 14.2 13.8 
Se (79Se) 1 14.1 14.0 
Sr ("Sr) 1 6.1 6.0 
Tc ( V c )  1 16.2 16.7 
Sn (*%n) 1 230.3 229.8 
I ('q 1 10.8 10.8 
cs 4 5.4 5.1 
Nd 6 1.0 1.0 

Sm 7 17.9 15.4 
Eu 4 39.4 14.9 
Gd 2 63.4 13.3 
Kr ratios 2 2.7 2.7 
Xe ratios 3 2.6 1.0 
Cs ratio ('"~S/'"CS) 1 1.1 4.6 
Nd ratios 3 0.9 1.1 

NP P7NP) 
Am ("'Am) 

Pm ('"Prn) 1 4.5 2.8 

"Average percentage difference for each element based on the absolute values 
of average percentage differences between measured and computed composition or 
atom ratio for the isotopes of the element using the data of Tables 36 and 37. 

Similarly, in the axial direction even if the spatial variation in power density is well- 
known, the characterization of axially dependent isotopics has shortcomings due to the space- 
independent nature of the calculational models. These effects, as well as others, are investigated 
in detail in Appendix E. The remainder of this section discusses and summarizes the trends seen 
for assembly-averaged predicted as compared with assembly data and appropriately averaged 
pellet data. 

The average of the assembly data and the data spread shown in Table 38 provide the 
basis for much of the discussion that follows. The average of the assembly data is used as an 
estimate of the probable bias in the calculated individual nuclide contents and, as such, is used 
to predict general effects on global variables such as decay heat rates, effective neutron 
multiplication factors (kff), and radiation source spectra. 
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This project provides data for a comparison of the differences between the results 
computed by applying actinide croa sections from ENDFB-IV data (27BURNUPLIB) and the 
corresponding results using ENDFIS-V data (44GROUPNDF5). Table 38 contains the averages 
of assembly-averaged and sarnple-specific differences between computed and measured isotopic 
compositions using both versions of cross-section data. The averages of absolute values of 
assembly-averaged percentage differences for all actinide nuclides in Table 38 are 8.1 and 4.5% 
using 27BuRNUPL.IB and 44GROZJpIWF5, respectively. More noteworthy are the average 
absolute values of the differences for uranium and plutonium shown in Table 39. These averages 
are reduced from 2 4  to 1.4% for uranium and from 6.3 to 0.9% for plutonium in changing from 
27BURNUPLI3 to 44GROUPNDF5, respectively. In particular, the avera e dEerences in 

lutonium isoto es when using the ENDF/B-IV-based library are 5.4% for v u ,  -5.7% for 
h u ,  5.9% for "Pu, and -11.4% for %'Pu, whereas when using the ENDF/B-V-based library 
the differences reduce to -0.4% for B%'u, -0.2% for v u ,  -0.3% for ulPq and -1.3% for "%u 
Further discussions of the reasons for this improved agreement are given later in this section. 

Several of the actinide isotopes are more significant than others in computing useful 
variables such as krr, neutron and photon sources and decay heat. Three major fissionable 
isotopes, =%, q u ,  and "IPu, have both positive and negative differences in cases using the 
27BURNUPLIB data. Thus, there would be some cancellation of errors in determining the bias 
of a final computed kn- However, in cases using the 44GROUPNDF5 data, the three 
fissionable isotopes listed above have near-zero or negative differences, resulting in a small 
nonmnservative bias in the computed &. 

The isotopic percentage differences (in Table 38) for =Pu, *u, %'Am, %%TI, and 
wCm, that are significant as a-n or spontaneous-fission neutron sources, are 23, -5.7, -5.9, - 
187, and -20.4%, respectively, Using the 27BuRNupLIB data. The corresponding differences 
for 44GROUPNDFS cases are -2.4, -0.2, -11.0, -25.0, and -5.5%. Within a few years after 
shutdown (the cooling period when most spent fuel shipments would be made), dominates 
the neutron source sufticiently that a more correct neutron source would be produced (from the 
indicated 15% reduction in the u4Cm difference) by the use of the 44GROUPNDF5 data. For 
computations of actinide decay heat rates, it is indefinite which source of cross-section data 
would produce the better results b-use the decay heat distribution among the actinides changes 
with time (most is distriiuted among 238Pu, %'Am, %%m, and mCkn for e100 years oooling 
time). Actinide photon source spectra are not significant compared with those from fission 
products in the 0.5- to 2.0-MeV gamma energy range (typically about 4 to 5 orders of magnitude 
lower). This range represents the source interval primarily responsible for the dose from 

The following observations were noted in the spread of percentage differences in actinide 
data of Table 38 and Figs. 11 through 14. The data spreads, or maximum-minimum ranges, can 
be usefd in developing c o m t i v e  error bounds in global variables derived from computed 
spent fuel compositions. The three largest actinide spreads in Table 38 for cases usin the 
actinide ENDFB-IV data are 53% [31.4% -(-21.2%)] for 28% jl0.0 - (-17.7)] for 'Pu, 
and 37% (39.7% - 2.3%)for mNp. The reasons for these large spreads are not known. The 
initial content was not given and a u l d  possibly have varied from that assumed. All three 
of these nuclides are produced from multilink chains and to some extent by more than one chain 
path. However, the smaller spreads of 12.9% for 235U and 14.3% for y u  are more significant 
because they are the two most imfirtant nuclides in computing keIp and are of much greater 

5 

shipping casks. 
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significance than 238Pu, or 237Np. Reasons for the large scatter in the 23'U and ? P u  data 
are discussed in Sect. 5.5. 

A detailed study of the differences in the cross-section values produced from ENDF/B-IV 
and ENDFB-V actinide data was not intended in this project. However, the distinct 
improvement in the Pu isotopic densities (in particular, p?u) prompted a brief comparison of 
cross-section data examples relative to Pu production. Reaction rate comparisons are more 
meaningful if related to the fssion cross section of 23sU (see Appendix E). Thus, cross-section 
tabulations for starting and ending cycle libraries computed in two example cases are given in 
Table 40. The types of data listed are the (n,r) cross sections for =U, the absorption cross 
sections for and the fission cross sections for 23sU and "vu. Also, the ratios taken with 
respect to the f i i o n  cross section of 235U are listed. Note that although there are essentially 
no changes in the u(n,y)Udu(n,f)U23s ratios, the other two ratios for 23*u absorption and fission 
cross sections are from 5.4 to 7.5% larger by using actinide data from ENDFB-V relative to that 
derived by using data from ENDFB-IV. These larger cross sections could be due to either 
changes in the underlying data or group structure/flux-weighting effects, or both. Only the 239Pu 
production was examined in this example, partly because it was easier to evaluate. Also, 23?Pu 
density computations have indirect effects on other isotopes such as ='U and the other Pu 
nuclides and heavier actinides. Finally, the chief motivation for investigating the reasons for the 
2 3 ~ u  density change was the large magnitude in the reduction of the difference between the 
computed and measured densities (from 4.6 to -1.0% for averages by assembly) in changing 
versions of ENDF data. 

5.4 FISSION-PRODUCT RESULTS 

Sample densities were measured for 27 different fission-product isotopes or isobars. Six 
of these analyses included 6 to 13 pellet samples taken from 2 to 4 fuel assemblies. The other 
21 fmion products were analyses of only three different samples from Assembly DO47 Rod 
MKP109 of Calvert Cliffs Unit 1 PWR. Although the set of fission-product nuclides in the 
radiochemical analyses is not nearly as complete as that of the actinide nuclides, it encompasses 
the largest set of significant spent fuel fission products (with respect to lbp. or decay heat) in 
assay measurements conducted and documented to date. 

A review of the differences in the two cross-section libraries applied may be helpful in 
the understanding of the comparisons in fission-product results. One of the libraries in the 
"27BURNUPLIB" SCALE system library (Vol. III, Sect. M4.2.8 of ref. 1). This library has 
actinide and light-element data derived (via the 218-group SCALE library) from ENDFB-XV 
files and fuion-product data processed from ENDFB-V files. The other library is a 44-energy- 
group library17 (denoted as 44GROuPNDF5) derived from the 238-group libra processed from 

cross sections derived from ENDFB-VI files. Note that although the ENDFB-V files were the 
same source for some of the data in both libraries, somewhat different group collapse procedures 
were used (e.g., the weighting function) for each, and the resultant data representations would 
be somewhat different. Highly significant differences between the lSsEu cross sections derived 
from ENDFB-V and ENDF/B-VI are shown in the (n,r) cross-section plots over two energy 
ranges, 1 x lo-' - 1 eV and 1 - 100 eV, in Figs. 15 and 16, respectively. 

The results in Table 38 again may be observed for comparisons in the fission-product 
results between using the two versions of cross-section data. The difference seen in Table 38 
for isobar 155 '(or lssEu + "'Gd) is 96.0% applying the ENDFB-V Eu data and -24.4% using 
the ENDF/B-VI Eu data. This unusually large change in the isobar 155 results is due to the 

ENDFB-V files for all of the nuclides with the exception of l60, '%Eu, and 7 'Eu, which have 



Table 40. Examples of differences between SCALE derived actinide cross sections 
processed from ENDFB-IV and ENDFB-V data 

Cross section (barns)” Ratio in us 

‘Cross sections are  normalized to the thermal flux. 
bPercentage differences in the cross-section ratios determined by (ENDF/B-V ratio/ENDF/B-IV ratio - 1) x 100%. 
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large lS5Eu resonance at approximately 0.5 eV in the ENDFB-VI data (Fig. 15) compared with 
with the absence of resonances in ENDFB-V data (increased resonance absorption results in 
greater depletion of "'Eu during operation). The percentage difference for isobar 154 (lS4Sm 
f lS4Eu + lS4Gd) is 30.8% using ENDFB-V Eu data and -2.1% using ENDFB-VI Eu data. 
The change is due to comparable structural variations in the "'Eu data in the two libraries. The 
changes for other fission products using the two different cross-section libraries are far less than 
the changes in isobars 154 and 155. Of all nuclides for which the differences between the 
computed and measured contents exceed 5%, there are only two nuclides for which the average 
differences changed more than 20% between the results for the two libraries. The percentage 
differences for l'Cs are -8.1 and -11.4% and for 13'Cs are 10.9 and 5.795, applying data from 
27BuRNupLIB and 44GROUPNDF5, respectively. The l'Cs and 13sCs contents are highly 
dependent on (n,?) cross sections of lUCs and 13'Xe, respectively. Thus, the differences for 
either of the l'Cs and 13'Cs results could be caused by spectral shifts in the neutron flux, 
resulting from the changes in actinide cross sections between ENDFB-IV and ENDFB-V data. 
Also, the smaller differences between results from using data of the two ENDF versions 
observed in Table 38 for all other fission products could result from the flux changes to a lesser 
degree. 

In addition to the nuclides already discussed, there are five fission products (79Se, T c ,  
'%n, '49Sm, and isobar 151) that have either large differences in the comparisons or excessive 
spreads in the results of all cases, irrespective of the cross-section library applied. The cause of 
the large differences or data spreads may result from inadequate cross sections, half-lives, power 
histories, pellet sample locations, radiochemical measurements, computational methodology or 
a combination of any or all of these possibilities. The differences for 14'Srn and isobar 151 are 
in the ranges -21.0 to -49.1% and 13.0 to 38.5%, respectively. A s t u d p  was conducted on the 
effect of power histories on both kE and isotopes significant to the computed value of kw It 
was determined that 14'Sm was sensitive to the operating history, in particular to the power at 
shutdown for discharge. The 149Sm is increased as the final internal power is increased. Also, 
it was determined that "'Sm was slightly sensitive in the opposite direction to late-cycle changes 
in the operating power. The use of the actual power history of assembly DO47 from data in 
ref. 13 and values in the study of ref. 30 would account for approximately one-third of the 
difference for 149Sm for the cases in this project, for which a constant cycle power was used to 
reduce computing time. A similar estimate for isobar 151 gave a correction in the correct 
direction but was estimated to account for ~ 1 % .  The difference in V c ,  for the cases using 
27BURNUPLIB data, changed from an average of 7.3% for assemblies DO47, D101, and BO5 
to 42.9% for assembly BM3. This may provide a reason to discard the BM3 q c  result as an 
"outlier" case. An analysis of the uncertainties in half-lives for isotopes affecting results for q c ,  
'"Sm, and isobar 151 proved that source of error to be a small or insignificant fraction of the 
differences. The reasons for the significant differences for the f i i o n  products not accounted 
for in the above discussion (i.e., %e and '%n) are unlcnown. Although v c ,  '"Sm, and "'Sm 
rank among the most significant fission products in computing b, the total contribution to 
uncertainty in keg from actinide nuclides is several times greater than the contribution from these 

The sample activities of the long-lived isotopes 79Se and 'a6sn were measured and 
reported in units of curies. The calculations in units of mass were converted to curies for the 
reported comparisons. The conversion factor for mass-to-curies is inversely proportional to half- 
life, and, thus, a percentage error in the half-life contributes an equal percentage error to the 
result as curies. At the start of this project, it was found that the computed 79Se curies were 
approximately ten times the measured values. In examining the document31 in which the 79Se 

three isotopes. 
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half-life measurement was reportg, it was found that the conversion of sample activity to half- 
life was too small by a factor of ld. This "measured" half-life was then reported3' as an upper 
limit. The ENDFD-VI value, useid initially from the ORIGEN-S library, was obtained by an 
average of the measured upper limit and a lower limit that was a theoretical calculated minimum. 
A similar procedure was used with the corrected upper limit, changing the final half-life from 
33,000 years to 330,000 years. The ORIGEN-S library used in SCALE was modified to the new 
value for use in this project. The average percentage differences in Table 38 for 79Se of 
approximately 14% could be primarily due to the final uncertainty in the half-life. The spread 
of -0.1 to 32B% between cases could be partly due to effects from the pellet locations (discussed 
for actinides in Sect. 5.5). 

The average difference in Table 38 for '%Sn is about 230%. A detailed analysis of the 
data and equations applied in computing the mass of '%n in the cases under consideration 
indicated that the cross-section data, the fission-product yields, and the computational model 
would not likely have caused an error of 230%. The initial s ~ u r c e ~ ~  that reported the half-life, 
along with photon energy measurements, stated "the half-life of '% is estimated to be - 10s 
years" and noted that the work should be continued. Thus, the 23W difference would not be 
unexpected when only an "order of magnitude" value is used for the half-life. 

Several specific nuclides significant to decay-heat generation from fwion products were 
examined. These included %r, wSr, lNCs, *7Cs, 147Pm, and lWEu (which may be inferred from 
isobar 154). Also, the contribution of two other nuclides that are dominant contributors to decay 
heat $'Y and 137mBa) may be partially inferred because they are in secular equilibrium with 90Sr 
and 137cS, respectively. The differences in the above decay heat nuclides as listed in Table 
38 vary from -8.1% for to 6.1% for 90Sr and 30.8% for lMEu. The smallest difference was 
the 0.8% value for '37Cs. A problem-dependent set of fission-product contents would be 
required to accurately determine the propagated bias in the total fission-product decay heat rate, 
but the %r and 137Cs data indicate that the heat rates at cooling times where these nuclides and 
their daughters make a dominant contribution (c 100 years) would have a propagated bias that 
is not likely to exceed a few percent. This estimate agrees with the average difference of 1.5 & 
1.3% between measured and SCALE-computed heat rates of 10 PWR he1 assemblies.21 The 
fission products significant to heat rates at the very long cooling times important in repository 
waste storage analyses include 79Se, y c ,  and '%n. These nuclides are somewhat less well 
characterized with maximum differences of 14.1% for 79Se, 16-7% for ?c, and 230% for '%n. 

The photon source production predictions important in shielding studies for spent nuclear 
fuel are dependent upon accurate characterizations of IJ4Pr, '"Eu, '06Rh, 9, and 
137aBa for cooling times less than 100 years. With the exception of (an impurity material) 
and '06U, direct or indirect estimates of the accuracy of predicted concentrations of these 
isotopes are available. The maximum differences seen are 0.5% for ILqPr (indirectly from 
-11.4% for 131Cs,30.8% for IMEu (from the 154 isobar), 6.1% for 9 (from %r), and 0.9% for 
137mBe (from 137Cs). Thus, there are considerable variations in the quality of predictions for 
individual fission products that should produce differing impacts upon the specific areas of 
application. 

5 5  COMPARISON OF MEASURED VS PREDXCIED DIFFERENCES: WITH 
E X l ? E R J M E N T A L ~ ~ T ~  

Thus far in this report, only measured vs predicted differences have been discussed. Of 
primary importance are the magnitude of these differences relative to the experimental 
uncertainties. 
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Comparisons are shown in Table 41 between the differences in the measured and 
computed values and the uncertainties (1 standard deviation) of the radiochemical analyses. The 
quoted uncertainties12-16pz apply to the measured nuclide composition derived for each Calvert 
Cliffs or Obrigheim PWR case (Le., each pellet or dissolved sample). These uncertainties relate 
only to the experimental measurements and do not include any of the variations discussed in 
subsections 5.5.1-5.5.3 and Appendix E that arise from flux or other neutronic changes at 
different pellet locations. 

Note that the standard deviation of a single case measurement is not directly comparable 
with an average percentage difference, but it does pennit at least a qualitative comparison. It 
is seen in Table 41 that for the use of ENDF/B-IV data the actinide results compare reasonably 
well for the more significant isotopes of U and Pu. However, the percentage differences for 
most of the isotopes sufficiently exceed the experimental uncertainties to indicate computational 
bias. These differences in the Calvert Cliffs cases for U and Pu vary from 0 . 4 ~  for 236v to 5.4a 
for 242Pu (where u is 1 standard deviation), with an average of 2 . 4 ~  for the nine isotopes 
measured. Correspondingly, for the Obrigheim cases, the variation is 0 . 8 ~  for =Pu to 7 . 5 ~  for 
242Pu, with an average of 4 . 6 ~  for the seven isotopes listed. Note that most of the measurement 
uncertainties in U and Pu isotopes for Obrigheim cases are lower than those uncertainties for 
the Calvert Cliffs cases, causing most of the increase from 2.4~ to 4.60 in the above average 
values. Although the %lAm difference is only slightly more than 1 standard deviation, 237Np and 
"3Cm -I- wCm exceed the uncertainties by excessive quantities (120 and 40, respectively). The 
comparisons of the differences for u2Cm and mCm for the assembly-averaged measurements of 
the Obrigheim fuel are well within the measurement uncertainties. 

Comparisons in Table 41 for the use of ENDF/B-V data show that the predictions for 
the actinide isotopes agree wen with measurements for most nuclides. The percentage 
differences of the Calvert Cliffs cases for U and Pu vary from 0.4~ for =Pu to 4 . 7 ~  for 238Pu, 
with an average of 1% for the nine isotopes. Also, for the Obrigheim cases, the variation is 
<O.lu for z?Pu to 4 . 6 ~  for 235U, with an average of 1.50. for the seven U and Pu isotopes 
compared. The percentage differences for "7Np and ='Am of 9.7 and -11.0% exceed the 
measurement standard deviations of 1.9 and 4.9%, respectively. 

With the two exceptions, isobar 154 and isobar 155, there are essentially no differences 
between h i o n  products (plus "C) applying cross-section data from either of the two ENDF 
libraries. Most of the fission-product isotopes in Table 41, for which there are uncertainties 
given, have differences several times the corresponding experimental error. The half-life is 
mostly likely in error for laaSn. Either half-life or cross-section error (and some model 
discrepancies) are likely to contribute to the computed differences. Observing the dZferences 
listed by isotopes in Tables 36 and 37, there are seven fission product nuclides or isobars that 
exceed 15%: q c ,  '%my "'Sm, lslSm + lS1Eu, 15%m, isobar 154, and isobar 155. Most of these 
isotopes or their significant precursors have large cross sections. It can be shown that for very 
large absorption cross sections (e.g., that of 14'Sm), the sensitivity of the final nuclide density to 
changes in cross section may significantly exceed Unity; thus, producing a greater fractional 
standard deviation in the density than that of the cross section. Also, it was noted in Sect. 5.4 
that the change in '%Eu and lssEu cross sections from ENDF/B-V to ENDFB-VI data improved 
the difference from %.O to -24.4%. Although the major contribution to the uncertainty of kE 
is from isotopes of U and Pu, some of these seven fissisn-product isotopes, having less accurate 
predictions (e.g., lSsGd and 14'Sm) also significantly contriiute bo the uncertainty. 
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Table 41. Summary of e 
mcentage differen 

Radiochemical 
measurement, 
% uncertainty 

cahrert 
cliffs, Obrigheim' 

1.6 
1.6 
1.6 
1.6 
1.6 
1.6 
1.6 
1.6 
1.6 
1.6 
1.6 
1.9 
4.9 

4.1 
5.6 
4.9 
5.7 
3 3  

10.2 
22 

14.0 
35 
9.u 
1.V 
4.w 
7.w 

13.W 
18.W 

0.5 
0.4 

7.7 
1.3 
1.4 
13 
1.7 

30-90' 
20-30 

erimental uncertainties compared with average 
so in measured and mmputed compositions 

Average 96 differences between 
measured and CQU 

~ ~ - 

Ave. of 
calvert absolute 
cliffs obrigheim value& 

24 
4.7 

-4.0 -32 
0.4 1.6 
-0.8 

-23 6.1 
3.8 5.7 
-6.9 -55 
3.4 7.2 

-8.6 -128 
228 
- 5 9  

6.3 

-18.7 
-22.7 

-15.8 
-14.2 
14.1 
6.1 

17.7 
!303 
-108 
11.2 
0.6 

5.4 
1.0 
4.5 

17.9 
39.4 
63.4 

u t e d  composition 

44GROUPNDFS library 
~ _ _  ~~ 

Ave. of 
calvert absolute 
Cli& Obrigheim values 

1.4 
-1.8 
-3.0 -2.3 
0.6 1.4 
-0.8 

-75 0.8 
-22 < o s  
-1.6 0.2 
-29 1.0 
1.4 -2.6 
9.7 

.1LO 

0.9 

-25.0 
-7.1 

-2.3 
.138 
14.0 
6.0 

182 
B.8  
.loa 

6.0 
0.6 

5.1 
1.0 
2.8 

15.4 
14.9 
133 

a (aclllated/measurea - 1) x 100%. 
' Uncertainty as the standard deviation of measurements conducted by the MCC at PNL 
Uncertain9 as the 6tandard deviation in the estimate of tbe average of the measurements conducted by TUJ, 

Average percentage difference of the dement based on the absalufe values of the average differences far the 
XAErlWSandIRCH. 

isotopes of the element. 

spectrometer anafysw showing differences of up to 90%. 
' Uncertainty based on KORIGZN calculations 30% lower than tbe measurements and repeated a- 

1 Based on average of '%s and Ws o@y. 
8 Averages of isotopic standard beyiatioas, of the individual measurementsP 



The purpose of this project is to perform, report, and evaluate computations applying the 
SCALE modular code system for isotopic compositions of irradiated fuel from pressurized-water 
power plants. This summary includes both a brief synopsis of the body of the report and a few 
concluding remarks. 

6.1 SUMMARY OF THE BENCHMARK CxlMPARIsONS 

Reactor fuel depletion calculations are performed by the SCALE control module SAS2H. 
This module applies the neutronics analyses of the well-known XSDRNPM-S, NITAWLII, and 
BONAMI-S functional modules and the depletion and decay evaluations of the COUPLE and 
ORIGEN-S codes. Although the 2-D effects from the guide-tube water holes or BPRs are 
included in the model, the method is intended to compute the average isotopic compositions of 
the spent fuel assembly. An extensive description of the SAS2H model and the basic 
applications performed by XSDRNPM-S and ORIGEN-S, in particular, are included in Sect. 2 
of this report. 

Nineteen different PWR fuel benchmark problems are analyzed in this study. Data on 
PWR fuel design and operating conditions for the 19 cases, sufficient for input to a SCALE 
computation, are presented in Sect. 3. Fuel assemblies were analyzed from Calvert Cliffs Unit 
1, H. B. Robinson Unit 2, and Obrigheim power plants. The basic parameters (i.e., burnup and 
='U enrichment) are summarized in Table 2. 

Comparisons of predicted and measured isotopic compositions of each of the 19 
benchmark cases are given in Sects. 4.1 through 4.3. Data for each reactor are listed as 
radiochemical assay measurements and followed by listings of the percentage differences between 
measured and computed nuclide compositions. All problems were calculated using two different 
libraries. One is the 27-energy-group SCALE4 library, which has actinide and light-element data 
derived from ENDFB-IV and hion-product data processes from ENDFB-V. The second 
library applied here is a 44-energy-group library derived entirely from ENDFD-V files with the 
exceptions that data for I6O, lS4Eu, and lS5Eu were taken from ENDFB-VI. The comparative 
differences included tables listing the results from both of the cross-section libraries. The ranges 
or data spreads in the nuclide density differences, along with the corresponding averages, are 
given in Table 38 of Sect. 5.1. Plots of the ranges in data spreads are also shown. In general, 
results based on the 44-group ENDF/B-V library are better than those obtained using the 27- 
group ENDFB-IV and ENDFB-V libraries. While some of the improvement is due to the 
group structure and collapsing spectrum used in creating the 44-group liirary (especially for 
plutonium), most of the improved agreement results from better data in the ENDFB-V (plus 
some ENDF/B-VI) cross sections. 

The average differences between the computed and measured compositions for each 
assembly or batch (for Obrigheim cases) in addition to the overall averages are summarized in 
Tables 36 and 37 for application of the two cross-section libraries. A final concise summary of 
average element differences based on the absolute values of average differences for the isotopes 
of the element are given in Table 39. "he final averages in Tables 36 through 39 discwed in 
Sects. 5.1 through 5.5 are indicative of the overall bias in the SCALE model calculations. The 
final average differences for nuclides ='U and and elements U and Pu are -3.1, 5.4, 2.4, 
and 6.396, respectively, applying actinide cross-section data from ENDFB-N. Positive 
differences for nuclides denote that the computed value is higher than that measured. Note that 
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these differences for the elements are always positive because they are the average of the 
absolute values of ercentage difkrencm of all isotopes of the element. The corresponding 

0.9%, respectively. These results indicate a substantial improvement in major actinide 
compositions by applying actinide cross sections derived from ENDFB-V compared with that 
from ENDFB-IV. The reasons for the mjor  differences in the computations using the two 
different cross-section libraries were examined, as discussed in Sect. 5.3. Also, note that these 
average comparisons indicate the magnitude of overall bias in the computed (or measured) 
densities and do not show individual case fluctuations or random errors. 

The discussions in Sect. 5.5 and Appendix E deal with evaluations of some of the 
inconsistencies, and, in part, the fluctuations in the percentage difference between the measured 
and computed density of a specific nuclide in the various samples. The samples analyzed in most 
of the benchmark cases were taken from individual fuel pellets. Several pellets were examined 
at different axial heights within a fuel rod. The radial location of a fuel rod analyzed was taken 
at different distances from the nearest guide tube. The advantage to examining pellets of 
different heights and various assemblies was to produce cases having a wide range of burnup and 
other conditions. The selection of fuel rods of different proximities to guide tubes succeeded 
in covering the possible variations in conditions that may prevail within an assembly. These 
differences may be essential in evaluating axial and/or radial effects in 3-D computations of keW 
Although such pellet analyses are necessary in fully characterizing the fuel densities, the 
possibility that a significant part of the spread in comparisons for a nuclide depends on spatial 
effects within an assembly was motivation for making a limited study of these effects. It was 
determined that the radial and axial variation in differences of measured and computed ?E'u was 
affected by changes in the spatially dependent flux spectrum. Also, secondary effects of variation 
of 7 u  differences on B5U were observed, although with less consistency than in the evaluations 
of spatial effect. 

Other significant differences in comparisons were reviewed in Sect. 5.5. Table 41 
presents a summary of known experimental uncertainties compared with average percentage 
differences in measured and computed compositions. The magnitudes of the measured/computed 
differences for many isotopes correspond to similar quantities in the uncertainty of the 
measurement. However, seven of the heavier fission-product isotopes had somewhat excessive 
differences exceedm . g 15%: T c ,  '%h, '49Sm, '"Sm + 's'Eu, %m, '%m + -Eu + '%Gd, and 

averages for 235U, zp %u, U, and Pu for cases applying EMDFB-V data are -22, -0.4, 1.4, and 

1 5 5 ~ ~  + 1 5 5 ~  

6.2 CONCLUSIONS 

The validation process of a computational model has a twofold purpose. One purpose 
is to determine if the code or method under review calculates the required quantities with a 
reasonable degree of accuracy, in campaikons with corresponding measurements. A "reasonable 
accuracy" can depend on the ultimate application. For example, the accuracy of the 24"Cm 
content may be very significant in determining total decay heat rate or neutron source but it may 
be insignificant in the calculation af b. The other purpose of validation is the determination 
of uncertainties, or some other representation of error, in the quantity being computed. This 
purpose of validation, in a broader meaning of the process, tends to override the former purpose 
(ie., accuracy) because it provides a method for establishing the safety factor to be applied to 
the computed quantity. 
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The fuel depletion analyses computed in this project agree with measurements sufficiently 
well to apply the SCALE code system as a basic tool for predicting isotopic compositions of 
spent fuel from PWR power plants. However, a method to define and determine the bias and 
uncertainties of the SCALE approach relative to the measured data must be established before 
this approach may be applied in criticality safety analyses of spent fuel. 
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Table A. 1. Calvert Cliffs Assembly DO47 Rod 
I"109,27.35 GWd/MTU, ENDF/B-N 

' mLmlru of f l A - ~ . c % u  

27tnUnqlli!.l *mccccn 
w2 1daplOo45 1790 

c I & l F I & 4 1 7 9 0 a d  
n ldcrr23-41790md 
-59 3 0 1-20 5s7 end 
n-94 I O  1-20790 cnd 
mo-94 10  1-20 790 end 
nb95 10 1-20790 end 
mc-9s 10 1-20 790 cnd 
it-99 10 1-20 790 end 
&I03 I 0 1-20 790 ad 
&lo5 10 1-20 790 cnd 
N-Lo6 1 0 1-20 790 ad 
an-126 1 0  1-20 790 end 
xc-I31 I 0 1-20 790 end 
a-134 1 0 1-20 790 ad 
a-135 IO 1-20790 ad 
-137 1 0 1-20 790 ad 
pr-14310I-20790 end 
nd-l43101-20790 end 
ce-144101-20790 cnd 
nd-144 10 1-20 790 end 
nd-145 1 0 1-20 790 ad 
nd-146 1 0 1-20 790 end 
nbI47 10 1-20790 ad 
p - 1 4 7  1 0 1-20 790 end 
zm-147 1 0 1-20 790 end 
nd-148 I O  1-20 790 ad 
p - I 4 8  1 a 1-20790 ad 
sol-148 10 1-20790 end 
po-149 10 1-20 790 ad 
m-149 10 1-20 790 end 
nhlx)lO1-20790c.d 
rm-IM 10  1-20790 end 
an-I51 1 0 1-20 790 end 
cu-151 10 1-20790 cnd 
Sm-ISZ IO 1-20790 ad 
a-153 I O  1-20790 end 
a - I 5 4  I 0 1-20 790 ad 

mI-lS5 1 0 1-20 790 ad 

pdl57 10  1-20790 end 

9223 0 02792235 3 038 92236 0 01492138 96 921 cnd 

& I s 4  1 a 1-20790 ad 

gd-155 I O  1-20790 end 

gd-l58101-20790 ad 
&l-1.50 I O  1-20790 ad 
PmDay 2 1 620 ad 
h2Q 3daro7575 1 557cnd 
dm-bamdO757511005MIO1003330%6 S 5 7 d  

uD1.rrpitdb 1.4732 0.9563 1 3 1.1176 '2 O.W% 0 ad 
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Table A.3. Calvert Cliffs Assembly DO47 
Rod MKP109.44.34 GWd/MTu, ENDF/B-TV 

Table A.4. Calvert Cliffs Assembly DlOl 
Rod MLA098. 18.68 GWd/MTU. EIWF/B-IV 
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Table AS .  Calvert Cliffs Assembly DlOl 
Rod MLA098,26.62 GWdMTU, ENDFB-IV 

Table A.6. Calvert Cliffs Assembly DlOl 
Rod MLA098,33.17 GWdMTU, ENDFB-IV 
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aprpiwupomdy: 

1.4732 0.96391 3 1.1176 2 0 . w  0 ad q m n p k k  1.4732 0 . W :  3 1.1176 2 0.9CS5 0 ad 
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Table A. 10. H. B. Robinson Assembly Bo5 
Rod N-9,16.01: GWd/MTu, ENDF/B-TV 

u6aunsdhr-4: I .  

ZAue+ib ! 4 l k a u  
lm2 l h - 9 . W I  743 

PLZy 01323 -5 2.561 92236 0.013 m238 97.m ad 
-9 3 0 i - m ~ ~  ad 
-94 1 0  1-20 743 ad 
-94 IO l-Zl 743 ad 
nb-95 101-P743 ad 
-95 101-20743 ad 
1099 IO 1-20 743 ad 

&lM IO 1-20 743 ad 
N-106 I 0 l a 7 4 3  ad 
0-131 1 0  1-20 743 d 
0-13410I-aD743 .ad 

h i m  I o I-a 743 ad 

Table A. 10 (continued) 
Q-135 1 0 1-10 743 ad 
4-137 1 0 1-20 743 ad 
pr-143101-10743 ad 
ad-143 1 0 1-20 743 ad 
-144 1 0  1-20 743 iad 
d-145101-20743 d 

d l 4 7  1 0  1-20743 d 

am147 1 0 1-20743 d 
d l 4 8  10 1-2070 ad 
pn-149101-20743 ad 
-149 10 1-10M d 
ma-l.50101-10743 ord 
-151 1 0 1-a, 743 d 

-152 1 0  1-20 743 d 
aJ-153 1 0 1-10 743 ad 
a~-I54101-20743 cod 
161% 1 0 1-20 743 ad 
u-L5.5101-r)743 ad 
&155101-20743 ad 
&IS7 10 1-20 743 d 
+I58 IO 1-10 743 ad 
&I@ IO L-Zl743 ad 
' a P d l b c ~ t o m d f A 6 ~  

'ubanin:6J40014OOm97.91 Z9JWO.5 501180.64 501200.9521 ad 
'utxuzkc 6.44 4 0 0 I rm0 97.91 Z e m O J  50118 0.64 50120 0.95 2 I 59.5 ad 
ziraUoy21595 ad 
Id 3 h-0.7544 1 559 d 
uhpbmmd 0.75441 100smO1003bF2.506 559 ad 

~ 4 6 1 0 1 - r n 7 ~  ad 

P I 4 7  10 1-20 743 d 

-151 1 o 1-20 743 iad 

' h d :  (hi bmr; Y dof. dzinalky fa mu. d, r r k 4 . 1 )  

* 652.5 ppbcmm (vc) fa- 

' b q 7 u ~ f a t b . b ~ ~ ~  
(____----___--_________.______. 

f l 5 1 5 5 9 d  
o 600.04497 5 5 9 4  

J 600- Wad 
d 6 0  0.01799 559 ad 
k 600.OWll W a d  
&IO 609Jw-4  559d 
.I1 603.aU-3 5 5 9 d  
8 40 S 5  U 9 d  

doap 

I 6oomia +(9d 

'____________._________________ 

fw+-Jlpmaru. 

.gmp*sh 1.ooo 0 . m  I 3 1M19 2 0.9484 0 ad 

( _ - _ _ - - - _ _ _ _ _ _ _ _ _ _ _ _ ~ - - - * * - - - - .  

* -=-wadcycbQ=m-=: 

apMm8-m ~ - r n . a , + - 4  Bliicyc-1 
s - 5 - 1 - 9  ~ l - Z ~ - l O ~ - O  ood 
* th IO krpr tdc dl unm f d b v  fa 2 pusm bp, 2 pusm K a  : 
4 0.21457 5 0.P7M 4 0.Z3329 5 OS017 4 03449 5 0.42145 
3 0.- 2 0.69342 3 OXlOc%l SO 2.- 
4 0.21457 J O.zz7M 4 0.23329 6 03017 4 0.38449 5 0.42145 
3 0 . m  2 0.69342 3 0.a880 m 2 . m  
3 0.214573 0-3 OZW293 030173 039*)93 0.42115 
3 0.6W242 O.WM23 OXlOc%lYa 2.64088 
3 0.214.V 3 O.p lG5  3 0.23329 3 03017 3 O W  3 0.42145 
3 OhSV24 2 0.69347.3 0.110680 SO 1.- 

p c u r - 1 3 3 s 9 h n - ~ J  h - x )  ad 
p~mu-17.162bun-2433 dw-64  Mu-0379 ad 
~ - 1 7 3 * 7 * I m - l %  h - 3 ¶  bhr-ID d 
m - l 6 . W b u n - 1 5 6  dw-m e - 0 . 3 7 9  sad 
0119 a 5 3  ma 0.29 
€DIl.ooO.Wd 1.7 
srl95lbO.63.133 
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d 

Table A. 12. H. B. Robinson Assembly BO5 
Rod N-9, 28.47 GWd/MTU, ENDFB-IV 

-.r2h pink-'-- 
h.b.d&wmlprroal-j:M5.rdn-9, 199an,28.47pdbuM sng-94 

' W r p a s :  

wlriqircb i.am 0.92~413 1.0719 2 0 . w  o rad 

d 
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Table A. 13. H. B. Robinson Assembly BO5 
Rod N-9,31.66 GWdMTU, ENDFB-IV 

a vmbb~cyrhpnmrar: 

I p h J u m - a D ( h r k r L b - T M . Q e - 4  diblyr-1 
yimlm.4-sfilbrsl-9 ~ l - 2 a m n o u l - 1 0 ~ - 0  ad 
tbc 10 I q D r u l i I  on YIII fdkm fa 2 p a  lq. 2 p a  lc?o : 

4 021457J OZXI54 0333296 0380174 034495 0.42145 
3 0.65024 2 O.CK342 3 0.80~30 500 264088 
4 021457 5 O m  4 0.23329 6 038017 4 O j s U P S  0.42145 
3 0.650242 0.6934'23 090880Ua 2- 
3 021457 3 0.- 3 03329 3 0.30017 3 0.38449 3 0.42145 
3 0.- 2 0.6934'2 3 0- Ua 264088 
3 0.214973 O m 3  0.233293 0.390173 0-3 0.42145 
3 0.650242 0.63423 090680Ua2- 

Table A. 14. Obrigheim (KWO) Assembly 170 
Batch 94,25.93 GWdMTU, ENDFB-IV 
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Table A. 19. Obrigheim (KWO) Assembly 176 
Batch 90,29.52 GWd/MTU, END.F/B-IV 

Table A.m. Calvert Cliffs Assembly DO47 
Rod MKP109,27.35 GWdMTU, ENDFA3-V 



~ 

P F= 
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Table A.23. Calvert Cliffs Assembly PlOl Rod 
MLAO98. 18.68 GWd/MTU. ENDF/B-V 

mmmw d ~ u l l :  . .  -- 
u02 1&t-l0.0#5 I 816 

e l h - 1 . 2 4  1 816 ad 
D Idca-2.44 I 816 ad 

-94 101-20816 ad 
-94 101-20816ad 
mb.95 IO 1-20816 ad 
mp95 101-2O816 ad 
lo.99 101-Xl816 rad 
&lU3 10 1-20 816 ad 
&IO5 10 I-a, 816 rad 
ntlM IO 1-20 816 mi 
a~-I26 I 0 I-'XI 016 ad 
-131 I 0 &'XI 816 ad 
-134 10 1-20 816 mi 
*I35 1 0 1-20 816 rad 
-137 IO I-2l816 ad 
p-143 10 1-20816 md 
d l 4 3  10 1-20816 d 
-144 10 &'XI 816 rad 
06-145 10 I - 2 l  816 ad 
d l 4 6  10 1-20 816 d 
06-147 IO 1-20 816 rad 
~ 1 4 7  10 1-20 816 rad 
am147 IO I-aD816 ad 
d-lIB IO 1-20 816 ad 
P I 4 9  1 0 1-20 816 ad 
-149 I 0 1-20 816 ad 
-1.50 10 1-aD816 rad 
~11.151 10 I-aO816 4 
-151 IO 1.20816 rad 
ae.152 IO I-aD816 rad 
-153 10 1-20 816 ad 
-154 10 1-P 816 rad 
#&I54 I 0 1-20 116 lad 
er lS5  1 0 1-'XI 816 ad 
Id.tJs101-20816ad 
&-I57 10 1-20816 ad 
&IS8 10 1-20 016 ad 
&le0 I 0 1-20 816 a3 

uk&c 6.U400 1 ~ 9 7 . 9 1 2 8 M o 0 . 5  Y~1160 .ML61~0 .~  2 1620 rad 

92zUOD2492Z35272 9p360.0169MB97.24 ad 

-s ~ O I - Z Q ~ S ~  ad 

- ~ l k l d b v h y c o l r c l ~  

lla~ 3dm-o.fsm I 5 5 7 4  
0.M761 I O O s U x ) l ~ 3 3 3 O . & - 6  557 ad 

' 331 ppn baoa pvl) mmcduuer 
'__-.__*_.________--___.__._...... 
4 c a a p  

I _ _ . _ _ _ _ _ _ _ - _ _ _ _ _ _ _ * ~ - - * - - - - - - -  
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Table A.25. Calvert Cliffs Assembly DlOl 
Rod MLA098. 33.17 GWd/MTU. ENDF/B-V 

' h l . + U  Ipam*y: 

1.4732 0.9567 I 3 1.1176 2 0.5855 0 d 

--------------_____-__.______. 

- . u m b \ y . a d @ v :  

s r i n l . u m = 1 7 4 b ~ = 7 6 7 . 5 2 ~ - 3  d i l c y c - I  
piab\el-4lidm1-9 bpbwl-2--5 ad 
3 1.314 2 1.416 3 1.662 500 5.203 3 5.243 
porn-26.652 hm-306.0 dam-71 ad 
pouor-27.839baa-381.7 dam-81.3 bfmc-1.419 d 
pavn-aa7bm-4a.o dw-7374 h - 1 . m  ad 

o 119 CI 5.2 Q 0 2 9  
b II.mO.0bbni 8,7 
ZI 195 ab 0.63 m 3.2 

Table A.26. Calvert Cliffs Assembly BT03 
Rod NBD107.31.40 GWdNTU. ENDFB-V 

rmnnplib imltkcd 
uo2 Idra- lO.m6 I 790 

c l C b n - 1 . 9 u  I mad 
n l b - 4 . 4 2 1  1 mad 
-59 3 0 1-20 557 ad 
rr94 101-20790 ad 

92u O a 2  92235 2.453 9223 0.01 I 92238 97.514 ad 

I 

* nodcb;fcdkwhgIoucmdlmSlibny: 
dxmi1~6.44 4 0 0  14OMo 97.91 2g)oO.J Xl1160.86 X11200.73 2 1 620 4 
h20 3 dra-0.7576 I 557 ad 
rrbpbmmd 0.75761 1005mGloo1~3330.866 557 4 

* -Qwv.ad@P--n: 

Ipalum-172 fuBbl&-m.88 tuyCb-4 nwcye-1 
# a l b c l - S ~ l - 9  -1-2nma(d.l-5 d 
3 1.314 2 1.416 3 1.667. Sm 5.156 3 5.U3 
~ - 1 S . 7 6 5  hm-816.0 dam-81 rad 
7-16.457hra-3M.0 d w - 7 1  d 
pamr-IlJIJbaa-381.7 dam-81.3 h - 1 . 4 1 9  ad 
pWr-ll.%@hm1466.0 dam-2447 bfmc-1332 aad 

o 119 u 5.2 Q 0.29 
Lll.mOll66ni 8.7 
U l W a b  0.630 32 

.ad 
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Table A.27. Calvert Cliffs Assembly BTO3 
Rod NBD107,37.27 GWd/MTU, ENDF/B-V 

Table A.28. Calvert Cliffs Assembly BT03 
Rod NBD107,46.46 GWdMTU, ENIIFB-V 
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Table A.29. H. B. Robinson Assembly .BO5 
Rod N-9, 16.02 GWdMTU, ENDF/B-V 

-us% pvm-='hhW,.kipshiplW' 
hb. mbhrm 1 p l ~ . c  I+: M5, mdn-9, 11 an, 16aZ padhraubs q - 9 4  
' ,,- .._____---_-__________________ 
' fabnnq,aadilpmpa(kapord.uaf~.~m.~101) ____._._.______.______________ 

nYmuRd d fu;l-pinlmitscll: . .  
27bmnqIii LnicoFcll 
uo2 1 rim-9.w I 743 

-59 3 0 1-ZQ 559 ad 
u-94 10 1-10743 .ad 
nw94 10 1-10743 d 
8b.95 1 0 1-10 743 ad 
-95 101-10743 ad 
-99 1 0 1-20 743 mi 
rh1m I O  1-20 743 ad 
&IO5 10 1-20 743 ad 
N-lo6 I O  1-20 743 ad 
xs-131 IO 1-10 743 ad 
-134 1 0 1-20 743 ad 
a435 10 1-10743 ad 
e 1 3 7  10 1-10 743 ad 
p-143 10 1-10743 ad 
ad-143 IO 1-20 743 ad 
e 1 4 4  10 1-10743 ad 
ad-145 I 0 1-20 743 4 
ad-146 IO 1-20 743 ad 
d 1 4 7  10 I-ZQ 743 mi 
at.147101-10743 ad 
-147 10 1-10743 ad 
a;l-148 IO 1-20 743 ad 

-149 10 1-20 743 ad 
mn-150l01-10743ad 
lml.151 1 0 1-20 743 ad 
aCl.51 I O  1-20743 ad 
En-lSZ 10 1-20 743 d 
ou-I53 1 0 I-a0 743 ad 
a t 1 5 4  10 1-20743 mi 
&-I54 I 0 1-20 743 ad 
ou-15.5 10 1-20 743 ad 
gd-155 10 1-20 743 ad 
&-I57 I 0 1-20 743 ad 
gd-I58 1 0 1-20 743 ad 
#-I@ 10 1-20 743 ad 
' n r a i l k f ~ I n u C S l I 1 I I 2 J l i b n y :  

92234 0.023 92233 2561 92236 0.013 92238 97.413 cod 

p i e  1 o 1-20 743 mi 

I fl6l.15: @I bmaumrdcf. drirrrlby mm. d. &.I) 
~ d r d m 6 5 4 0 0 1 * x l a o ? 7 . 9 1  26woO.S 501180.64 501100.9521 rod 
d r d m 6 . 4 4 4 0 0 1  rmO97.9126Mo05~ll80.~501100.9521 595 mi 

b20 3b-0.7544 I 5 5 9 d  
uhbbmnd 0 . 7 5 4 4 1 1 0 0 ~ 1 0 0 3 6 . 5 Z s 6  559 ud 

* aldmd-aprp: 21 m d 

' a25 rpnbolm (uc) mmodnrus 

* iapLmufid8fmlkhmrbL;poiancapbdurmbly 

r 3 ( y J l y P d  
o 6 0 0 . W  5 5 9 4  
E 600M165 Bad 
d 6OO.KQU 559ad 
a i  60001799 Upad 
k 6 0  0.00011 559 d 
b-IO 6 0  9.5954 5.59 d 
H I  6 0  3.W3-3 Up ad 
n 4 0 + 5  Wad 

' _ _ _ * _ _ _ _ _ _ _ _ _ _ _ _ _ _ . - . - . * - - - " " -  

Table A.29 (Continued) 
~ . u m - p 4 ~ l l l g h l - 7 2 6 . 5 ~ h - 4  niiicyc-l 

' 1& 10 krlp mil all - f o k  for 2 py. tp, 2 pvll h20 : 
pridbvcl=Sligbl-9 ~ ~ L w A - 2 . u r a d l l - 1 O n m q c a t s - O  end 

4 031457 5 0 . m  4 023329 6 0.38017 4 038449 5 0.42145 
3 0.650242 0.693423 O%lbeosM) 2.64008 
4 0.21457 5 0.P7D5 4 0.23329 6 OJg017 4 038449 5 0.42145 
3 0.65024 2 0.69342 3 080880 m 264038 
3 0.21451 3 0 . m  3 0.- 3 0.38)17 3 0.38449 3 0.42145 
3 0.65024 2 0.69342 3 0.SVBI Yr) 2.64008 
3 0.21457 3 0 . m  3 0.23329 3 0.36017 3 0.38449 3 0.42145 
3 0.650242 0.693423 O . s o 5 0 Y r )  264008 

pmur-18.389han-243J dam-r) ad 
pmur-17.762b-2435 dam44 bhc-0.379 cod 
pma~-173A7brm*156 &mu-39 bfmc-1.0 ad 
poua-Lti.B46hm1-156 dam-3936 & - O N 9  ad 
o 119 u 5.2 nm 0.29 
L11.ooO.M6ni 8.7 
zrl%nb 0 .5 -  3.2 

* t b s h ~ s k n a * . a a s l a d u l ) p ~ ~ 2 . .  

ad 
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Table A.30 (continued) , Table A.31 (continued) 

i~po.p1p1i 3 i m m 2 0 . p ~ )  orad * raslbbr=dqobll-m=mw 
a p h J . r a - P l ~ - R b . b ) a r y o b - 4  dihlcyc-1 
puDvd-sli3*pL-9 i a p h u ; l - Z a m r t 8 1 - l 0 ~ ~ - 0  .ad 
t k 1 O ~ u u c t d l u f d k w f a 2 p u k p , 2 p u ~ :  

4 031457 5 0 . m  4 0.- 6 O S 1 7  4 036449 5 0.42145 
3 0.6soar2 0.89343 aso68oy)o 26USE 
4 0.21457 5 0- 4 O S 3 2 9  6 03*)17 4 031449 5 0.42145 
3 OSlO24 2 0.- 3 OROBBO SI 2.- 

3 0.- 2 0.89343 O S W O  SQ) 2.- 
3 021457 3 0.PW 3 0.23329 3 0.3W17 3 03449 3 W 1 1 5  
3 0.69324 2 0.- 3 0- S O  2- 

pmw-Zl.410bnn-M.5 dam-40 ad 

3 o z i m 3  R?ZIM 3 0.~33~3 0-173 0-3 0.414 

p-26s2hm-WJ dw-64  lrlhC-0.379 ad 
gaar-24.991bUm-is6 dw-39 bhr-1.0 .ad 
pmw-23.ROhm-156 dw-3936 b6.rr-0.379 ad 
0119 a 5.7, 0.29 
I Il.mO.4bs6d 1.7 
SKI%* 0.aa 3.2 

' c b . b o u o ~ ~ o m u x c a d 0 I p p a ~ .  

.-......-_..----- --.-......... 
al 

Table A.32. H. B. R o b i n  Assembly BO5 
Rod N-9,31.46 GWd/MW, ENDFB-V 



Table A.32 (continued) Table A.33 (continued) 

e- 
--_.._-______.------______._.. 

- d - f c r c L F - - = :  

I p ; n l m - P ( b ~ - R 4 . 6 3 a c y c k . - 4  nlib/cyt.=l 
-1-S-1-9 ipbvsl-2anmdll-l0muapaU-0 ad 
' IbclokriprmitacuuaP.fekwaIlarfor2pya\rp.2pMDc4hZP: 
4 021157 5 0 . m 4  OD3296 0.380174 0 3 4 4 9 5  0.42145 
3 0 . ~  2 0.69342 3 0.80680 4)o 2.6y)B8 
4 011457 5 0- 4 0.23329 6 O m 1 7  4 0.38449 5 0.QIU 
3 0.650242 0.693423 080680Sa 2.- 
3 031457 3 0 . m  3 0.23329 3 0.38017 3 0.38449 3 0.42145 
3 0.6yIz.r 2 0.69347.3 0.80680 500 26USS 
3 0.21497 3 0- 3 0.23329 3 038017 3 038449 3 0.42145 
3 0.65024 2 0.6934 3 0.80680 500 2- 

poKr-39.3gzblml-2439 dam-@ d 
para-35.4nhrm-243.5 dam-64 wnc-om rad 
pan-32.274bum-lM d w - 3 9  bhrc-1.0 d 
p m c r - W . ~ b - l M  dam-3631 bmC437p ad 

0119 u S.2 mm 0.29 
t 11. m0.066ni S.7 
P 19s & 0.63 o 3 3  

' t b s ~ l i & ~ ~ ( o l p p m d . .  

---.---____-__---_____________ 
d 

Table A.33. Obrigheim (KWO) Assembly 170 
Batch 94,25.93 GWdMTU, ENDF/B-V 

-uiL prm-'hlao3#k;phied.l.' 
(Iruo) pn, y.m 170. -9% a.93 IvdhmrloycQafh5 w-94 

' .... d l W r U ; l r c d c ,  16 gukbMu.... 

mlx laaudw+in i t4  . .  - -ll 
uc2 lha-9.742 1 8 4 6  

mS9 301-20m d 
bgj 101-20846 ood 
h-M 101-20846 ood 
trps 101-20Wad 
ho6 1 0 1 - 2 0 8 4 6 d  
u-94 I O I - 2 0 W  d 
4 101-20846 ad 
&9s 101-20846 d 
-9s I O I - r n S r a  ad 
e99 101-20s46 ad 
almlol-20rw ad 
r h - r M 1 0 I - m W d  
* l M l O l - r n 8 4 6 d  
MI-126101-10846 d 
-131 I 0 1-20 846 ad 
~ 1 3 2 1 0 1 - 2 0 W d  
. P 1 3 4 l O l . a D 8 4 6  d 
a - 1 3 4 1 O l 1 - a 0 0 r a m d  
m-135101-20846d  
IPlj6101-20946 d 
0-137101-dD846ad 
p-143lOI-208460ld 
d l 4 3  1 0 1-20 846 ad 
-144 IO 1-20846 d 
ad-I45 10 1-20846 d 
~144101.m846 ad 

pzzY0.ozB9i?3S3.13922360.01492239%.92% d 
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Table A.34. Obrigheim (KWO) Assembly 
172 Batch 92, 26.54 GWd/MTU, ENDFK3-V 
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' . u o m b l y m d c y c L ~ :  

Table A.37. Obrigheim (KWO) Assembly 
171 Batch 89, 29.04 GWdMTU, ENDFB-V 

vrmbly a d  cyck pprpraucn: 



Table A.38. Obrigheim (KWO) Assembly 
176 Batch 90, 29.52 GWdMTU, ENDFIB-V 
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APPENDMB 

COMPAR@ONS OF MEASURED ISOTOPIC 
DATA TO SAS2B CALCULATIONS 
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Table B.1. Calvert ClEs Assembly DO47 Rod MIW109, 27.35 GWd/MTU 

calvert c l i f f s  unit 1 pur 

measured and corrputed i r rad iated fue l  conposition, mg/g fue l  ( ~ 0 2 )  

etm-104, fuel asseh ly  d047, rod mkpl09 a t  13.20 cm, 27.35 gud/mtu 

run sept. 1994 

.... measured and calculated a t  1870 day cooling t i  me.... 

..compares cases using endf/b-iv and endf/b-v(eu)* l ibraries.. 

nuclide, z & name 

92 u234 
92 u235 
92 u236 
92 u238 
94 pu238 
94 pu239 
94 pu240 
94 p 3 4 1  
94 pu242 
93 np237 
55 cs133 
55 cs134 
55 1x135 
55 cs137 
60 nd143 
60 nd144 
60 d145 
60 nd146 
60 nd148 
60 nd150 
61 m147 

measured 

1.600E-01 
8.470E+00 
3.140E+00 
8.425E+02 
1.010E-01 
4.264Et00 
1.719E+00 
6.81 OE -01 
2.890E -01 
2.680E - 01 
8.500E -01 
1.000E-02 
3.600E-01 
7.700E- 0 1 
6.130E - 01 
9.430E-01 
5.100E-01 
4 -9OOE- 01 
2 650E - 01 
1.24OE-01 

62 
62 
62 
62 
62 
62 
63 
63 
62 
63 
62 
63 
64 
64 
63 
64 
64 

b 1 4 7  
pn147..~n1147 2.210E-01 
~ 1 1 4 8  1.060E-01 
m149 2.9OOE -03 
~ 1 1 5 0  2.070E-01 
~ 1 1 5 1  
eu151 
sm151..eu151 9.340E-03 

sm154 
eu154 
gd154 
sm154..gd154 4.16OE-02 
w155 
gd155 

sm152 8.700E -02 
-153 7.900E -02 

t?~155..gd155 4.740E-03 

endf/b-iv Miff 

1.612E-01 ( 0.7%) 
8.002E+00 t -5.5%) 
5 2 7 ~ t o o  i 3.1%) 
8.372E+02 ( -0.6%) 
9.789E-02 ( -3.1%) 
4.280E+00 ( 0.4%) 
1.614E+00 ( -6.1%) 
7.087E-01 ( 4.1%) 
2.769E-01 ( -4.2%) 
3.156E-01 ( 17.8%) 
8.601E-01 ( 1.2%) 
1.007E-02 ( 0.7%) 
3.935E-01 ( 9.3%) 
7.832E-01 ( 1.7%) 
5.206E-01 ( 1.2%) 
9.462E-01 ( 0.3%) 
5.131E-01 ( 0.6%) 
4.925E-01 ( 0.5%) 
2.664E-01 ( 0.5%) 2.665E-01 i 0.6%) 
1.268E-01 ( 2.3%) 1.271E-01 ( 2.5%) 
3.085E-02 
1.85%-01 
2.167E-01 ( -1.9%) 
8.84ZE-02 (-16.6%) 
2.16%-03 (-25.2%) 
2.03M-01 ( -1.9%) 
1.012E-02 
4.320E-04 
1.055E-02 ( 13.0%) 
9.721E-02 ( 11.7%) 
7.443E-02 ( -5.8%) 
2.465E -02 
1.519~-02 
1.om-02 
5.062E-02 ( 21.7%) 
3.885E -03 
4.524E -03 
8.410E-03 ( 77.4%) 

endf/b-ve* Miff 

1.577E-01 ( -1.5%) 
8.071E+00 ( -4.7%) 
3,233€+00 ( 2.9%) 
8.373E+02 ( -0.6%) 
9.257E-02 ( -8.3%) 
4.040E+00 ( -5.3%) 
1.709E+00 ( -0.6%) 
6.681E-01 ( -1.9%) 
3.082E-01 ( 6.6%) 
2.83%-01 ( 5.8%) 
8.634E-01 ( 1.6%) 
9.711E-03 t -2.9%) 
3.766E-01 ( 4.6%) 
7.83OE-01 ( 1.7%) 
6.166E-01 ( 0.6%) 
9.49OE-01 ( 0.6%) 
5.105E-01 ( 0.1%) 
4.949E-01 ( 1.0%) 

3.135E-02 
1.880E-01 
2.193E-01 ( -0.8%) 
8.717E-02 (-17.8%) 
1.988~-03 (-31.4%) 
2.016E-01 ( -2.6%) 
1.032E-02 
4.402E -04 
1.076E-02 ( 15.2%) 
9.9WE-02 ( 14.5%) 
7.986E-02 Q 1.1%) 
2.469E -02 
8.500E -03 
6.123E-03 
3.931E-02 ( -5.5%) 
1.596~-03 
1.86lE-03 
3.457E-03 (-27.1%) 

mi t s  changed: cur i t s /  gram WZ 

95 am241 8.56M-(Eb 8.5RE-04 ( 0.1%) 8.145E-04 ( -4.9%) 
w cm243 1.125E-05 8.13OE-06 
w Cm244 5.902E-04 7.02% -04 
W cn\243..~1244 7.340E-04 6.014E-04 (-18.1%) 7.11OE-04 ( -3.1%) 
34 oe 79 4.550E-08 4.952E-08 ( 8.8%) 4.948€-08 ( 8.m) 
38 s r  90 4.59OE-02 4.998E-02 ( 8.9%) 4.989E-02 ( 8.7%) 
43 t c  99 9.590E-06 1.005E-05 ( 4.8%) 1 . m - 0 5  ( 5.1%) 

endf/b-iv Miff for: sas2 27-group e d f / M  l ibrary, 4-cycle case, 27.35 gud/mtu 
endf/b-ve* Miff for: *sas2 44-group mdf/b5 (with M: cu-154, 155) lib., 4-cyc case, 27.35 gud/mtu 
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Table B.2. Calvert Cliffs Assembly 0047 Rod MKPlQ9, 37.12 GWdMIV 

calvert cliffs unit 1 pur 

measured and canputed irradiated fuel conposition, mg/g fuel (~02) 

atm-104, fuel assembly dO47, roql nrkplO9 at 27.70 an, 37.12 gud/mtu 

run sept. 1994 

.... measured and calculated et 1870 day cooling time .... 
..conpares cases using endffb 

nuclide, z & name measured 

92 u234 1.4OOE-01 
92 u235 5.170E+DO 
92 u236 3.530E+OO 
92 u238 8.327E+02 
94 
94 
94 
94 
94 
93 
55 
55 
55 
55 
60 
60 
60 
60 
60 
60 
61 
62 
62 
62 
62 
62 

puv8 
puu9 
pu240 
w 4  1 
w 4 2  
e 3 7  
cs133 
csl34 
cs135 
cs137 
nd143 
ndlw, 
nd145 
d146 
nd148 
ndl50 
p147 
-147 
pnl47. 
~1148 
-149 
Sm150 

1.8WE-01 
4.357E+Oo 
2.239E+W 
9.030E - 01 
5.7M)E- 0 1 
3.560E-01 
1 .090E+00 
2 .OWE-02 
4. OOOE - 01 
1.04oE90 
7.16OE-01 
1.338E+Oo 
6.53OE-01 

3.59OE -01 
1 .nOE-o1 
~.~ZOE-OI 

.sml47 2.54OE-01 
1.64oE-01 
3.000~-03 
2.71 OE -01 

62 ~1151 
63 ~ 1 5 1  
63 ~151. .e~151 9.3OOE-03 
62 m152 1 .ObM-Ol 
63 w153 1 .DPoE-Ol 
62 sm154 
63 a154 
64 gd154 
64 $111154. .@dl54 6.07OE-02 
63 eu155 
64 gdl55 
64 eu155. .ad155 7.100E-03 

units changed: curies/ gram u02 

95 mi1241 1.18OE-03 
96 ud43 w d 4 C  
96 &43..&44 2.93M-03 
34 se 7V 6.036E-08 
38 sr 90 5.9ooE-02 
63 tC 99 1.23OE-05 

v #d adf/b-v(W)* 

endf/b-iv =iff 

1.395E-01 ( -0.4%) 
4.723E+W ( -8.6%) 
3.631E+OO ( 2.5%) 
8.2=+02 ( -0.4%) 
1.881E-01 ( -0.5%) 
4.4lSE+W ( 1.3%) 
2.066E+00 ( -7.7%) 
9.332E-01 ( 3.3%) 
S.551E-01 ( -3.6%) 
4.573E-01 ( 28.5%) 
l.lloE+OO ( 1.8%) 
1.811E-02 ( -9.5%) 
4.317E-01 ( 7.9%) 
1,06lE+00 ( 2.0%) 
7.234E-01 ( 1.0%) 
1.341E+00 ( 0.m) 
6.547E-01 ( 0.3%) 
6.847E-01 ( 0.4X) 
3.601E-01 ( 0.3%) 
l.776E-01 ( 3.3%) 
3.455E-02 
2.07%-01 
2.4;UE-01 ( -4.6%) 
1.416E-01 (-13.7%) 
2.371E-03 (-21 -0%) 
2.m-01 ( 4.8%) 
1.148E-02 
4.811E-04 
1.1%-02 ( 28.6%) 
1.258E-01 ( 2l.OX) 
1.OSKE-01 ( 0.5%) 
3.749E - 02 
2. m7E-02 
1 .%?E-02 
8.403E-02 ( 38.4%) 
6.m-03 
7.854E -03 
1.464E-02 (106.2%) 

1 i braries.. 

endf/b-w* Miff 

1.356E-01 ( -3.1%) 
4.771E+W ( -7.7%) 
3.633E+W ( 2.5%) 
8.299E+02 ( -0.3%) 
1.7BM-01 ( -5.5%) 
4.157E+00 ( -4.6%) 
2.178E40 ( -2.7%) 
8.75OE-01 ( -3.1%) 
6.163E-01 ( 7.0%) 
4.112E-01 ( 15.5%) 
l.llM+OO ( 2.4%) 
1.746E-02 (-12.7%) 
4.10%-01 ( 2.7%) 
l.WlE90 ( 2.0%) 
7.166€-01 ( 0.1%) 
1.347E90 ( 0.7%) 
6.501E-01 ( -0.4%) 
6.895E-01 ( 1.1%) 
3.m-01 ( 0.4%) 
1.m-01 ( 3.4%) 
3.53E-02 
2.112E-01 
2.w-01 ( -2.9%) 
1.4DM-01 (-14.6%) 
2.182E-03 (-27.3%) 
2.812E-01 ( 3.8%) 
1.165E-02 
6.082E-04 
1.214E-02 ( 30.6%) 
1.28%-01 ( 23.9%) 
1.214E-01 ( 11.3%) 
3.748E - 02 
1.435E-02 
1.047E-02 
6.23M-02 ( 2.6%) 
2.dD%E-03 
3.02M-03 
5.628Ei-03 (-20.7%) 

1.103E-03 ( -6.5%) 1.043E-03 (-11.6%) 
2.w-05 1.932E-05 
2.464E-03 2.871E- 03 
2.6%-03 (-15.0%) 2.89OE-03 ( -1.4%) 
6.571E-08 ( 8.9%) 6.565E-08 ( 8.8%) 
6.25%-02 C 6.0%) 6.25lE-02 ( 5.9%) 
1.303E-05 ( 6.0%) 1.31OE-OS ( 6.5%) 

endf/b-iv Miff for:  sas2 27-group tndf/b4 Librnry, 4-cycle  case, 37.12 gud/mtu 
endf/b-ve* Miff for: *sas2 44-grorp mdf/tb (with M: w-154, 1551 lib., 4-cyc case, 37.12 gUd/mtu 
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Table B.3. Calvert Cliffs Assembly D047 Rod MKPlW, 44.34 GWd/MTu 

calvert c l i f f s  unit 1 pur 

measured and computed i r rad iated fue l  conpsi t ion,  mg/g fue l  ( ~ 0 2 )  

etm-104, fue l  assembly d047, rod mkpl09 a t  165.22 cm, 44.34 gwd/mtu 

run sept. 1994 

.... measured and calculated a t  1870 day cooling time. ... 
..cotrgares cases using endf/b-iv and endf/b-v(w)* l ibraries.. 

nuclide, z & name measured endf/b-iv Miff endf/b-vel Miff 

92 u234 1.200E-01 1.255E-01 ( 4.6%) 1.217E-01 ( 1.4%) 
92 u235 3.540E+00 3.199E+00 ( -9.6%) 3.231E+00 ( -8.7%) 
92 u236 3.690E+00 3.753E+00 ( 1.7%) 3.759E+00 ( 1.9%) 
92 
94 
94 
94 
94 
94 
93 
55 
55 
55 
55 
60 
60 
60 
60 
60 
60 
61 
62 
62 
62 
62 
62 
62 
63 
63 
62 
63 
62 
63 
64 
64 
63 
64 
64 

u238 8.249E+02 
2.690E -01 
4.357E+OO 
2.543E+00 pu240 

pu241 1 . 02OE+OO 
pu242 8.400E -01 
np237 4.680E-01 
cs133 1 .240€+00 
cs134 3. OOOE -02 
cs135 4 . 3 0 0 ~  01 
cs137 1.250E+00 
nd143 7.630E- 01 
nd144 1.1%3E+00 
nd145 7.440E-01 
nd146 8.300E-01 
nd148 4.280E- 01 
nd150 2.080E-01 
pn147 
m147 
pn147..sm147 2.68OE-01 

puV8 
w 3 9  

sm148 2.220E-01 
sm149 4.70OE- 03 
sm150 3.61 OE - 01 
sm151 
eul5 1 
m151. .eu151 9.780E-03 
sml52 1.21OE-01 
eul53 1.480E-01 
sml54 
eul54 
gd154 
~n154..gd154 8.420E-02 
eu155 
gd155 
w155..gd155 9.82OE-03 

8.236E+02 ( -0.1%) 
2.693E-01 ( 0.1%) 
4.559E+00 ( 4.6%) 
2.324E+00 ( -8.6%) 
1.065E+00 ( 4.4%) 
7.858E-01 ( -6.5%) 
5.584E-01 ( 19.3%) 
1.273E+OO ( 2.7%) 
2 -535E-02 (-  15 -5%) 
4.605E-01 ( 7.1%) 
1.265€+00 ( 1.2%) 
7.757E-01 ( 1.m) 
1.639E+00 ( -0.3%) 
7.463E-01 ( 0.3%) 
8.333E-01 ( 0.4%) 
4.289E-01 ( 0.2%) 
2.166E-01 ( 4.1%) 
3.58&-02 
2.137E-01 
2.4%-01 ( -6.9%) 
1.833E-01 (-17.4%) 
2.592E-03 ( -44.9%) 
3.449E-01 ( -4.5%) 
1.285E-02 
5.345E-04 
1.33s-02 ( 36.8%) 
1.443E-01 ( 19.2%) 
1.344E-01 ( -9.2%) 
4.814E-02 
3.667E-02 
2 .WE-O2 
1.114E-01 ( 32.4%) 
9.311E-03 
1.074E-02 
2.005E-02 (104.2%) 

8.238E+02 ( -0.1%) 
2.555E-01 ( -5.0%) 
4.292E+00 ( -1.5%) 
2.444E+00 ( -3.9%) 
9.959E-01 ( -2.4%) 
8.741E-01 ( 4.1%) 
5.015E-01 ( 7.2%) 
1.282E+00 ( 3.4%) 
2.443E-02 (-18.6%) 
4.372E-01 ( 1.7%) 
1.265E+00 ( 1.2%) 
7.667E-01 ( 0.5%) 
1.647E+oo ( 0.2%) 
7.396E-01 ( -0.6%) 
8.404E-01 ( 1.3%) 
4.291E-01 ( 0.3%) 
2.168E-01 ( 4.2%) 
3.691E- 02 
2.181E-01 
2.55M-01 ( -4.8%) 
1.81M-01 (-18.2%) 
2.391E-03 (-49.1%) 
3.40%-01 ( -5.6%) 
1.3OOE-02 
5.407E-04 
1.354E-02 ( 38.5%) 
1.476€-01 ( 22.0%) 
1.517E-01 ( 2.5%) 
4.609E-02 
1.916E-02 
1.411E-02 
8.1%-02 ( -3.4%) 
3.405E-03 
3.935E-03 
7.340E-03 (-25.3%) 

u n i t s  changed: curies/ gram uo2 

95 am241 1.310E-03 1.2%-03 ( -5.6%) 1.166E-03 C- l l .O%)  
96 cm243 3.825E-05 3. W2E-05 
96 cIR244 5.424E -03 6.256€-03 
96 crn243..cm244 6.400E-03 5.462E-03 (-14.7%) 6.286E-03 ( -1.8%) 
34 se 79 6.490E-08 7.715E-08 ( 18.9%) 7.709E-08 I 18.8%) 
38 s r  90 6.58OE-02 7.043E-02 ( 7.0%) 7.041E-02 ( 7.0%) 
43 t c  99 1.356-05 1.500E-05 ( 11.1%) 1.511E-05 ( 11.9%) 

endf/b-iv Miff for :  sas2 27-group endf/b4 l ibrary, 4-cycle case, 44.34 gud/mtu 
endf/b-ve* Miff for: %as2 44-group endf/b5 (with M: cu-154, 155) lib., 4-cyc case, 44.34 gwd/mtu 
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Table B.4. Calvert cliffs Assembly DlOl Rod MLAW8, 18.68 GWd/MTU 

calvert  c l i f f s  unit 1 pur 

measured end conputed i r radiated fuel  conposition, mg/g fue l  ( ~ 0 2 )  

atm-103, fuel  assembly d101, rad m18098 a t  8.9 em, 18.68 gud/mtu 

r im rept. 1994 

*+ case using ney ses2h model *+ 
..conpares cases using endf/b-iv and andf/b-v(eul* libraries.. 

nuclide, z & name measured d f / b - i v  Miff mdf/b-ve* Xd i f f  

92 u234 
92 ut35 
92 u236 
92 u238 
94 -38 

94 p340  

94 pu242 

94 pu239 

94 @ G l  

1.400~-01 
1.025E+01 
2.5OOE+OU 
8.551E+02 
4.8SM-02 
3. P45E+DO 
1 .243E+00 
4.542E-01 
1.394E-01 

1.604E-01 ( 14.6%) 
1.008E+01 ( -1.6%) 
2.482E+00 ( -0.7%) 
8.453E+OZ C -1.1%) 
3.990E-02 (-17.n) 
3.88SE+00 ( -1.5%) 
1.159E+00 ( -6.8%) 
4.503E-01 C -0.9%) 
1.24lE-01 (-11.0%) 

1.577E-01 ( 
1.01M+01 ( 
2.475E+00 ( 
8.454E+02 ( 
3.75%-02 (- 
3.684E+OO ( 
1.232E40 ( 
4.27lE-01 ( 
1.387E-01 ( 

un i t s  changed: curies/ Oram u02 

93 
95 
96 
96 
96 
6 
34 
38 
43 
50 
53 
55 
55 

w 7  
am24 1 
CUI243 
CUI244 
cnr243. 
c 14 

se 79 
s r  90 
t c  99 
snl26 
i 129 

cs135 
cs 137 

1 .BOE-07 
6.6%-04 

.an244 1.649E-04 
3.91 M - 07 
3.43oE-08 
3 . m - 0 2  
7.07OE-06 
8.6oM-08 
1 .?5OE-O8 
2.m-07 
4.590E -02 

1.35s-07 C 10.4%) 
6.511E-04 ( -2.4%) 
3.425E-06 
1.125E-04 
1.lS9E-04 (-29.3%) 
3.234E-07 (-17.3%) 
3.42s-08 t -0.1%) 
3.55%-02 f 5.3%) 
7.095E-06 ( 0.4%) 
2.4OOE-07 (179.1%) 
1.546E-08 (-11.7%) 
3.05%-07 9.4%) 
4.595E-02 ( 0.1%) 

12.6%) 
-0.9%) 
-1 .OX) 
-1.1%) 
.22.5%) 
-6.6%) 
-0.9%) 
-6.0%) 
-0.5%) 

1.20%-07 ( - 1  -7%) 
6.201E-04 ( -7.0%) 
2.400E-06 
1 .%*-04 
1.393E-04 ( - 15.1%) 
3.246E-07 (-17.0%) 
3.425E-08 ( -0.2%) 
3.527E-02 C 5.0%) 
?.IO&-06 ( 0.5%) 
2.406E-07 (479.8%) 
1 . m - 0 8  (-11.6%) 
2.924E-07 ( 4.8%) 
4.594E-02 ( 0.1%) 

endf/b-iv miff for: sas2 27-group endf/b4 l ibrary,  4-eycle case, 18.68 gwd/mtu 
endf/b-w* Miff for: *sat42 4 6 - g r v  d f / M  (with M: UJ-154, 155) lib., 4-cyc case, 18.68 gud/mtu 
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Table B.5. Calvert Cliffs Assembly DlOl Rod MLAo98, 26.62 GWd/MTU 
~ 

calvert c l i f f s  unit 1 pwr 

measured and computed i r rad iated fue l  conposition, mg/g fue l  ( w 2 )  

etm-103, fue l  assembly d101, rod mla098 e t  24.3 cm, 26.62 gwd/mtu 

run sept. 1994 

** case using neu sas2h model ** 
..comperes cases using endf/b-iv end mlf/b-v(eu)* Libraries.. 

nuclide, z & name measured endf/b-iv Miff endf/b-ve* Miff 

92 
92 
92 
92 
94 
94 
94 
94 
94 

u234 
u235 
u236 
uua  

pu238 
p 3 3 9  
pu240 
p 3 4  1 
w 4 2  

1 .Z lOE-Ol  
6.940E+00 
2.990E+00 
8.538€+02 
9.690E -02 
4.252E+OO 
1.766E+OO 
6.822E-01 
3.301E-01 

1.422E-01 ( 
6.638E+OO ( 
2.977E+OO ( 
8.395E+02 ( 
9.006E-02 ( 
4.218€+00 ( 
1.634E+00 ( 
6.972E-01 ( 
3.042E-01 ( 

un i ts  changed: curies/ gram WZ 

17.5%) 
-4.4%) 
-0.4%) 
-1.7%) 
-7.1%) 
-0.8%) 
-7.5%) 
2.2%) 

-7.9%) 

93 
95 
96 
96 
96 
6 
34 
38 
43 
50 
53 
55 
55 

w 3 7  
am24 1 
cm243 
cm244 
cm243. 
c 14 

se 79 
s r  90 
t C  99 
snl26 

i129 
cs135 
cs137 

, .crn24 

2.110E-07 
9.91 OE - 04 

4 8.150E-04 
5.030E-07 
4.59oE-08 
4.410E-02 
9.370E-06 
1 .MOE-07 
2.410E-08 
3.12OE -07 
6.530E-02 

2.158E-07 ( 2.3%) 
9.981E-04 ( 0.7%) 
1.07PE-05 
6.460E-04 
6.568E-04 (-19.4%) 
4.792E-07 ( -4.7%) 
4.795E-08 ( 4.5%) 
4.673E-02 ( 6.0%) 
9.7S8E-06 ( 4.1%) 
3.822E-07 (181.0%) 
2.264E-08 ( -6.1%) 
3.424E-07 ( 9.7%) 
6.545E-02 ( 0.2%) 

1.390E-01 ( 14.9%) 
6.704E+00 ( -3.4%) 
2.973E+00 ( -0.6%) 
8.397E+02 ( -1.7%) 
8.530E-02 (-12.0%) 
3.981E+00 ( -6.4%) 
1.731E+00 ( -2.0%) 
6.564E-01 ( -3.8%) 
3.381E-01 C 2.4%) 

1.931E-07 ( -8.5%) 
9.442E-04 ( -4.7%) 
7.867E-06 
7.668E-04 
7.746.E-04 ( -5.0%) 
4.811E-07 ( -4.4%) 
4 . m - 0 8  ( 4.4%) 
4.665E-02 C 5.8%) 
9.789E-06 ( 4.5%) 
3.820E-07 (180.9%) 
2.265E-08 ( -6.0%) 
3.259E-07 C 4.5%) 
6.543E-02 ( 0.2%) 

endf/b-iv Miff for :  sas2 27-group d f / M  l ibrary ,  4-cycle case, 26.62 gud/mtu 
endf/b-ve* W i f f  for :  *sas2 44-grwp mdf/b5 (with b6: eu-154, 155) lib., 4-cyc case, 26.62 gud/mtu 
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Table B.6. Calvert cliffs Assembly DlOl Rod h4LAO98, 33.17 GWdIMTU 

calvert cliffs unit 1 pur 

measured and conputed irradiated fuel conposition, mg/g fuel (~02) 

atm-103, fuel assdly d101, rod mle098 et 161.7 an, 33.17 gud/mtu 

run sept. 1994 

** case using neu sas2h model ** 
..colrpares cases using endf/b-iv and endf/b-v(uP libraries., 

nuclide, z 8 name measured endf/b-iv Miff endf/b-ve* Xdiff 

92 1234 1.200E-01 
92 u235 4.780E+00 
92 u236 3.260€+00 
92 1.1238 8.422E+02 
94 pu238 1.483E-01 

4.187E+OO 
2.1 1 1E+00 

94 -9 
94 pu240 
94 pu241 8.125E-01 
94 pu242 5.474E-01 

1.288E-01 ( 7.3%) 
4.663E+00 ( -2.4%) 
3.219E+M) ( -1.3%) 
8.342E+02 ( -0.9%) 
1.468E-01 ( -1.0%) 
4.42SE+00 ( 5.4%) 
1.946E+00 ( -7.8%) 
8.647E-01 ( 6.4X) 
4.976E-01 ( -9.1%) 

1.254E-01 C 4.5%) 
4.715E+OO ( -1.4%) 
3.219€+00 ( -1.3%) 
8.344€+02 ( -0.9%) 
1.392E-01 ( -6.1%) 
4.168E+OO ( -0.5%) 
2.058E+OO ( -2.5%) 
8.106E-01 ( -0.2%) 
5.526E-01 < 0.PX) 

units changed: curies/ g r m  uo2 

93 npu7 
95 am241 
96 cm243 
96 Cas&.% 
96 cm243.. 
6 c J4 
34 se 79 
38 sr PO 
43 tc 99 
50 m126 
53 i129 
55 cs135 
55 cc137 

2.410E-07 
1.2OoE-03 

cld44 2.lloE-03 
7.69OE-07 
5.54oE-08 
5.w-02 
1.13M-os 
1 A90E-07 
3.36M-08 
3.320E - 07 
8. W E -  02 

2.842E-07 ( 17.9%) 
1.229E-03 ( 2.4%) 
2.00% -05 
1.836E-03 
1.857E-03 (-12.0%) 
6.109E-07 (-20.6%) 
5.874E-08 ( 6.0%) 
5.475E-02 ( 4.7%) 
l.177E-05 ( 4.2%) 
5.101E-07 (ZO1.8Xl 
2.864E-08 (-14.7%) 
3.680E-07 ( 10.8%) 
8.146E-02 t 1.1%) 

2.546E-07 ( 5.7%) 
1.158E-03 ( -3.5%) 
1.507E-O5 
2.15 1 E - 03 
2.16&-03 ( 2.7%) 
6.138E-07 [-20.2%1 
5 . m - 0 8  ( 5.9%) 
5.46%-02 ( 4.6%) 
1.183E-05 ( 4.7%) 
S.oO2E-07 (201 -3%) 
2.865E-08 (-14.7%) 
3.492E-07 ( 5.2%) 
8.142E-02 ( 1.0%) 

endf/b-iv Xdiff for: sas2 27-grW endf/b4 library, 4-cycle case, 33.17 gnd/mtu 
endf/b-ve* Miff for: *sas2 44-group mdf/b5 (uith W: tu-154, 155) Lib., 4-cyc case, 33.17 gud/mtu 



108 

Table B.7. Calvert Cliffs Assembly BT03 Rod NBD107, 31.40 GWd/MTU . .  

calvert  c l i f f s  unit 1 pur 

measured and computed i r rad iated fue l  conposition, mg/g fue l  ( ~ 0 2 )  

etrn-106, fue l  assembly bt03, rod a 1 0 7  e t  11.28 cm, 31.40 gud/mtu 

run sept. 1994 

** case using neu sas2h model ** 
..conpares cases using w d f / b - i v  end endf/b-v(eu)* l ibrar ies. .  

nuclide, z & name measured endf/b-iv Miff endf/b-ve* W i f f  

92 
92 
92 
92 
94 
94 
94 
96 
94 

u234 
u235 
3 3 6  
3 3 8  

pu238 
p 3 3 9  
w 4 0  
pu241 
w 4 2  

1.530E-01 

2.860E+00 
8.446+02 
1.426E-01 
3.814€+00 
2.067E+OO 
7.26OE-01 
5.463E-01 

3.860E+00 
1.206E-01 ( -  
3.823E+00 ( 
2.899E+OO ( 
8.37&+02 ( 
1.471E-01 ( 
4.037E+OO ( 
1.951E+00 ( 
7.393E-01 ( 
4.890E-01 ( -  

.21 .2%) 
-0.9%) 

1.4%) 
-0.8%) 
3.1%) 
5.8%) 

-5.6%) 
1.8%) 

,10.5%) 

mi t s  

93 
95 
96 
96 
96 
34 
38 
43 
50 
55 
55 

changed: curies/ gram u02 

1.840E-07 2.506E-07 ( 36.2%) 
1.lSOE-03 1.196E-03 ( 1.3%) 

1.986E-05 cd43  
cm244 1.683E-03 
cd43. .cm244 1.870E-03 1.703E-03 ( -8.9%) 
se 79 4.180E-08 5.553E-08 ( 52.8%) 
sr 90 4.64OE-02 4.902E-02 ( 5.6%) 
t c  99 7.7OOE-06 1.116E-05 ( 45.Oxl 
snl26 1.410E-07 4.9W-07 (249.1%) 
cs135 4.04OE-07 4.637E-07 ( 14.8%) 
cs137 7.470E-02 7.423E-02 ( -0.6%) 

2:; 

1.17OE-01 (-23.5%) 
3.869E+00 ( 0.2%) 
2.898E+OO ( 1.3%) 
8.377€+02 ( -0.8%) 
1.389E-01 ( -2.6%) 
3.79&+00 ( -0.5%) 
2.060E+00 ( -0.3%) 
6.947E-01 ( -4.3%) 
5.399E-01 ( -1.2%) 

2.232E-07 ( 21.3%) 
1.132E-03 < -4.1%) 
1.4WE-05 
1.938E-03 
1.953E-03 ( 4.5%) 
5.548E-08 ( 32.7%) 
4.898E-02 ( 5.6%) 
1.120E-05 ( 45.5%) 
4.913E- 07 (248.5%) 
4.428E-07 ( 9.6%) 
7.420E-02 ( -0.7%) 

endf/b-iv Miff for: ses2 27-group endf/b4 Library, 4-cycle case, 31.40 gud/mtu 
endf/b-ve* Ydiff for: *sa62 &&group &f/M (with M: tu-154, 155) lib., 4-cyc case, 31.40 gud/mtu 
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Table B.8. Cahert Cliffs &sembiy BM3 Rod NBD107,37.27 GWd/MTU 

calvert c l i f f s  unit 1 pur 

measured and canputed i r radiated fuel  cwposition, rag/g fue l  ( ~ 0 2 )  

atn-106, fuel ssstd~ly bt03, rod -107 a t  19.92 an, 37.27 gud/mtu 

rm sept. 1994 

** case using mu sas2h model .1 

..capares cases using endf/b-iv 8nd mdf/b-v(eu)* l ibraries.. 

nuclide, z & name measured endf/b-iv Miff endf/b-ve* Miff 

92 u234 
92 u235 
92 &36 
92 u238 
94 puvs 
94 puu9  
94 @40 
94 pL1241 
94 puzG2 

1.2m-01 
2.710E+OO 
3.030E+OO 
6.438E92 
1.947E-01 
3.835€+00 
2.321 E 4 0  
8.13%-01 
7.753E-01 

1 . I l O E - O l  (-12.6%) 
2.593€+00 ( -4.3%) 
3.w)zE+Oo ( -0.9%) 
8.327E+02 ( -1.3%) 
2.013E-01 ( 3.4%) 
4.083E+W ( 6.5%) 
2.181E+00 C -6.0%) 
8.313E-01 ( 2.3%) 
6.89lE-01 (-11.1%) 

1.ORE-01 C 
2.625E+00 ( 
3.WE+00 ( 
8.328E+02 ( 
1.905E-01 ( 
3.839E+Oo ( 
2.297E+w ( 
7.800E-01 ( 
7.614E-01 ( 

units changed: curies/ grenr WZ 

93 
95 
96 
96 
96 
34 
38 
43 
50 
55 
55 

z: 
cm243 
cnQ44 
cm243. 
se 79 
sr  90 
t c  99 
snl26 
co135 
cs137 

2.260E-07 
1.WE-03 

, .Crd44 4.110E-03 
5 A3OE - 08 
5.18OE-02 
8.96OE-06 
1.600E-07 
4.15M-07 
8.56OE-02 

- 15.6%) 
-3.1%) 
-0.9%) 
-1.3%) 
-2.2%) 
0.1%) 

-1.0%) 
-4.1%) 
-1.8%) 

3.012E-07 ( 33.3%) 2.679E-07 ( 18.6%) 
1.316E-03 ( -9.9%) 1.243E-03 (-14.8%) 
2.885E-05 2.238E -05 
3.546E-03 4.014E-03 
3.5EE-03 (-13.0%) 4.066E-03 ( -1.1%) 
6.189E-08 ( 15.3%) 6 . m - 0 8  C 15.2%) 
5.515E-02 ( 6.5%) 5.513E-02 ( 6.4%) 
1.2SM-05 ( 43.5%) 1.292E-OS ( 44.2%) 
6.14OE-07 (283.7X3 6.123E-07 (282.7%) 
4.892E-07 ( 17.9%) 4.6586-07 ( 12.2%) 
8.808E-02 ( 2.9%) 8 . W - 0 2  ( 2.9%) 

m d f / b - i v  Xd i f f  for: s a 2  27-0m.p d f / M  Librw-y, 4-cycle case, 37.27 gnd/mtu 
endf/b-ve* Miff for:  *sa92 44-graup andf/b5 ( 4 t h  W: cu-154, 1551 lib., 4-cyc case, 37.27 gwd/mtu 
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Table B.9. Calvert Cliffs Assembly BM3 Rod NBD107, 46.46 GWd/MTU 
~~ - ~~ ~~ - 

calvert  c l i f f s  unit 1 pur 

measured and computed i r radiated fue l  composition, mg/g fue l  ( ~ 0 2 )  

atm-106, fue l  a s s d l y  bt03, rod nM107 at 161.21 an, 46.46 gwd/mtu 

run sept. 1994 

** case using new sas2h d e l  ** 
..compares cases using endf/b-iv and endf/b-v(eu)* l ibrar ies. .  

nuclide, z & name measured endf/b-iv Miff endf/b-ve* Miff 

92 u234 
92 u235 
92 u236 
92 u238 

94 pu239 
94 pu240 
94 pu241 
94 pu242 

94 pu23a 

7.490E-02 
1.40&€+00 
3.040E+00 
8 272E+02 
2.842E-01 
3.766€+00 
2.599E+OO 
8.862E-01 
1.169E+00 

un i t s  changed: curies/ gram u02 

93 np237 
95 am241 
96 cm243 
96 cm244 
96 nn243.. 
34 se 79 
38 sr 90 
43 t c  99 
50 sn126 
55 cs135 
55 cs137 

2.660E-07 
2.180E-03 

cm244 9.860E-03 
5.990E-08 
6. WOE - 02 
1.090E-05 
2.1 OOE -07 
4.790E -07 
1 . lZOE-Ol 

9.845E-02 ( 31.4%) 
1.426+00 ( 1.4%) 
3.024E+00 ( -.5%) 
8.244E+02 ( -.3%) 
2.903E-01 ( 2.2%) 
4.210E+00 ( 11.8%) 
2.453E+00 ( -5.6%) 
9.443E-01 ( 6.6%) 
1.00fE+00 (-14.0%) 

3.715E-07 ( 39.n) 
1.452E-03 (-33.4%) 
4.240E-05 
8.670E-03 
8.713E-03 (-11.6%) 
7.908E-08 ( 32.0%) 
6.363E-02 ( 5.4%) 
1.527E-05 ( 40.1%) 
8.126-07 (286.9%) 
5.334E-07 ( 11.4%) 
1.097E-01 ( -2.0%) 

9.447E-02 ( 26.1%) 

3.030E+00 ( -.3%) 
8.245E+02 ( -.3%) 
2.745E-01 ( -3.4%) 
3.959E+00 ( 5.1%) 
2.579E+00 ( -.8%) 
8.838E-01 ( -.3%) 
l . l l M + O O  ( -4.6X) 

1.641~+00 ( 2.5%) 

3.292E-07 ( 23.8%) 
1.368E-03 (-37.2%) 
3.41 M- 05 
9.793E-03 
9.827E-03 ( -.3%) 
7.901E-08 ( 31.9%) 
6.365E-02 ( 5.4%) 
1.537E-05 ( 41.0%) 
8 . W - 0 7  (285.7%) 
5 . m - 0 7  ( 5.8%) 
1.097E-01 ( -2.1%) 

erKlf/b-iv Xd i f f  for: sas2 27-group endf/b4 l ibrary,  4-cycle case, 46.46 gud/mtu 
endf/b-ve* miff for: *sas2 44-group endf/b5 (u i th  b6: eu-154, 155) lib., 4-cyc case, 46.46 gwd/mtu 
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Table B.10. H. B. Robirison Assembly BO5 Rod N-9, 16.02 GWd/MTU 

h. b. robinson unit 2 pur 

measured and computed i r radiated fuel  corrposition, mg/g fuel  ( ~ 0 2 )  

atm-101, fue l  a s s d a y  W-5, rud n-9 a t  11-00 CUI, 16.02 gWmtu 

rm sept. 1994 

** case using sas2h model ** 
nuclide, z & name measured endf/b-iv Miff endf/b-ve* Miff 

92 u235 l1070E+01 
92 u236 2 I 190E+OO 
92 u238 8.47OE+02 
94 p338 2.830E-02 
94 puu9  3.640E+OO 
94 pu240 1 .09OE+M 
94 pu241 3.04OE-01 
93 np237 1.55OE-01 

un i t s  changed: curies/ gram uc 

l.O76E+01 ( 
2.156E+W ( 
8.477E+02 ( 
2.871E-02 ( 
3.894E+00 ( 
1.073E+00 ( 
3.219E-01 ( 
1.643E-01 ( 

.6%) 
-1.5%). 

I l X )  
1.53) 
7.m) 

-1.5%) 
5.9%) 
6.0%) 

1.084E+01 ( 
2.150E+W ( 
8.47&+02 ( 
2.679E-02 ( 
3.699E+00 ( 
1.139€+00 ( 
3.059E-01 ( 
1.CSlE-01 ( 

1.3%) - 1 -8%) 
.1%) 

-5.3%) 
1.6%) 
4.5%) 

-6%) 
-6.4%) 

43 t c  99 5.440E-06 6.11CE-06 ( 12.4%) 6.122E-06 ( 12.5%) 
55 cs137 3.590E-02 3.595E-02 ( .2%1 3.595E-02 ( .I%) 

endf/b-iv miff for:  sas2 27-group endf/M l ibrary,  4-cycle case, 16.02 gnd/mtu 
endf/b-ve* Miff for: *sa92 44-grwp mdf/M (with M: tu-154, 155) lib., 4-cyc case, 16.02 gud/mtu 

Table B.ll.  H. B. Robinson Assembly BO5 Rod N-9,23.81 GWdIMTu 

h. b. robinson unit 2 pur 

measured snd c - t d  i r radiated fuel  composition, W/g fuel (w2)  

atm-101, fuel  assenbly W-5, rod n-9 a t  26.0 m, 23.81Wmtu 

rm sept. 1994 

case u s i w  ses2h mcdel ** 
nuclide, z P name measured endf/b-iv Miff endf/b-ve* Miff 

92 
92 
92 
94 
94 
94 
94 
93 

a 5  7.21 OE+oI) 
u236 2.740E+OO 
uz38 8.470E92 

6.95M -02 
4.02oE+oo 
1.67OE90 
5.04OE-01 
2.MKIE-01 

PUUS 
puu9 
pu240 
Pu241 
nP237 

m i t o  chenged: curies/ gram ud 

43 t c  99 8 . m - 0 6  
55 cs137 5.39M -02 

7.312E+OO ( 
2.689E+oo ( 
8.619E42 ( 
7.012E-02 ( 
4.33lE90 ( 
1.601E40 ( 
5.UDE-01 ( 
2.744E-01 ( 

1.4%) 7.380E+OO ( 2.4%) 
-2.2%) 2.675E+00 ( -2.4%) 
-.a) 8.42oEM2 ( -.6%) 
.a) 6.59%-02 ( -5.1%) 

7.7%) 4.092E+W ( 1.8%) 
-4.2%) 1.691EMO ( 1.3%) 
6.0%) 5.04M-01 ( .OX)  
5.5%) 2.446E-01 ( -5.9%) 

endf/b-iv Miff for: sas2 27-group d f / M  l ibrary,  4-cycle case, 23.81 gud/mtu 
endf/b-ve* Miff for: *set32 44-grqy? d f / M  (with b6: cu-154, 155) lib., 4-cyc case, 23.81 gudfmtu 
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Table B.12. H. B. Robinson Assembly BO5 Rod N-9, 28.47 GWd/MTU 

h. b. robinson unit 2 pur 

measured and corrQuted i r rad iated fue l  carrposition, mg/g fue l  ( ~ 0 2 )  

atm-101, fue l  assembly bo-5, rod n-9 a t  199.0 an, 28.47gud/mtu 

run sept. 1994 

** case using sas2h model ** 
nuclide, z 8 name measured endf/b-iv Miff m l f /b -ve*  Miff 

92 u235 
92 u236 
92 1238 
94 pVV8 

94 pu240 
94 pu241 

94 pu239 

93 np23a 

6.180E+00 
2.82OE+OO 
8.340€+02 
1.140E-01 
4.390E+00 
1.970E+00 
6.81OE-01 
3.040E-01 

5.880E+00 ( -4.9%) 5.940E+00 ( -3.9%) 
2.883E+00 ( 2.2%) 2.880E+00 < 2.1%) 
8.379E+02 ( .5%) 8.380E+02 ( .5%) 
1.066E-01 ( -6.5%) 1.004E-01 (-11.5%) 
4.625E+00 ( 5.3%) 4.366E+OO ( - .5%) 
1.873E+00 ( -4.9%) 1.974E+00 ( .2%) 
6.844E-01 ( -5%) 6.442E-01 ( -5.4%) 
3.474E-01 ( 14.3%) 3.107E-01 ( 2.2%) 

units changed: curies/ gram w2 

43 t c  99 8.950E-06 1.026E-05 ( 14.6%) 1.030E-05 ( 15.1%) 
55 cs137 6.270E-02 6.512E-02 ( 3.9%) 6.510E-02 ( 3.8%) 

endf/b-iv Miff for: sas2 27-grwp endf/b4 l ibrary,  4-cycle case, 28.47 gud/mtu 
endf/b-ve* Miff for: *sas2 44-group mdf/b5 ( u i t h  W: eu-154, 155) lib., 4-cyc case, 28.47 gwdlmtu 

Table B.13. H. B. Robinson Assembly BO5 Rod N-9, 31.66 GWd/MTU 

h. b. robinson unit 2 pur 

measured end conputed i r rad iated fue l  composition, mg/g fue l  (w2)  

atm-101, fue l  assembly bo-5, rod n-9 a t  226.0 an' 31.66gud/mtu 

run sept. 1994 

** case using sas2h model ** 
nuclide, z & name measured mdf /b- iv  Miff mdf/b-ve* Miff 

92 
92 
92 
94 
94 
94 
94 
93 

u235 
u236 
u238 

puu(I 
w 3 9  
pu240 
w 4 1  
nP237 

4.860E+W 
3.000E+00 
8.42OE+02 
1.3OOE-01 
4.20OE+OO 
2.12oE+OO 
6.920E-01 
3.33oE -01 

5.022E+00 ( 3.3%) 
2.988E+OO ( -.4%) 
8.352E+02 ( -.a) 
1.333E-01 ( 2.6%) 
4.739€+00 ( 12.8%) 
2.032E+00 ( -4.1%) 
7.551E-01 ( 9.1%) 
3.944E-01 ( 18.4%) 

5.0?7E+OO ( 
2.906€+00 ( 
8.353€+02 ( 
1.256E-01 ( 
4.472E*OO ( 
2.139E+OO ( 
7.094E-01 ( 
3.531E-01 ( 

4.5%) - .5%) 
-.a) 

-3.4%) 
6.5%) 
.9%) 

2.5%) 
6. 0%) 

w i t s  changed: curies/ gram Ud 

43 t c  99 1.010E-05 1.124E-05 ( 11.2%) 1.12%-05 ( 11.8%) 
55 cs137 7.130E-02 7.24OE-02 ( 1.5%) 7.237E-02 ( 1.5%) 

endf/b-iv Miff for: sas2 27-group endf/b4 l ibrary ,  4-cycle case, 31.66 gud/mtu 
d f / b - v e *  Miff for :  *sas2 44-grow mdf/b5 ( u i t h  W: eu-154, 155) lib., 4-cyc case, 31.66 gwd/mtu 
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Table B.14. Obrigheim (KWO) Assembly 170 Batch 94,2593 GWd/MTtT 

obrigheitn ( k w )  prr (gertneny) 

measured and canputed i r r a d i a t e d  fuel  canpositian, mg/g fuel  (u) 

fuel  assembly 170, batch 94, 25.93 gud/mtu 

(run sept. 1994) 

..conpares cases using endf/b-iv and endf/b-v(w)* Libraries.. 

nuclide, z 8 name measured endf/b-iv Miff cndf/b-ve* Miff 

92 
92 
94 
94 
94 
94 
94 
96 
96 

u235 1.095E+Ol 
u236 3.590E+W 

8.010E-02* 
4.805E+OO 
1.800E+00 
9.780E -01 
3.120E-01 

1.03OE-02 

puua 
Pu239 
w40 
w 4 1  

1 .~OE-CQ 5:; 
&44 

un i ts  changed: atomic r a t i o  

36 k r  8Wkr 86 2.520E-01 
36 k r  84/kr 86 6.4OOE-01 
54 xe131/xe134 3.080E-01 
54 xc132/xel34 ?.WE-01 
54 xe136/xe134 1.483E+00 
55 ~~134/cs137 7.3%-02 
60 nd143/nd148 2.45OE90 
60 nd145/ndlI+8 1.938E+w) 
60 nd146/nd148 1.857E+OO 

1.059E+01 ( -3.3%) 
3.628E+OO ( 1.0%) 
8.51s-02 ( 6.3%) 
5.098E+OO ( 6.1%) 
1 . r n E + O O  ( -5.3%) 
1.051E+00 ( 7.5%) 
2.749E-01 (-11 .9%) 
1.327E-02 (-22.4%) 
7.756E-03 (-24.7%) 

2.397E-01 ( -4.9%) 
6.171E-01 ( -3.6%) 
3.123E-01 ( 1.4%) 
6.1137E-01 ( -3.2%) 
1.460E+M) [ -1.5%) 
7.11%-02 ( -2.9%) 
2.419E40 ( -1.3%) 
1.974E+00 ( 1.9X) 
1.857E+OO ( .OX) 

1.068E+01 ( -2.5%) 
3.621E+00 ( .Ox) 
8.095E-02 ( 1.1%) 
4.828E+OO ( .5%) 
l . l l l E 4 0  ( .6%) 
9.924E-01 ( 1.5%) 
3.071E-01 ( -1.6%) 
1.u2E-02 (-28.5%) 
9.37%-03 ( -9.0%) 

2.397E-01 ( 
6.177E-01 ( 
3.012E-01 ( 
6.92s-01 ( 
1.4nE+oo ( 
6.8105-02 ( 
2.4ocE+00 ( 
1.W€+00 ( 
1.864E+OO ( 

-4.9%) 
-3.5%) 
-1.2%) 
-1.9%) - -7%) 
-6.3%) 
-1.9%) 

1.4%) 
A X )  

* corrected f o r  the measured discharpxi coApormt from aa-242, uhich uas 

endf/b-iv Miff for: sas2 2Y-grorrp endflb4 lib, 3-cycle case, 25.93 gud/mtu 
mdf/b-ve* Miff for: *sa82 44-group endf/b!i (with b6: eu-1%. 155) Lib., 3-cyc case, 25.93 gud/mtu 

measured only by europeen i n s t i t u t e  fo r  transuranic elements. 
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Table B.15. Obrigheim (KWO) Assembly 172 Batch 92, 26.54 GWd/MTU 

obrigheim (kuo) pur (germany) 

measured and eomputed i r rad iated fuel canposition, ng/g fuel (u) 

fue l  assembly 172, batch 92, 26.54 gud/mtu 

(run sept. 1994) 

..conpares cases using endf/b-iv and endf/b-v(eu)* Libraries.. 

nuclide, z 8 name measured 

92 
92 
94 
94 
94 
94 
94 
96 
96 

u235 
u236 

pu238 

pu240 
pu24 1 

cm242 
cn244 

p 3 3 9  

p342  

l.O58E+01 
3.620E+00 
8.890E-02. 
4.713E+00 
1.830E+00 
9.780E -01 
3.280E -01 
1.940E-02 
1.160E-02 

uni ts  changed: atomic r a t i o  

36 k r  83/kr 86 
36 k r  84/kr 86 
54 xe l3 l / xe lU  
54 xe132/xe134 
54 xe136/xe134 
55 cs134/es137 
60 ndl43/nd148 
60 nd145/nd148 
60 nd146/nd148 

2.450E-01 
6.400E-01 
3.040E -01 
7.1 OOE -01 
1 .49OE+OO 
7.26OE-02 
2.450E+00 
1.950E+00 
1.876€+00 

endf/b-iv Miff endf/b-ve* Miff 

1.029E+O1 ( -2.8%) 
3.672E+00 ( 1.4%) 
9.142E-02 ( 2.8%) 
5.122E+00 ( 8.7%) 
1.755E+00 ( -4.1%) 
l.OTJE+OO ( 9.7%) 
2.886E-01 (-12.0%) 
1.482E-02 (-23.6%) 
8.854E-03 (-23.7%) 

2.387E-01 ( 
6.189E-01 ( 
3.104E-01 ( 
6.865E-01 ( 
1.464E+00 ( 
7.246€-02 ( 
2.396€+00 ( 
1.968E+oo ( 
1.86OE+oo ( 

1.037E+O1 ( -2.0%) 

8.686E-02 ( -2.3%) 

1.862E+00 ( 1.7%) 
1.013E+OO ( 3.6%) 
3.223E-01 ( -1.7%) 
1.370E-02 (-29.4%) 
1.067E-02 ( -8.1%) 

3.666E+OO ( 1.3%) 

4.849E+00 ( 2.9%) 

-2.6%) 2.386E-01 ( -2.6%) 
-3.3%) 6.194E-01 ( -3.2%) 
2.1%) 3.021E-01 ( -.6%) 

-3.3%) 6.957E-01 ( -2.0%) 
-1.8%) 1.477E+OO ( -.9%) 
-.a) 6.993E-02 ( -3.7%) 

-2.2%) 2.381E+00 ( -2.8%) 
.9%) 1.958E+oo ( .4%) 
-.a) 1.868E+oo ( -.4%) 

* corrected f o r  the measured discharged ccmpomnt frm cm-242, which vas 
measured only by european i n s t i t u t e  fo r  transuranic elements. 

endf/b-iv M i f f  for: sas2 27-grwp endf/t% lib, 3-cycle case, 26.54 gud/mtu 
endf/b-ve* Xd i f f  for: %as2 44-grwp endf/b5 (u i th  W: eu-154, 155) lib., 3-cyc case, 26.54 gud/mtu 
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Table B.16. Obrigheim (KWO) Assembly 176 Batch 91,2799 GWd/MTU 

obrigheim (kuo) pur (gemany) 

measured and conputed i r radiated fuel  conposition, w/g fuel  (u) 

fue l  assembly 176, batch 91, 27.99 gwd/mtu 

(run sept. 1994) 

..compares cases using endf/b-iv end endf/b-v(eu)* l ibraries.. 

nuclide, z & name measured m d f / b - i v  Miff ndf/b-ve* W i f f  

92 u U 5  
92 ~236 
94 pu238 
94 puu9 
94 pu240 
94 pu241 
94 pu242 
96 cm242 
96 ant44 

9.85OE+M) 
3.70%+00 
9.480E-OP 
4.925€+00 
1.92oE+Oo 
1.058E40 
3.72%-01 
1.85OE-02 
1 .4lOE-02 

un i ts  changed: atomic r a t i o  

36 
36 
54 
54 
54 
55 
60 
60 
60 

k r  83/kr 86 
k r  &/kr 86 
xe131/xe134 
xel32ixc 154 
xe136/xel34 
cs134/cs137 
nd143/n1168 
ndl45/ndl48 
nd146/nd168 

2.31%-01 
6.3OOE-01 
2.97OE-01 
7.1COE-01 
1.505E90 
7.82%-02 
2.35OE+OO 
1.91SE+OO 
1 . S l E + O O  

9.598E+W ( -2.6%) 9.684E+OO ( -1.7%) 
3.767€+00 ( 1.8%) 3.762E+W ( 1.7%) 

5.171E+W ( 5.0%) 4.893E+W ( -.7%) 
1.835E+00 < -4.4%) 1.967€+00 ( 1.4%) 
1.136E+OO ( 7.6%) l.O71E+W ( 1.2%) 
3.298E-01 (-11.3%) 3.67?€-01 ( -1.1%) 

1.131E-02 (-19.8%) 1.358E-02 ( -3.7%) 

I.OZSE-OI ( 8.u) 9.ne-a c 3.1%) 

I.~CQE-O~ (-13.4%) 1.477~02 (-20.2%) 

2.362E-01 ( 2.2%) 2.362E-01 ( 2.2%) 
6.23oE-01 ( -1.1%) 6.23SE-01 ( -1.0%) 
3.072E-01 ( 3 . M )  2.985E-01 ( .5%) 
6.932E-01 ( -2.9%) 7.029E-01 ( -1.6%) 
1.415E40 ( -2.0%) 1.488E+W ( -1.1%) 
7.511E-02 ( -4.0%) 7.246E-02 ( -7.3%) 
2.355E40 ( 2%) 2.UOE9O ( -.&%I 

1.867~+00 ( -9%) 1.875€+00 ( 1.3%) 
1 . 0 ~ ~ ~ 4 0  ( 1.n) 1.941€+00 ( 1.4%) 

corrected f o r  the measured discharged taRponent from ca-212, which was 

endf/b-iv = i f f  for: sas2 27-grorp d f / M  l ib,  3-eyelc case, 27.99 gud/ntu 
endf/b-ve* Miff for: %as2 4 4 - g r W  endf/b5 (with M: eu-154, 155) lib., 3-cyc case, 27.99 gwd/mtu 

measured only by european ins t i t u te  fo r  transuranic clunentr. 
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Table €3.17. Obrigheim (KWO) Assembly 168 Batch 86, 28.40 GWd/MTU 

obrigheirn (kwo) pur (germeny) 

measured and conputed i r rad iated fue l  conposition, mg/g fue l  (u) 

fue l  assembly 168, batch 86, 28.40 gwd/mtu 

(r im sept. 1994) 

..compares cases using endf/b-iv and endf/b-v(eu)* Libraries.. 

nuclide, z 8, ~ a m e  measured endf/b-iv Xd i f f  mdf/b-ve* Miff 

92 
92 
94 
94 
94 
94 
94 
96 
96 

9.680E+00 
3.730E+00 
1.054E-01* 
5.013E+00 
Z.OZOE+OO 
1 .103E+00 
4.070E - 01 
2.01 OE-02 
1.580E-02 

un i t s  changed: atomic r a t i o  

36 
36 
54 
54 
54 
55 
60 
60 
60 

kr 83/kr 86 
kr 84/kr 86 
xe131/xe134 
xe132/xe134 
xe136/xe134 
cs134/cs137 
nd143/nd148 
nd145/nd148 
nd146/ndf48 

2.480E -01 
6.500E-01 
3.060E -01 
7.450E -01 
1 .470E+00 
7.600E -02 
2.330E+00 
1.91OE+OO 
1.850E+00 

9.415E+00 ( -2.7%) 
3.792E+00 ( 1 .i%) 
1.059E-01 ( .5%) 
5.188E+00 ( 3.5%) 
1.85&+00 ( -8.1%) 

3.422E-01 ( - 15.9%) 
1.638E-02 (-16.5%) 
1.208E-02 (-23.5%) 

1.156E+00 ( 4.8%) 

2.355E-01 ( 
6.241E-01 ( 
3.062E-01 ( 
6.950E-01 ( 
1.479E+00 ( 
7.62OE-02 ( 
2.342E+00 ( 
1.947E+OO ( 
1.869E+DO ( 

-5.0%) 
-4.0%) 

.1%) 
-6.7%) 

-6%) 
-3%) 
.5%) 

1.9%) 
1 .ox) 

9.501E+00 ( 
3.787E+OO ( 
1.007E-01 ( 
4.9Q9€+00 ( 
1.%9E+00 ( 
1.090E+00 ( 
3.817E-01 ( 
1.509E-02 ( 
1.450E-02 ( 

-1.9%) 
1.5%) 

-4.4%) 
-2.1%) 
-2.5%) 
-1.2%) 
-6.2%) 

-24.9%) 
-8.2%) 

2.355E-01 ( -5.0%) 
6.247E-01 ( -3.9%) 
2.974E-01 ( -2.8%) 
7.047E-01 ( -5.4%) 
1.492E*00 ( 1.5%) 
7.350E-02 ( -3.3%) 
2.327E+00 ( -.l%) 
1.93&+00 ( 1.4%) 
1.877E+OO ( 1.5%) 

corrected f o r  the measured discharged cargonent f ran m-242, which was 

endf/b-iv Miff for: sas2 27-grwp cndf/bG lib, 3-cycle case, 28.40 gwd/mtu 
endf/b-ve* Xd i f f  for: %as2 44-groy, endf/M (with b6: eu-154, 155) Lib., 3-cyc case, 2B.40 gwd/rntu 

measured only by european i n s t i t u t e  f o r  transuranic eIc~mts. 
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Table B.18. Obrigheim (KWO) Assembly 171 Batch 89,29.04 GWd/MTzT 

obrigheim (kuo) pwr (germany) 

measured and computed i r radiated fwl camposition, mg/g fuel  (u) 

fue l  essecnbly 171, batch 89, 29.04 gud/mtu 

(run sept. 1994) 

..conpares cases using endf/b-iv and endf/b-v(w)* Libraries.. 

nuclide, z & name measured endf/b-iv Miff endf/b-ve* Miff 

92 
92 
94 
94 
94 
94 
94 
96 
96 

9.580E+00 
3.750E+00 
1.013E-O1* 
4.957E+OO 
2.00OE+DO 
l.l07E+OO 
4.05oE-01 
2 . w - 0 2  
1.69oE-02 

un i ts  chenged: atomic r a t i o  

36 k r  83/kr 86 
36 k r  84/kr 86 
54 xe131/xe134 
54 xel32/xe134 
54 xe136/xel34 
55 cs134/cs137 
60 nd143/nd148 
MI nd145/nd14a 
MI n d i w n d i 4 a  

2.38M -01 
6.30OE - 0 1 
2.86oE-01 
7.05M-01 
1.54oE+OO 
7.70OE - 02 
2.35OE+00 
1.92OE+OO 
1.873E90 

9.129E+00 < -4.7%) 
3.830E+00 ( 2.1%) 
1.114E-01 ( 10.0%) 
5.210E+00 ( 5.1%) 
1.892E+a0 ( -5.4%) 
1.184E+00 ( 7.0%) 
3.611E-01 (-10.8%) 
1.716E-02 (-17.5%) 
1.344E-02 (-20.5%) 

2.344E-01 ( -1.5%) 
6.259E-01 ( -.6%) 
3.045E-01 < 6.5%) 
6.978E-01 ( -1.0%) 
1.484E+00 ( -3.6%) 
7.77lE-02 ( .Ox) 
2.322E+00 ( -1.2%) 
1.939E+OO ( 1.a) 
1.871E+00 ( -.1%) 

9.213E+OO ( -3.8%) 
~ . ~ Z M + O O  c 2.0~) 
1 . m - 0 1  ( 4.7%) 
4.929E+00 ( -.6%) 
2.007E+OO ( -3%) 
1.115E+W ( .7%) 
4.026E-01 ( -.6%) 
1.582E-02 (-23.9%) 
1.611E-02 ( -4.7%) 

2.344E-01 ( -1.5%) 
6.265E-01 ( -.6X) 
2.956E-01 ( 3.3%) 
7.078E-01 ( -4%) 
1.497E+OO ( -2.8%) 
7.494E-02 ( -2.7%) 
2.306E+W ( -1.9%) 
1.928E+00 ( .4X) 
1.88OE+OO ( .4%) 

* corrected fo r  the measured discharged caAponent frow cm-242, which uas 

d f / b - i v  Miff for: ses2 27-grow endf/M l ib,  3-cycle cnse, 29.04 guc!/mtu 
endf/b-w+ Miff for: *sa82 U-grodp endf/b5 (u i t h  M: au-154, t55) Lib., 3-cyc case, 29.04 gud/mtu 

measured only by european i n s t i t u t e  fo r  transuranic clcAmts. 



118 

Table B.19. Obrigheim (KWO) Assembly 176 Batch 90, 29.52 GWd/MTU 

obrigheim (kuo) pur (germany) 

measured and corrputed i r rad ieted fue l  corrposition, mg/g fue l  (u) 

fue l  assenbly 176, batch 90, 29.52 gud/mtu 

(run sept. 1994) 

..conpares cases using endf/b-iv and endf/b-v(eu)* l ibraries.. 

nuclide, z 8  me measured endf/b-iv Xd i f f  endf/b-ve* Miff 

92 
92 
94 
94 
94 
94 
94 
96 
96 

u235 
u236 

pu238 
pu239 
pu240 
w 4 1  
pu242 
cm242 
cm244 

9.180E+OO 
3.81 OE+OO 
1.071E-01* 
4.943E+00 
2.040E+00 
l.l28E+00 
4.380E - 01 
2.150E-02 
1.92OE-02 

w i t s  changed: atomic r a t i o  

36 k r  83/kr 86 
36 k r  W k r  86 
54 xe131/xe134 
54 xe132/xe134 
54 xe136/xe134 
55 cs134/cs137 
60 nd143/nd148 
60 nd145/nd148 
60 nd146/nd148 

2 -41 OE-01 
6.60OE - 01 
2.92OE-01 
7.200E -01 
1.520E+00 
7.940E -02 
2.340E+00 
1.920E+00 
1 .865E+00 

8.917E+OO ( -2.9%) 
3.859E+00 ( 1.3%) 
1.159E-01 ( 8.2%) 
5.224E+00 ( 5.7%) 
1.921E+00 ( -5.8%) 
1.204E+00 ( 6.7%) 
3.745E-01 (-14.5%) 
1.791E-02 (-16.7%) 
1.458E-02 (-24.1%) 

2.33M-01 ( -3.1%) 
6.273E-01 ( -5.0%) 
3.031E-01 ( 3.8%) 
6.999E-01 ( -2.8%) 
1.488E+00 ( -2.1%) 
7.908E-02 ( -.4%) 
2.305E+00 ( -1.5%) 
1.934€+00 ( .?%) 
1.874E+00 ( .5%) 

9.000E+00 C -2.0%) 

1.103E-01 ( 3.0%) 

2.037E+OO ( -.1%) 

4.175E-01 ( -4.7%) 
1.654E-02 (-23.1%) 
1.745E-02 ( -9.1%) 

3.854E+00 ( 1.2%) 

4.941E+00 ( -0%) 

1.133E+00 ( .5%) 

2.335E-01 ( -3.1%) 
6.279E-01 ( -4.9%) 
2.940E-01 ( .7%) 
7.099E-01 ( -1.4%) 
1.500E+00 ( -1.3%) 
7.62M-02 ( -4.0%) 
2.289E+00 ( -2.2%) 
1.923E+00 ( .2%) 
1.883E+00 ( 1.0%) 

* corrected f o r  the measured discharged corrgonent from cm-242, which was 

endf/b-iv Miff for: sas2 27-group endf/bG Lib, 3-cycle case, 29.52 gud/mtu 
endf/b-ve* Xd i f f  for: *sasi! 44-grwp endf/b5 (wi th  W: eu-154, 155) lib., 3-cyc case, 29.52 gwd/mtu 

measured only by european i n s t i t u t e  f o r  trensurenic elements. 



APPENDIX c 

INDIVIDUAL LABORA"OR* OBlUGHEM FUEL ISOTOPIC MEAS-, 
AVERAGES, AND la IN ESTIMATE OF AVERAGES 

The Obrigheim PWR spent fuel compositions, as read by the author from the plots given 
in ref. 16, are tabulated in Tables C.l, C.2, and C.4 through C.7, inclusive. The density data 
were converted by the laboratories from values at the analysis date to values at the discharge or 
unloading date, with one exception. Two of the three laboratories reporting =Pu data did not 
measure u2Cm, which is required in the adjustment of =Pu density to the unloading date 
density- However, the necessary adjustment was made by the author, applying the single set of 
242Cm data available before tabulating the =Pu data for the other two laboratories in Table C.3. 

The acronyms listed in the tables for the names of the laboratories conducting the analyses 
are: TUI, European Institute for Transuranic Elements; IAE4 International Atomic Energy 
Agency; WAK, Karlsruhe Reprocessing Plant; and IRCH, Institute of Radiochemistry. 

Averages from this appendix are listed in Table 32. Data for "*Cm and "Cm and fission- 
product ratios (Tables 32 and 33) are not listed in this appendix because the isotopic analyses 
were performed only at TUI. The data for u'Am and mAm were not used because there was 
significant interference from the alpha spectrum of =Pu in determining %'Am data and the ratio 
of 2d3Ar4/,24'Am was used in deriving "3Am data.16 
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Table C.1. Obrigheim fuel composition measurements, their averages, 
and 1 u in the averages for z)sU (milligramdgram U) 

isotope: u235 

Assembly number 170 172 176 168 171 176 
Batch number 94 32 91 86 89 90 
Laboratory average 

TUI 11.30 10.70 9.80 9.60 9.60 9.10 
LAEA 10.80 10.60 9.80 9.70 9.50 9.20 
WAK 10.90 10.40 9.90 9.70 9.60 9.20 
IRCH 10.80 10.60 9.90 9.70 9.60 9.20 

Average 10.950 10.575 9.850 9.675 9.575 9.175 
Sigma (in avg.) 0.119 0.063 0.029 0.025 0.025 0.025 0.048 

Sigma, % 1.1 0.6 0.3 0.3 0.3 0.3 0.5 

Table C.2. Obrigheim fuel composition measurements, 
their averages, and 1 u in the averages for 

isotope: u236 

Assembly number 170 172 176 168 171 176 
Batch number 94 92 91 86 89 90 
Laboratory average 

TU1 3.61 3.69 3.70 3.72 3.74 3.83 
IAEA 3.57 3.60 3.68 3.73 3.76 3.78 
WAK 3.57 3.56 3.66 3.75 3.75 3.75 
IRCH 3.62 3.64 3.74 .._ 3.76 3.86 

Average 3.592 3.623 3.695 3.733 3.753 3.805 
Sigma (in avg.) 0.013 0.028 0.017 0.009 0.005 0.025 0.016 

Sigma, % 0.4 0.8 0.5 0.2 0.1 0.6 0.4 
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Table C.3. Obrigheim~ fuel composition measurements, their averages, 
and 1 Q in the averages for =Pu (milligrams/gram V) 

isotope: pu238 

Assembly number 170 172 176 168 171 176 
Batch number 94 92 91 86 89 90 
Laboratory average 

TUI 0.0820 0.0840 0.0970 0.1190 0.1060 0.1150 
LAEA 0.0861 0.0938 0.1067 0.1111 0.1144 0.1187 
WAK 0.0721 -- 0.0807 0.0861 0.0834 0.0877 

Average 0.0801 0.0889 0.0948 0.1054 0.1013 0.1071 
Sigma (in avg) 0.0042 0.0049 0.0076 0.0099 0.0093 0.0098 0.0076 

Sigma, % 5.2 5.5 8.0 9.4 9.1 9.1 7.7 

Table (2.4. Obrigheim fuel composition measurements, their averages, 
and 1 B in the averages for (milligrams/gram V) 

isotope: pu239 

Assembly number 170 172 176 163 171 176 
Batch number 94 92 91 86 89 90 
Laboratory average 

m 4.91 4.76 4.% 5.06 5-00 5-00 
IAEA 4.83 4.78 4.87 5.08 5-04 4.91 
WAK 4.58 4.49 4.03 4.90 4.83 4.80 
IRCH 4.90 4.82 5.04 I - 5-06 

Average 4.805 4.713 4.925 5.013 4.957 4.943 
Sigma (in avg.) 0.077 0.075 0.047 0.057 0.064 0.057 0.063 

Sigma, % 1.6 1.6 1.0 1.1 1.3 1.1 1.3 , 
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Table C.5. Obrigheim fuel composition measurements, their averages, 
and 1 u in the averages for %'u (milligramdgram U) 

isotope: pu240 

Assembly number 170 172 176 168 171 176 
Batch number 94 92 91 86 89 90 
Laboratory average 

TUI 1.83 1.91 1.93 2.08 2.01 2.05 
IAEA 1.80 1.84 1.90 2.03 2.03 2.03 
WAK 1.72 1.73 1.88 1.96 1.95 1.99 
IRCH 1.84 1.85 1.97 _- __ 2.07 

Average 1.798 1.832 1.920 2.023 1.997 2.035 
Sigma (in avg) 0.027 0.037 0.020 0.035 0.024 0.017 0.027 

Sigma, % 1.5 2.0 1.0 1.7 1.2 0.8 1.4 

Table C.6. Obrigheim fuel composition measurements, their averages, 
and 1 u in the averages for u'Pu (milligrams/gram U) 

isotope: pu241 

Assembly number 170 172 176 168 17 1 176 
Batch number 94 92 91 86 89 90 
Laboratory average 

TUI 1.OOO 0.970 1.060 1.130 1.120 1.140 
IAEA 0.970 0.990 1.050 1.110 1.130 1.120 
WAK 0.950 0.940 1.040 1.070 1.070 1.100 
IRCH 0.990 1.010 1.080 *- -- 1.150 

Average 0.9775 0.9775 1.0575 1.1033 1.1067 1.1275 
Sigma (in avg.) 0.0111 0.0149 0.0085 0.0176 0.0186 0.0111 0.6136 

Sigma, % 1.1 1.5 0.8 1.6 1.7 1.0 1.3 
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Table C.7. Obrigbeim  fuel composition measurements, their averages, 
and 1 u in the averages for 24?Pu (milligrams/gram U) 

isotope: pu242 

Assembly number 170 172 176 168 171 176 
Batch number 94 92 91 86 a9 90 
Laboratory average 

TUI 0.320 0.325 0.376 0.397 0.412 0.435 
IAEA 0.310 0.330 0362 0.390 0.408 0.420 
WAK 0.303 0.320 0.370 0.435 0.390 0.465 
IRCH 0.315 0.335 0.378 -- 0.410 0.430 

Average 0.3120 03275 0.3715 0.4073 0.4050 0.4375 
Sigma (in avg.) 0.0036 0.0032 0.0036 0.0140 0.0051 0.0097 0.0065 

Sigma, % 1.2 1.0 1.0 3.4 1.3 2.2 1.7 





APPENDIXD 

!TI'ATEITCh DATA ANAL,YSB OF SAS2H 
PREDIcIllONS VS MEASUREMENTS 

I 

SCALE fuel depletion isotopic predictions were compared with radiochemical analyses 
as percentage differences of the computed minus the measured results. These comparisons for 
each benchmark case are fisted in detail in the body of the report. The individual percentage 
differences of all cases, or samples, provided data for the statistical analyses shown in Tables D.l 
and D.2. Densities of isotopes or isobars were analyzed by both radiochemistry and 
S C O B A S 2 H  calculations for 3 to 19 cases, depending on the component. The statistical 
analysis determined the standard deviation in the estimate of the average and the standard 
deviation in the population of the iddividuai values. Results are listed for each nuclide or isobar 
as the average and la values for caw computed with actinide cross sections processed from 
ENDFB Versions IV and V in Tables D.l and D.2, respectively. 

The formula used for the standard deviation in the estimate of the average rZ,, of the 
N data points y is 

agz,) = 

where 

Also, the equation used for the standard deviation in the individual & taken from the population 
of N data points is 
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Table D.1. Statistics for SAS2H vs measurements, actinide data from ENDFB-IV 

For 3 to 19 irradiation cases 
Cross-section source: SCALE 27-group ENDFB-IV 

Percentage difference 
- 

la of la of 
estimate individual 

Nuclide or isobar Cases Average of average data points 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 

C14 
Se79 
Sr90 
Tc99 
Sn126 
I129 
a 1 3 3  
a 1 3 4  
Cs135 
Cs137 
Nd143 
Nd144 
Nd145 
Nd146 
Nd148 
Nd150 
Pm 147. Sml47 
Sm148 
Sm149 
Sm150 
Sm152 
Sm151..Eu151 
Eu153 
Sm154..Gd154 
Eu155..Gd155 
u234 
u235 
U236 
U238 
Np237 
Pu238 
Pu239 
Pu240 
Pu241 
Pu242 
Am241 
Cm242 
cm243. .cm244 

3 
9 
9 

13 
6 
3 
3 
3 
9 

13 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
9 

19 
19 
13 
13 
19 
19 
19 
19 
15 
9 
6 

15 

-14.2 
14.1 
6.1 

15.8 
230.3 
-10.8 

1.9 
-8.1 
10.9 
0.9 
1.3 
0.1 
0.4 
0.4 
0.3 
3.2 

-4.5 
-15.9 
-30.3 
-0.5 
17.3 
26.1 
-4.8 
30.8 
96.0 
4.7 

-2.9 
0.7 

-0.6 
19.2 
0.7 
5.3 

-5.8 
5.0 

-10.3 
-5.9 

-18.7 
-18.6 

4.8 
3.9 
0.4 
4.4 

20.2 
2.5 
0-4 
4.7 
1.1 
0.4 
0.2 
0.2 
0.1 
0.0 
0.1 
0.5 
1.4 
1.1 
7.4 
2.8 
2.8 
7.0 
2-8 
4.9 
9.3 
5.3 
0.7 
0.4 
0.2 
3.3 
1.5 
0.9 
0.4 
0.7 
0.9 
3.7 
1.5 
1.5 

8.4 
11.8 
1.2 

15.9 
49.6 
4.4 
0.7 
8.2 
3.4 
1.6 
0.3 
0.3 
0.2 
0.1 
0.2 
0.9 
2.5 
2.0 

12.7 
4.8 
4.9 

12.1 
4.9 
8.5 

16.1 
15.8 
3.3 
1.6 
0.6 

12.1 
6.4 
3.7 
1.7 
2.9 
3.5 

11.1 
3.8 
5.9 
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Table D.2. Statistics for SM2H vs measurements, actinide data from ENDFB-V 
I 

For 3 to 19 irradiation cases 
Cross-sectiop source: special 44-group, ENDFB-V 

(with Eu-154 and Eu-155 from ENDFB-VI) 

Percentage difference 

la of l o  of 
estimate of individual 

Nuclide or isobar cases Average average data points 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 

C14 
se79 
Sr90 
TC99 
Sn126 
I129 
(3133 
(3134 
(3135 
a137 
Nd143 
Nd144 
Nd145 
Nd146 
Nd148 
Nd150 
Pm147..Sm14 
Sm148 
Sm149 
Sm150 
Sm152 
Sm151..Eu151 
Eu153 
Sm154..Gd154 
Eu155..Gd155 
U234 
u235 
uz36 
U238 
Np2.37 
Pu238 
PUB9 
Pu240 
Pu241 
Pu242 
Am241 
Cm242 
cm243..cm244 

3 
9 
9 
13 
6 
3 
3 
3 
9 

13 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
9 

19 
19 
13 
13 
19 
19 
19 
19 
15 
9 
6 
15 

-13.8 
14.0 
6.0 

16.3 
229.8 
-10.8 

2.5 
-11.4 

5.7 
0.8 
0.4 
0.5 

-0.3 
1.1 
0.4 
3.4 
-2.8 

-16.9 
"35.9 
-1.5 
20.2 
28.1 
5.0 

-2.1 
-24.4 

1.8 

0.6 
-0.6 
6.4 

-4.6 
-0.6 
-03 
-1.2 
-0.2 

-11.0 
-25.0 
-4.2 

-1.9 

4.8 
3.9 
0.4 
4.5 

20.0 
2.5 
0.5 
4.6 
1.1 
0.4 
0.2 
0.1 
0.2 
0.1 
0.1 
0.5 
1.2 
1.1 
6.7 
2.8 
2.9 
6.8 
3.2 
2.4 
1.9 
5.1 
0.8 
0.4 
0.2 
3.0 
1.4 
0.8 
0.4 
0.6 
1.0 
3.5 
1.4 
1.3 

8.4 
11.8 
1.2 

16.1 
48.9 
4.4 
0.9 
7.9 
3.3 
1.6 
0.3 
0.2 
0.4 
0.1 
0.1 
0.9 
2.0 
1.9 

11.6 
4.8 
5.0 
11.8 
5.5 
4.2 
33 

15.3 
3.3 
1.6 
0.6 

10.7 
6.2 
3.5 
1.9 
2 7  
3.9 

10.6 
3.5 
5.1 





MISCEI;LANEOUS SPATIAL FACXIRS AFFECJLZNG 
ASSEMBLY AVERAGED RESULTS 

Final assembly densities of the SCALE depletion sequence are derived from cross 
sections integrated over space- and energy-dependent flux. Thus, space-dependent densities are 
not explicitly computed. Note that if' nuclide densities vary from one rod to another for equal 
bumups &e., the fissions within a fuel pellet as determined by laNd analysis), the variation 
would also be reflected in differences between computed average values and measured values 
of a fuel pellet at a specified location. Similarly, it is also important to note systematic variations 
in the computed vs measured comparisons with axial location. These effects arise due to the lack 
of an assumed uniform axial distribution of nuclides and the resulting spectral variations. 

Random errors in the computational model, the specified reactor parameter input (e.g., 
material densities, temperatures, power histories, and burnup) and the radiochemical analysis 
contribute to fluctuations in the differences between the measured and calculated values of a 
nuclide composition. However, for completeness, this appendix seeks to evaluate the significance 
of other conditions that are not taken into account in the SCAlLE calculational model which 
might cause the variations encountered. 

Conditions related to the following topics will be discussed: 

I. radial variation in 239pu, 
2. axial variation in 239pu, 
3. secondary effects of variation in ? P u  on ='U, and 
4. other sigmfkant differences in comparisons. 

El RADIALVARIATIONIN% 

The objective of this investigation is to determine whether the production rate of ? P u  
changes significantly with the fuel rod distance from the nearest guide tube for equivalent 
burnups within a given assembly. It will be assumed that burnup and isotopic densities remain 
constant in the radial direction @e., between rods at equal heights). Although it will be shown 
that this constant density assumption is not true, once a first-order calculation of the production 
rate correction of is estimated, the objective is accomplished. 

is assumed to be proportional to the (n,y) reaction rate of 
=U because the % and ?Np in the decay chain producing ? P u  have short half-lives. To 
obtain the same burnup requires that the specific powers be equal over the same time interval. 
The constant power, P ( W / u n i t  05 fuel), can be converted to flux for the fissionable nuclides 
of weight X,(gram-atoms) and fission cross section uti (see Sect. F7.2.5, ref. 1) by 

The production rate of 
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where K is a constant because cycle power is kept constant. Note that in the example, all the 

fissioning is assumed to be produced by psU; this simplification is believed to have no effect on 
the basic conclusion. Also, consider only the exam le in which all rods Within the assembly have 
the same composition (% enrichment). The 'U (n,y) reaction rate, R, which essentially 
equals the B ~ u  production rate, by definition L 

Substituting Q, from (E.l) for constant power into ;Eq. (E.2) to derive the formula 
for p?Pu production rate normalized to the fission rate (or equivalent burnups): 

(E.3) 

where the atomic density ratio Nu23$Nu is assumed constant in all fuel rods during the 
irradiation, and thus C is a constant. The v u  production rate may be derived as a fmction of 
C at two different locations. Then the value of the ratio of the two production rates may be 
calculated because C is contained in both the numerator and denominator of the ratio and may 
be eliminated, 

Energy-dependent flux is computed at different mesh intervals of a unit cell by the 
XSDRNPM d e  in SCALE. The relative locations of the fuel rod positions in Figs. 5 and 7 
are shown in Fig. E.1. Then, in the method described in Sect. 2 and shown in Fig. 2, the path-B 
unit cell is developed. The center-to-center distances, d, and d2, between the guide tube and the 
two fuel rods are similar to the distances in Fig. El between the center of the cell, or guide 
tube, and the two intewals in the fuel zone at which the code computes flux, & and Q,= 
respectively. 

B 
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(a) Relative locations of fuel rods NBD107 and MKP109 at 
distances d, and d, from guide tube. 

Guide tube 

Interval of 

interval of I $ ~  

Moderator in 
guide tube 
cell 

(b) Larger unit cell of path 8 in SAS2 with intervals 
of XSDRNPM case shown at d, and d,. 

I 

Fig. E.1. Method of simulating the actual rod locations (a) in unit cell (b) to obtain & and &, 
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The XSDRNPM code was used to obtain the 27-group flux spectrum by mesh intervals 
within the zones of the path-B cell, including the fuel zone intervals at d, and d, The AMPX 
system ALE code was used to edit the working cross-section library input to XSDRNPM, 
determining the 27-group values for u(n,f)uz35 and u(n,y)u238. Data at the end of the first cycle 
calculation of the 37.12-GWd/MTU case for Assembly D047, Rod MKP109, were used in this 
example. Table E.l shows the two sets of group cross sections and the interval flux 4, and 4, 
at d, and 4 of Fig. E.1. The group products ui41s and and sums of these products for the 
above nuclides are also listed. The one-group or effective cross sections are then computed by 

27 

- i =  1 
Qcff - 27 

(E-4) 

The uea values computed from Eq. (E.4) for u(n,T)Up8 are 0.902 and 0.942 and for u(n,f),, are 
48-04 and 54.82 at d, and d,, respectively. The ratios of u(n,y)u23$a(n,€)up5 are 0.01878 and 
0.01718 at d, and d,, respectively. Dividing the first ratio by the second equals 1.093, indicating 
an increase in the ?Pu production rate at d, (or in the simulated fuel rod MKP109 of Assembly 
D047) of 9.3% over the =?Pu production rate at d, (or in fuel rod NBD107 of Assembly BT03). 
Thus, this example tends to show that the different neutron spectra significantly affect u?Pu 
production rates at different fuel locations. 

Table E.l shows individual energy-group data for flux, cross sections and their products, 
in addition to the integrated data and ueW Significant differences are found in the reaction rates 
starting with group 22. The largest differences are in ~ ( n , f ) ~ ~ , ~  because u(n,f),,, increases 
more at thermal energies (higher groups) than the corresponding increases in u(n,y)uus. 

All the fissions in the above method are assumed to be produced by ?J- Although the 
method has the benefits of showing group data, it is not as complete as applying the total fssion 
cross section as indicated in Eq. (EA). The XSDFWPM d e  has an option for printing 
requested activities by unit cell radial interval. Table E 2  displays a list of these activities at cpl 
and dz during cycles 2 and 4 of the same case used in the above example. Activities associated 
with the cross sections for C(n,y)um, E(n,f),,, E(n,f),,, C(n,f)-* and C(n,f),,, are listed. 
Thus, a more complete derivation of the ? P u  production rate for the interval activities is 
computed. The ratio of these production rates of the two intervals is 1.0785 during cycle 2 and 
1.0775 during cycle 4, or an average of 1.078. Thus, the more complete method of computing 
the example indicates an increase in 23%i production rate at of 7.8% more than the rate at 
91, 

Note that the preceding example does not provide a method for computing the actual 
changes in nuclide compositions at different rod locations. That type of calculation would 
require multidimensional tracking of the nuclide densities over the complete irradiation histoq. 
This example was simply a "snap-shot" case, which assumed no density variation between rods. 
However, the example does illustrate that the variation in flux spectra as a function of distance 
from the extra moderator at the guide tubes can cause a significant change in isotopic reaction 
rates. Also, the variation in reaction rates at different rod locations should affect final nuclide 



133 

Table E.1. Example of effective cross sections, a(n,y)m and a(n,f),,, derived from 
group values and flux Cbl and Cb2 at unit cell locations d, and 4 

group 4, 42 a(n,r>, O(n,Y)V27Sdl d%’y~rmscbz a(n*f),, 4~7QU23341 a(n?f)up542 

Energy 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
2.5 
26 
27 

0.40 
2.81 
3.27 
1.99 
2.92 
5.23 
5.13 
3.85 
3.05 
2.82 
2.66 
1.72 
1 S O  
1.42 
0.83 
0.46 
0.20 
0.13 
0.30 
1.04 
0.32 
0.70 
2.76 
2.29 
1.01 
0.68 
0.11 

0.40 
2.83 
3.46 
2.11 
3.12 
5.62 
5.42 
3.97 
3.08 
2.83 
2.65 
1.70 
1.47 
1.38 
0.80 
0.45 
0.19 
0.13 
0.29 
1.00 
0.31 
0.63 
2.39 
1.94 
0.85 
0.57 
0.10 

0.01 
0.01 
0.04 
0.07 
0.11 
0.12 
0.13 
0.37 
0.82 
1.29 
2.06 
3.30 
3.11 
6.01 
0.50 
0.48 
0.48 
0.41 
0.49 
0.62 
0.71 
0.76 
1.09 
1.53 
1.97 
2.65 
4.31 

0.0 
0.0 
0.0 
0.1 
0.3 
0.6 
0.7 
1.4 
2.5 
3.7 
5.5 
5.7 
4.7 
8.5 
0.4 
0.2 
0.1 
0.1 
0.1 
0.6 
0.2 
0.5 
3.0 
3.5 
2.0 
1.8 
0.5 

0.0 
0.0 
0.0 
0.1 
0.3 
0.6 
0.7 
1.5 
2.5 
3.7 
5.5 
5.6 
4.6 
8.3 
0.4 
0.2 
0.1 
0.1 
0.1 
0.6 
0.2 
0.5 
2.6 
3.0 
1.7 
1.5 
0.4 

2 
1 
1 
1 
1 
1 
1 
2 
4 
8 
18 
38 
42 
34 
14 
16 
56 
73 
57 
75 
132 
166 
194 
298 
412 
584 
983 

1 
3 
3 
2 
3 
5 
5 
8 
12 
23 
48 
65 
63 
48 
12 
7 
11 
9 
17 
78 
42 
116 
535 
682 
416 
397 
108 

1 
3 
3 
2 
3 
6 
5 
8 
12 
23 
48 
65 
62 
47 
11 
7 
11 
9 
17 
75 
41 
105 
464 
578 
350 
333 
98 

Totals 49.60 49.69 46.7 44.8 27 19 2387 

0.942 0.902 54.82 48.04 
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Table E.2. Fuel-rod-dependent 23?Pu production rate ratio from 
XSDRNPM computed activities C(n,y)u238 4 and C(n,fhotll d, 

239P~-%-diff: D047-BT03 

?Pu-%-diff: D101-BM3 

Activities by input cycle and space interval 

2 

1 

dl 

3.7084 x 10-3 

1.6644 x 1 0 3  

3.3592 x 10” 

3.499 x 10‘ 

2.014 x 10‘ 

5.924 x 10” 

0.5670 K“ 

2 

2 

42 

3.2554 x 10-3 

3.2171 x 

3.529 x lo4 

1.4749 x 

1.771 x lo4 
ma x 10-3 

0.6116 K 

1.0785 

4 

1 

dl 

1.4528 x 10-3 

2.2690 x 10-3 

3.3491 x lo3 

3.504 x lo4 

6.579 x lo4 

4.730 x 

0.7080 K 

4 

a 

42 
3.2055 x lo3 

1.2750 x lom3 

3.535 x lo4 
2.0039 x 10-3 

5.777 x lo4 
4.209 x 10-3 

0.7615 K 

1.0775 

1.0780 

1.W 

7.8% 

5.9% 

7.0% 

‘Constant K in relationship for RSk, Eq. (3.3). 
bAssumption applied in comparing compositions at d, and d, assembly average values. 
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concentrations of the spent fuel pqllet samples. This variation may partially explain the first set 
of 239Pu data in Table 38 listing the assembly average as 5.4% and a spread in data from all 10 
assemblies, or batches of 1.1 to 8.7%. Also, in Table 27 it is seen that the 23%u percentage 
differences are 2.1, 1.1, and 8.0% for assemblies DO47, Dl01, and BT03, respectively, but the 
average of the three Calvert Cli& assemblies for 23?Pu is 4.0%. Although the average 
percentage difference of 4.0% for assemblies in which the analyzed rod locations were both near 
and far from the guide tubes was close to the 5.4% average of all 10 assemblies, the spread of 
5.9% in the DO47 and BT03 assembly data and the spread of 6.9% in the DlOl and BT03 data 
tend to support the 7.8% differeqce in the radial variation of nuclide contents of the above 
example. In both cases, it was shown that the ?€’u of a rod adjacent to the guide tube would 
tend to be overpredicted by an assembly average calculation. At least part of the variation in 
percentage differences in pellet sahple comparison are from the choice of sampled fuel rods, in 
addition to the numerous reasons for random fluctuations in computing or measuring nuclide 
compositions. 

It was estimated by calculations in the preceding discussion that the ?E’u production rate 
can be dependent on the change in the flux spectrum resulting from the proximity to the extra 
moderation within a guide tube. It was concluded that the accuracy of the SCALE calculation 
of assembly average isotopic composition is significantly reduced when applied to various 
individual rods. Thus, there are significant radial spatial effects in a fuel assembly that are found 
to account for part of the differen- in measured and computed compositions. This, in turn, 
leads to the question of whether spatial effects in the axial dimension may also be significant. 
The axial burnups listed in Table 2, show burnup ratios in the range 1.5 to 2.0 in pellet samples 
taken from the same fuel rod for Cafvert Cliffs and H. B. Robinson reactors. A summary of the 
differences between measured and computed ? P u  contents for the lowest and highest burnups 
along the fuel rods is shown in Table E3. Included in the table are the pellet heights above the 
bottom of the fuel, the burnups, the initial BsU enrichments, and the differences and their 
ranges. The percentage difference at the higher burnup was always larger than that at the lower 
burnup by a minimum of 4.2% or by an average of 5.8%. Although this variation was not 
analyzed in great detail for this project, some of the reasons for this condition are given 
consideration in the following discussion. 

Typical initial 23sU enrichments associated with various fuel bumups, supplied by reactor 
facilities for a project to determine decay heat rateszl are listed in Table E.4. In order to 
operate for longer fuel cycles, the initial enrichment of the fuel must be increased. A freshly 
loaded assembly is usually given enough excess reactivity to balance the deficiency in the 
fissionable nuclide content of adjacent assemblies during the last portion of their residence time. 
This reactivity balance takes place when the net transfer of neutrons between assemblies is such 
that the fresher fuel is supplying neutrons to the older fuel. More generally, the net transfer of 
neutrons takes place from one fuel volume of higher reactivity to another of lower reactivity. 
At burnups much larger than normal for a &en enrichment, there would be substantially more 
neutrons in the net transfer. Although the initial 27sU enrichment was constant in the fuel within 
an assembly for all cases in this study, there was some variation during irradiation in the density 
of a fissionable nuclide of the different fuel peIlets. Table ES shows data for the three analyzed 
pellets in Assembly DO47 Rod IdKF’109 from Calvert Glia Unit 1 PWR. The measured 
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Table E3. Differences between measured and computed 
23?u contentsa over the range in burnup along the fuel rods 

Assembly (rod) 

D047 (MKP109): 
Sample pellet height, cm 
Bumup, GWd/MTU 
Initial enrichment, wt % 235U 
? P u  percentage differenceb 

DlOl (MLAo98): 
Sample pellet height, cm 
Burnup, GWd/MTzT 
Initial enrichment, wt % 235U 
2 3 ~ u  percentage differenceb 

BT03 (NBD107): 
Sample pellet height, cm 
Burnup, GWd/”U 
Initial enrichment, wt % 2 3 5 ~  

”vu percentage differenceb 

BO5 (N-9) 
Sample pellet height, cm 
Burnup, GWd/”U 
Initial enrichment, wt % 235U 
23% percentage differenceb 

Lowest Highest % (high) - 
burnup burnup % (low) 

13.20 165.22 
27.35 44.34 
3.04 3.04 
0.4 4.6 

9.10 161.90 
18.68 33.17 
2.72 2.72 

-1.5 5.6 

11.28 161.21 
31.40 46.46 
2.45 2.45 
5.8 11.8 

4.2 

7.1 

6.0 

11.0 226.0 
16.02 31.60 
2.56 2.56 
7.0 12.8 5.8 

“Computed by applying 27BuRNUPLIEl library. 
b(Calculated/measured - 1) x 100%. 
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Table E.4. PWp ='U enrichments for different bumups 

Fuel buhup, Initial enrichment, 
GWd/MTU wt % %'u 

25 
30 
35 
40 
45 
50 

2.4 
2.8 
3.2 
3.6 
3.9 
4.2 

Table €3.5. Measured fissionable nuclide contents and computed 
neutron multiplication constant (k,) of Assembly DO47 Rod MKPlO9 

Pellet location, cm height 13.20 27.70 165.22 
Bumup, GWd/MTU 27.35 37.12 44.43 
Percentage increase in burnup 0 22 33 
Initial enrichment, wt % 2 3 5 ~  3.04 3.04 3.04 

Nuclide 

8.470 5.170 3540 
4.264 4.357 4.357 
0.681 0.903 1.020 

13.415 10.430 8.917 

Computed kma 0.983 0.915 0.876 

"At midpoint of the final cycle that assembly was loaded in the 
reactor. 
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burnups and compositions of the dominant fissionable nuclides p5U, 23%u, and "'Pu are listed. 
There is a large decrease in the density of ='U or the total of the three fssile nuclides as the 
burnup is increased. Thus, there would tend to be a significant decrease in reactivity, or infinite 
neutron multiplication constant k,, with an increase in burnup. This effect was verified by values 
equivalent to k,, computed in the neutronics treatment by XSDRNPM at the middle of the last 
cycle. The k, values are listed in Table E.5 also. The decrease in k, from 0.983 to 0.876 is not 
inconsistent with the 13.415 to 8.917 mg/g UO, decrease in the total density of "'U, "vu, and 
"'Pu of the pellet at the lowest height compared with the more central pellet. 

The difference between the calculational model assumptions and the prevailing conditions 
of the fuel should be considered. The model assumes that fuel composition, burnup, and 
reactivity remain constant axially. However, as seen in Table E.5 and discussed above, 
differences in the neutronics characteristics produce a net flow of neutrons into the axial 
segment that includes the more central pellet. Some of these neutrons are absorbed and cause 
the production of a fssion reaction. The SCALE model, in contrast to the actual neutron 
transfer, simply increases the flux sufficiently to produce the required bumup or fmion reactions. 
Note the differences in the actual case and the model. The combined net flow of neutrons by 
energy group is similar to a source of neutrons having traversed a finite (and significant) path 
distance. Conversely, the model requires that this source of neutrons be replaced by additional 
fission neutrons which at birth have traversed a path distance of zero. Thus, the average neutron 
absorbed in the central rod pellet in the real case is better moderated (having more scattering 
collisions in the longer path) than those of the calculation. Alternatively, there would be a 
harder flux spectrum, more significantly in the latter part of the burnup, in applying the uniform 
axial reactivity in the SCALE model. This harder flux spectrum, as in the radial variation case 
discussed earlier, produces an increased B ~ u  reaction rate per fission and leads to the 
overprediction of "9Pu at the rod center relative to that closer to the bottom of the rod. 

E3 SECONDARY EFFECIS OF VARIATION IN % ON 

Assuming the burnup and isotopic energies per fission to be accurate, any error in the 
number of fmions by one of the fissile nuclides must be compensated by changes in the number 
of fissions of other fissile isoto es. The two major fissile nuclides are % and "vu. A higher 
computed production rate in 'vu would produce an excess or positive difference for "vu. 
Thus, an excess "vu  content prediction should tend to reduce the number of 235U fissions and 
cause an excess in the 235U prediction, provided that relative changes in cross sections of 235U 
and =?J?U are not significant. In brief, this states (1) that the differences in contents for 235U and 
"?E'u should have the same sign and (2) that the contents for 235U and ? P u  should change 
similarly (in terms of change in recoverable b i o n  energy) from case to case. 

Limited testing of this effect showed it was not true in all cases. For example, if cases are 
chosen along the Rod MKP109 of Assembly DO47, the positive increases in the differences in 
239Pu as heights increase are accompanied by decreases in the differences in 235U. Possibly the 
changes in burnup and other axialdependent conditions cause complexities in the neutronics and 
depletion calculations sufficient to introduce other more dominant effects. Note that one of the 
conditions stated at the outset of the above discussion on the effects of variation of "?Pu on 235U 
was that relative changes in the cross sections of ='U and 23%u were assumed to be insignificant. 
The possibility does exist that although there was a calculated increase in content of =Vu, the 
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number of fissions from "vu woold decrease due to a relatively lower fission cross section. 
However, the correlations betwean "'U and "qu contents for cases of similar heights in 
different rods were very significabt because the radial variations in flux are computed in 
XSDRNPM whereas the axial flux is held constant in the 1-D radial model applied by the 
calculation. 
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