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Abstract 
 

Several proposed advanced reactor concepts require methods to 
address effects of double heterogeneity. In doubly heterogeneous systems, 
heterogeneous fuel particles in a moderator matrix form the fuel region of 
the fuel element and thus constitute the first level of heterogeneity.  Fuel 
elements themselves are also heterogeneous with fuel and moderator or 
reflector regions, forming the second level of heterogeneity.  The fuel 
elements may also form regular or irregular lattices. A five-phase 
computational benchmark for a high-temperature reactor (HTR) fueled 
with uranium or reactor-grade plutonium has been defined by the 
Organization for Economic Cooperation and Development, Nuclear 
Energy Agency (OECD NEA), Nuclear Science Committee, Working 
Party on the Physics of Plutonium Fuels and Innovative Fuel Cycles. This 
paper summarizes the analysis results using the latest SCALE code system 
(to be released in 2006 as SCALE 5.1). 
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1. Introduction 
 

Numerous advanced reactor fuel designs have features that enhance the importance of 
the resonance processing procedure in obtaining accurate results in a system analysis. For 
example, the fuel for a high-temperature gas-cooled reactor (HTGR) consists of a 
double-layered geometry with small, tri-isotropic (TRISO) fuel particles uniformly 
distributed in graphite within a heterogeneous fuel element (or sphere). The fuel particles 
are closely packed (0.5 mm fissile material surrounded by 0.25 mm-thick moderator 
shell) so that interactions between the particles as well as the slowing down within the 
fuel cannot be ignored. The fuel element (or sphere) is small enough that the 
heterogeneity of the fuel and interstitial moderator is important, and the fuel particles 
cannot be considered to lie in an infinite medium.   
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2. Benchmark Definitions 
 

Analyses have been performed using the benchmark definitions [1] provided by the 
Organization for Economic Cooperation and Development, Nuclear Energy Agency 
(OECD NEA), Nuclear Science Committee, Working Party on the Physics of Plutonium 
Fuels and Innovative Fuel Cycles. The computational benchmark has five phases in 
which infinite arrays of UO2, PuO2 and ThO2-UO2 fueled pebbles as well as UO2 and 
PuO2 fueled pebbles in a high-temperature reactor are analyzed. Due to differences in 
available analysis methodologies and corresponding limitations, the infinite array 
problems have been further divided into two sections: (1) a spherical outer boundary with 
reflective or white boundary conditions, and (2) a cubic outer boundary with reflective 
boundary conditions. 

3. Method 
 

CSAS and CSAS6 sequences of SCALE [2] with the 238-group cross section library, 
which is based on ENDF/B-VI evaluations and has 148 fast groups and 90 thermal 
groups (below 3 eV), have been used in the calculations. Deterministic calculations have 
been performed with the XSDRNPM module of SCALE using the S8 quadrature. Monte 
Carlo calculations have been performed using KENO V.a and KENO VI modules of 
SCALE. In all cases, the cross sections have been resonance-corrected using the 
CENTRM/PMC/CHOPS modules of the SCALE code system. Double heterogeneity has 
been accounted for by first calculating the flux disadvantage factors for the particles and 
then using these factors to create the homogenized particle/matrix mixture cross sections. 
The homogenized cross sections are used on the second pass to create the final 
resonance-shielded cross sections that represent the fuel pebbles. 

For kinf calculations, XSDRNPM calculations used white boundary conditions on a 
sphere (pebble), whereas KENO V.a and KENO VI calculations used reflected boundary 
conditions on a cube that contains the sphere (pebble). 

4. Results and Comparison 
 

Although all phases of the benchmark problems have been calculated, only 
preliminary results of the calculations for the first phase with UO2-fueled pebbles are 
listed in Table 1. Analysis of the results shows that the impact of doubly-heterogeneous 
resonance self-shielding is considerable for the UO2-fueled pebbles, with properly 
shielded cases, calculating 8% higher than homogenized cases. For all cases, KENO V.a 
and KENO VI results show excellent agreement. This is expected, since both codes use 
the same resonance self-shielded cross sections. As shown in Table 2, the kinf values 
calculated with KENO V.a agree with MONK9 [3] and MCNP [4] results that have been 
provided by other participants of the benchmark project, with ~0.7% and ~0.0% 
difference, respectively. Both MONK9 (with JEF2.2-based cross sections) and MCNP 
(with ENDF/B-VI cross sections) utilize continuous energy representation of the cross 
sections and therefore do not have to resonance-correct the cross sections. On the other 
hand, the new capability in SCALE is used in generating resonance-corrected, multigroup 
cross sections. 

  



 

Table 1: Effect of double heterogeneity 

KENO V.a KENOVI Definition Method kinf σ kinf σ 
Homogenized 1.3994 0.0004 1.3996 0.0004 
Doubly 
heterogeneous 1.5113 0.0004 1.5106 0.0004 

Infinite array 
of UO2-
fueled 
pebbles % difference 8 -- 8 -- 

 

Table 2. Comparison of kinf values 

MCNP vs KENO V.a MONK9 vs KENO V.a 
Definition 

% difference in kinf % difference in kinf

Infinite array of 
UO2-fueled pebbles 0 0.7 

5. Summary 
 

A five-phase computational benchmark problem for an HTR has been modeled with 
SCALE version 5.1 (to be released) using the automated, user-friendly sequences CSAS 
and CSAS6. The KENO V.a and KENO VI results agree well. The agreement with other 
Monte Carlo codes is good for uranium-fueled systems. The differences in the kinf values 
may be due to the cross section evaluations or to the different methods used (i.e., 
resonance processing and transport solution). 

References 
 
1. G. Hosking and T. D. Newton, “Benchmark specification for an HTR fueled with 

reactor grade-plutonium (or reactor-grade Pu/Th and U/Th): Proposal,” 
NEA/NSC/DOC(2003)22, March 2005. 

2. “SCALE: A Modular Code System for Performing Standardized Computer Analysis 
for Licensing Evaluations,” ORNL/TM-2005/39, Version 5, Vols. 1-3, April 2005. 
Available from Radiation Safety Information Computational Center at Oak Ridge 
National Laboratory as CCC-725. 

3. N. R. Smith, M. J. Armishaw, and A. J. Cooper, “Current Status and Future 
Direction of the  MONK Software Package,” Proc. Int. Conf. on Nuclear Criticality 
Safety, ICNC2003, Tokai-mura, Japan, Oct. 20-24, 2003. 

4. “MCNP:  A General Monte Carlo N-Particle Transport Code, Version 4C, ” LA-
13709-M, Los Alamos National Laboratory (2000). 

  


	Introduction
	Benchmark Definitions
	Method
	Results and Comparison
	Summary
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


