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INTRODUCTION 
 

The Pebble Bed Modular Reactor (PBMR) is one of the 
High Temperature Gas-cooled Reactor (HTGR) concepts 
currently under analysis by various research groups.  The 
Nuclear Energy Agency (NEA) of the Organization for 
Economic Cooperation and Development (OECD) is 
supporting the development of a Coupled Code 
Benchmark for the PBMR 400 in order to promote the 
development of current analysis tools [1]. 
 
This paper discusses some of the benchmark results and 
the difficulties that arose during the analysis with the 
transient analysis code NEM-THERMIX [2].  On-going 
work and investigations are also outlined in the paper 
with a view to finally resolve some issues associated with 
the code modeling and to introduce several improvements 
in the code system. 
 
THE NEM-THERMIX COUPLED code 
 
Developed at Penn State, the code combines the nodal 
expansion 3-D diffusion solver NEM with the R-Z 
thermal-hydraulics code THERMIX-DIREKT. NEM is a 
3-D multi-group nodal code used at PSU for modeling 
both steady state and transient core conditions.  It utilizes 
a transverse integration procedure and is based on the 
partial current formulation of the nodal balance equations. 
The code has options for modeling of 3-D Cartesian, 
cylindrical and hexagonal geometry.   
 
The Thermix-Direkt code calculates in cylindrical (r,z) 
co-ordinates, the temperature distribution in the pebble-
bed due to heat transport by conduction, radiation and 
convection (natural and forced), given the power 
distribution and coolant flow conditions. The code can 
perform both steady-state and transient calculations. 
Relations for (for example) the conduction or heat transfer 
coefficients in the pebble-bed are partly empirical, partly 
exact with fitted parameters [3]. These relations have 
been validated by numerous experiments with the AVR 
test reactor which date back into the seventies. In 
addition, tests with non-nuclear pebble-beds in the 
seventies and eighties have also been utilized in order to 
validate the code. Over the years, Thermix-Direkt has 
been used and validated for core thermal hydraulics, and 
has been coupled with other neutronics codes such as 
Panther to perform transient analysis of a few HTR 
designs, e.g the Dutch ACACIA design, the German 

HTR-Modul [5,6] among others. Similarly, NEM has 
previously been coupled with other thermalhydraulics 
codes e.g. TRAC, but this was mainly for LWR analysis. 
 
DESCRIPTION OF THE ACTUAL WORK 
 
The PBMR 400MW OECD Benchmark Problem forms 
the basis of the work presented here. In the Benchmark 
definition as defined in [1], analysis of a steady-state 
standalone neutronics (referred to as Exercise 1) and 
steady-state standalone thermalhydraulics (referred to as 
Exercise 2) is required for all participants. A common set 
of cross sections is generated with the VSOP code [4] is 
also supplied to all participants. A joint effort by INL and 
PSU to analyze the benchmark problem employed the use 
of NEM-THERMIX code as described above.  
 
During the analysis of the steady state stand-alone 
neutronics case several negative values of the fast flux 
were encountered in the top, bottom, and other peripheral 
locations of the side reflector region.  The cause of the 
problem was initially attributed to the treatment of 
boundary conditions. Sensitivity studies to better 
understand these nodalization effects in the NEM code 
were performed and a full spectrum of the results of these 
sensitivity studies will be presented at the meeting in 
June. 
 
Another effect currently under investigation is a 
significant increase in the k-eigenvalue observed when 
the helium channel and core barrel are modeled.  The 
location of these interfaces suggests additional problems 
with NEM solutions in the peripheral locations. 
 
The NEM-THERMIX code was originally used for the 
analysis of the PBMR268 MWth design. Several changes 
were necessary to model the PBMR 400MWth.  The code 
was modified to ensure versatility in the future.   
 
 

SOME RESULTS OF MODELLED CASES 
 

The results from the nodalization sensitivity studies 
indicate that, for equally sized nodes in the side reflector, 
there is a transition node size between the very coarse and 
the finer node sizes for which the polynomial 
approximation of the transverse leakage generates non-
physical solutions of the flux in the peripheral locations as 
shown in Table 1.  
 



 
Table 1 Negative fast flux values appear in the bottom 

axial nodes after halving the last node 
 

100 106 119 200
100 8.565E+12 3.287E+12 1.497E+12 8.715E+10

131.8 1.437E+14 3.851E+13 1.375E+13 5.397E+11
163.6 1.579E+14 4.659E+13 1.697E+13 6.840E+11
195.4 1.440E+14 4.360E+13 1.604E+13 6.632E+11
227.2 1.223E+14 3.746E+13 1.380E+13 5.730E+11
259 9.921E+13 3.062E+13 1.129E+13 4.703E+11

290.8 7.849E+13 2.435E+13 8.992E+12 3.754E+11
322.6 6.185E+13 1.930E+13 7.137E+12 2.992E+11
354.4 4.943E+13 1.589E+13 5.893E+12 2.476E+11
386.2 4.018E+13 1.403E+13 5.133E+12 2.095E+11
418 2.963E+13 1.021E+13 3.663E+12 1.457E+11
468 3.383E+12 1.336E+12 6.146E+11 3.464E+10
518 -1.386E+15 -1.351E+15 -1.977E+15 -9.021E+14  

 
The node size where the negative fluxes disappear has 
been linked to the fast diffusion coefficient in the reflector 
region. Because this is a two-group problem the fast 
diffusion coefficient was chosen as the most relevant 
parameter for the relationship since it governs the 
diffusivity of neutrons through the reflector region. The 
maximum node size in the reflector region for NEM was 
found to be thirteen times the fast diffusion coefficient.  
For unequally sized nodes in the side reflector, this issue 
is circumvented by making the size of the outermost node 
in the side reflector 2-3 times that of the adjacent node. 
The value of keff increases from 1.00066 without the 
helium channel and the core barrel to 1.02629 when these 
peripheral locations are modeled.  Figure 1 shows the 
shift in the axial fast flux profile that occurs when helium 
channel and without the core barrel are modeled. 
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Figure 1 Axial fast flux profile with and without the 

helium channel and core barrel 
 

It is suspected that the solution in the peripheral locations 
has not fully converged. How these solutions affect the 
fast flux profile is still being investigated. 
 

 
Conclusions 

 
The major objective of this paper is to present the 
challenges posed by certain features of the PBMR 
400MWth design to the currently used nodal coupled 
code system NEM-THERMIX. Certain interesting 
physics challenges to the code are observed and the 
apparent deficiencies of the code in handling this reactor 
type are being addressed. 
 
References 
[1] OECD/NEA/NSC PBMR Coupled Neutronic/Thermal 
Hydraulics Transient Benchmark The PBMR-400 Core 
Design,” Draft V03, September 2005. 
[2] Tyobeka, B. and Ivanov, K., Coupled Code System 
NEM-THERMIX, Report to the Idaho National 
Laboratory NERI Project M2SF02-0195, September 
2005. 
[3] S. Struth., “Direkt – A Computer Programme for non-
steady, two-dimensional simulation of thermo-hydraulic 
transients,” Kernforschunsanslage Jülich, JÜL-1702, 
March 1999. 
[4] Teuchert, E., Hansen, U., Haas, K., “VSOP – 
Computer Code System for Reactor Physics and Fuel 
Cycle Simulation,” Kernforschunsanslage Jülich, JÜL-
1649, March 1980. 
[5] Verkerk E.C."Dynamics o the Pebble-Bed Nuclear 
Reactor in the Direct Baryton Cycle" Delft University of 
Technology, Delft (NL), 2000, PhD Thesis commisioned 
by NRG, Petten (NL). 
[6] J.C Kuijper et al. "Reactor Physics Calculations on the 
Dutch Small HTR Concept", IAEA Technical Committee 
Meeting on HTGR Technology Development, TECDOC-
988, Johannesburg, Nov 1996. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue true
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


