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1. Introduction 
 

A sodium-cooled fast reactor (SFR) has been 
considered one of the most promising options to meet 
the requirements of a Gen-IV system. An SFR can have 
enhanced safety features by using liquid sodium as a 
coolant; however, there is concern regarding unexpected 
events coming from a sodium-water reaction (SWR) in a 
steam generator unit. So, an IHX-Combined Steam 
Generator (ICSG) was proposed as a concept which 
have an intermediate fluid filled in the shell-side, 
replacing the intermediate heat transfer system (IHTS) 
of a sodium-cooled fast reactor (SFR). The intermediate 
fluid make heat transfer from the sodium to water as 
well as significantly reducing the risk of SWR, and it 
means improvement of both cost-effectiveness and 
safety [1-3].  

In the previous research, we have proposed a novel 
serpentine tube type ICSG (S-ICSG), which has a 12-
pass serpentine tube configuration that is strong at 
modularity and easy to ensure a certain flow rate of the 
intermediate fluid [4]. We also have developed a one-
dimensional computer code to conduct thermal-sizing 
and thermal-hydraulic evaluation for S-ICSG (SPINS-S, 
Sizing and Performance Analyzer for an Integrated 
Steam Generator – Serpentine tube arrangement) [4]. 
However, the SPINS-S code should be verified by an 
independent evaluation method such as analysis using a 
conventional CFD tool and compared the results. In 
addition,  a 3-D analysis can evaluate complex thermal-
hydraulic characteristics that cannot be confirmed by 
SPINS-S. In this study, three-dimensional analysis using 
the commercial CFD program (ANSYS CFX) was 
performed on the S-ICSG which is previously designed 
by SPINS-S, and the thermal-hydraulic characteristics 
were evaluated more specifically. 

 
 

2. Methods 
 

2.1 Design and modeling of S-ICSG  
 
The S-ICSG is a novel steam generator concept that 

can solve the difficulty of pumping of the intermediate 
fluid and easy to modularize. It consists of two units, the 
upward-region and the downward-region unit as a flow 
direction of the intermediate fluid. Fig. 1 shows a 
concept drawing of an S-ICSG. Sodium flows from the 

upper chamber to the lower chamber, and water flows 
from the lower chamber to the upper chamber, changing 
the steam with both a high temperature and a high 
pressure. The Lead-Bismuth Eutectic (LBE) used as the 
intermediate heat transfer fluid is in a steady state 
condition by circulating between two units as 
represented in Fig. 1. 

 

 
Fig. 1. Schematic drawing of the S-ICSG concept. 
 

Sodium and water tubes are alternately arranged in 
the same numbher of tubes adjacent to each other. The 
bending parts of the tubes and the chambers are located 
away from the main flow path of the intermediate fluid. 
There is a flow-guide wall installed with many 
penetrations, but a pressure boundary with the 
atmosphere is the outermost wall of S-ICSG units. Fig. 
2 represents the 3-D modeling result of the designed S-
ICSG. 

 

 
Fig. 2. Three-dimensional modeling result of the S-ICSG unit. 
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2.2 Mesh Generation and analysis conditions 
 

As a result of preliminary evaluation of the number of 
meshes, it was impossible to conduct the entire model 
analysis we have. So, the analysis was simplified by 
adaption of a periodic model containing one sodium 
tube and one water/steam tube as shown in Fig. 3.  

 

 
Fig. 3. Periodic model for analysis with the realistic mesh 
generation. 

 
The LBE inlet and outlet were considered as square 

boxes, and the inlet and outlet of the fluid region in each 
tube was defined as the connection parts between the 
chambers and the tubes. The internal flow of the 
chamber was excluded from the analysis part. All solid 
structures that could affect the analysis were impleneted, 
and the outermost surface was considered as insulation 
conditions. In the mesh generation, the sweep mesh was 
applied to each tube and the inner flow field of the tube, 
and the chamber and the tube were composed of two 
mesh layers across the tube wall. As a result, a total of 
170 million elements were generated as shown in Fig. 4.  
 

 
Fig. 4. Mesh generation results. 
 

The material properties of 9Cr-1Mo were used for the 
tubes and chambers, and additional contact thermal 
resistance was considered at the inner surface of the 
water tube for the fouling effect.  

The physical properties of all fluids used in the 
analysis were taken into account for changes in 
temperature. In order to analyze the phase change of 
water, the equilibrium phase change model was applied 
with consideration as a homogeneous binary mixture 
implemented in ANSYS CFX IAPWS table. The shear 
stress transport (SST) model was used as the turbulent 
model for all fluid.  

 
 

3. Results and Discussion 
 
3.1 Thermal behaviors 
 

In the S-ICSG unit, heat is transferred from the hot 
sodium to the cold water through the LBE by dominant 
local heat transfer phenomena. Fig. 5 shows the 
temperature distribution of the vertical cross section of 
the sodium tube center. The hot sodium (510°C) was 
divided into the upward- and downward-region units, 
and it gradually loses heat. The sodium outlet 
temperature of the downward-region is 20°C higher than 
those of the upward-region. The temperature 
distribution of the water/steam tube shows that the 
downward-region has a wider distribution of higher 
temperature zones, and the outlet temperature of the 
steam in the downward-region is 15°C higher as shown 
in Fig. 6. Since the LBE circulates between both units, 
the inlet and outlet temperatures of each unit have the 
same vale, but it can be observed that the hot zone is 
distributed more widely in the downward-region as 
shown in Fig. 7. This is because the LBE stays in the 
hot part for a relatively long time in the downward-
region due to the natural-draft effect to the opposite 
direction with the forced-draft flow. 

 
Fig. 5. Temperature distribution of sodium tubes. 

 

 
Fig. 6. Temperature distribution of water/steam tubes. 
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Fig. 7. Temperature distribution of LBE. 

 
Because of this heat transfer characteristic, a part 

where the phase change occurs completely is located 
former in the downward-region as represented in Fig. 8.  

 

 
Fig. 8. Mass fraction of water/steam tubes. 

 
3.2 Fluidic characteristics 

 
Fig. 9 shows the absolute pressure inside the 

water/steam tubes. More vapor expansion pressure 
occurs in the downward-region, which results in higher 
pressures.  

 

 
Fig. 9. Absolute pressure inside water/steam tube. 
 

The velocity vector results of the LBE show that 
some part of LBE flows through the gap in the flow 
guide wall, and local flow patterns can be observed in 
the flow stagnation region where the bending parts and 
the chambers are located (Fig. 10). Because of the very 
slow flow velocity of LBE, some regions are affected by 
natural convection, resulting in irregular flow patterns. 
Therefore, it might require specific evaluation about the 
natural convection effect in the view of the steam 
generator performance.  
 

 
Fig. 10. Velocity vectors of LBE. 
 
3.3 Comparison with SPINS-S 

 
We compared the CFD results with SPINS-S results 

as shown in Table I. The results represent very good 
agreement with the differences below 5%.  

 
Table I: Comparison results with SPINS-S 

 Region CFD 
(°C) 

SPINS-S 
(°C) 

Diff. 
(%) 

T_out  
(Sodium) 

UP 350.5 359.2 -2.48 
DOWN 371.2 371.5 -0.08 

T_out 
(Steam) 

UP 484.3 463.6 4.27 
DOWN 499.8 481.5 3.66 

T_top 
(LBE) 

UP 501.3 494.5 1.36 
DOWN 501.3 494.5 1.36 

T_bottom 
(LBE) 

UP 320.6 333.1 -3.90 
DOWN 320.6 332.9 -3.84 

 
4. Conclusions 

 
The theree-dimensional computational analysis using 

commecial CFD software was carried out on the 
designed S-ICSG. Through this study, local flow 
patterns, which are difficult to be observed in the one-
dimensional analysis using the design code, were 
identified. The analysis results can be used to reduce the 
uncertainty of the designed S-ICSG performance and 
the gap between the design and the real component.  

 
 

ACKNOWLEDGMENTS 
 

This work was supported by the Nuclear Energy 
Research Infrastructure Program through the National 
Research Foundation of Korea (NRF) by the Ministry of 
Science, ICT and Future Planning 
(2016M2B2B1944980). 
 
 

REFERENCES 
 

[1] K. Miyazaki and H. Horiike, “Advanced IHX-SG 
Combined FBR System Designs and Basic Experiments”, 
10th Pacific Basin Nuclear Conference, Kobe, Japan, October 
20-25, 1996. 



Transactions of the Korean Nuclear Society Autumn Meeting  
Goyang, Korea, October 24-25, 2019 

 
 
[2] Y. S. Sim et al., “A New LMR SG with a Double Tube 
Bundle Free from SWR”, Journal of the Korean Nuclear 
Society, Vol. 35(6), pp. 566-580, 2003. 
[3] H. Kim et al., “Preliminary Design Evaluation of IHTS-
Combined Steam Generator Concepts for a Sodium-cooled 
Fast Reactor”, Transactions of the Korean Nuclear Society 
Spring Meeting, Jeju, Korea, May 18-19, 2017. 
[4] H. Kim et al., Development of a Thermal-Hydraulic 
Analysis Code for an IHX-Combined Steam Generator with 
Serpentine Tube Bundles, Transactions of the Korean Nuclear 
Society Spring Meeting, Jeju, Korea, May 17-18, 2018. 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /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 true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /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
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /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
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


