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ABSTRACT  

For the further clarification of safety with regard to the damage stability requirements on passenger ships, 
it is important to evaluate a safety level of damaged ships quantitatively. In this study, the method for 
evaluating the performance of cross-flooding arrangements of passenger ship is examined. A factor in 
terms of the pressure losses in the cross-flooding arrangements is evaluated by means of the 
Computational Fluid Dynamics (CFD). Through the comparison of present computation with experiments, 
the accuracy of the direct computation is clarified. In addition to this, a performance evaluated by the 
current IMO regulation is compared with the present computation. 
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INTRODUCTION 

For the further ensuring the safety in terms of 
damage stability, it is important to evaluate a 
safety level of damaged ships more quantitatively 
(e.g., Jalonen, 2010). Furthermore, it is considered 
that further validation of the evaluation method 
and tools is significant. 

Based on this background, in this study, 
authors investigated the performance of cross-
flooding arrangements. Firstly, a factor in terms of 
the pressure losses in the cross-flooding 
arrangements is evaluated by means of the 
Computational Fluid Dynamics (CFD). Secondly, 
model experiments for the validation of the 
computation are conducted. Through the 
comparison of present computation with 
experiments, the accuracy of the direct 
computation is clarified. Finally, a performance 
evaluated by means of the present computation 
and model experiments are compared with the 
current IMO (International Maritime 
Organization) requirement. 

AN EVALUATION OF THE PRESSURE 
LOSS BY MEANS OF THE CFD  

The purposes of the computation are firstly to 
validate the CFD tool with the experimental data 
and secondly to compare the accuracy of CFD 

computation with that of the simplified regression 
formulae in the IMO Recommendation (resolution 
MSC.245(83)) (IMO, 2007). In this study, the 
friction coefficients through the six units of 
structural ducts, which are divided by the girders 
with one or two manholes, are computed. The 
computed structures of cross-flooding ducts are 
shown in Figure 1. The sketch of girder in the 
structural ducts with one and two manholes is 
shown in Figure 2. 

An outline of the CFD 

The friction coefficients in cross-flooding ducts 
were computed by means of CFD tool developed 
at National Maritime Research Institute (NMRI), 
Japan. The model of the coordinate system of the 
CFD is shown in Figure 3. The cell number of the 
present CFD is shown in Table 1. The flow solver 
developed by NMRI (Hino, 2007), namely SURF 
(Solution algorithm for Unstructured RaNS with 
FVM), is used.  The detailed features of SURF are 
follows; 

 Treating unstructured polyhedral cells, 
hexahedra, tetrahedra, prisms and pyramids 

 Coupling pressure and velocity by artificial 
compressibility approach 

 Spatial discretization is based on a cell 
centered finite volume method 
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 Acceleration of convergence: Multi-grid 
method and local time stepping. 

In terms of the turbulence model, following 
models are implemented： 

 Spalart-Allmarass Model and its Modified 

 k-ω/k-ε Blending Model (k-omega BSL,SST) 
and its DES-Org,F1,F2 Model. 

The computational conditions are set as same as 
the model experiments. The velocity fields are 
non-dimensionalized by the inflow velocity at the 
entrance of the model setting. The length is non-
dimensionalized by the duct height. The k-omega 
SST model is used as the turbulence model. The 
unsteady computation is carried out using dual 
time stepping consisted from the physical and 
pseudo time. The wall boundary is treated as low-
Reynolds number model which means the 
minimum spacing on the wall is set as y+ nearly 
1.0. 

 

 
Fig. 1: A series of structural ducts with one and two 
manholes 

 
Table 1: The number of cells 

Number 
of units 

Manhole/Position Cells 

6 1 hole/Center 987,040 

6 2 hole 1,277,831 

  

 
  

 
Fig. 2: A sketch of girder in the structural ducts 
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Fig. 3: The model and coordinate system of the CFD. 

MODEL EXPERIMENTS 

For the validation of computation, model tests 
were carried out with several variations of a cross-
flooding duct design with one and two manholes.  
A setup of the six cross-duct modules is shown in 
Figure.4.  The scale ratio to the subjected model 
in the CFD is 1:10.  The flow was generated by 
means of the pump, which is also shown in Figure 
4. A mass of inflow was kept constant in the 
experiments. 

A photo of the six cross-duct modules is 
shown in Figure 5.  Experiments were carried out 
in various conditions of flow in the ducts by 
adjusting the valve on the ducts. Total pressure 
and the friction coefficient were calculated based 
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on the measured pressure and the measured 
stream velocity in the ducts. A pressure, P, was 
measured by the strain gauge. Stream velocity, U, 
was measured by the ultrasonic current meter. 
Total pressure, PTOTAL,  is evaluated by the 
combination of static and dynamic pressure, 
which is evaluated by means of the pressure and 
stream velocity. The friction coefficient at i-th 
unit, Ki, is evaluated by the variation of the total 
pressure at each duct. 

25.0 UPPTOTAL   (1) 

2
0

1,, )－(2

U

PP
K iTOTALiTOTAL

i


   (2) 

Here, ρ and U0 describe the density of fluid and 
the stream velocity at the inflow respectively. 
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Fig. 4: A setup of the six cross-duct modules. (The 1:10 
scale model). 

 

Fig. 5: A photo of the six cross-duct modules. (The 1:10 
scale model). 

COMPARISON OF COMPUTATION WITH 
EXPERIMENTS 

Overview of the CFD 

Reynolds number is set as 4.0 x 105 and the 
physical time step size is 0.1. Figure 6 shows 
examples of computed axial velocity distribution 

and velocity vectors through the cross-flooding 
ducts. Velocity and pressure in figure 6 were 
time-averaged in 1000 computational steps which 
equal to 14 seconds with having dimension from 
the fully developed flow field. 

It is found that water just passed through the 
manholes is accelerated. It is also found that water 
passed through one manhole is more accelerated 
than that through two manholes. 

 

 
(a) 1 manhole 

 

 
(b) 2 manholes 

 

 
Fig. 6: Examples of the computed axial velocity 
distributions through the cross-flooding ducts 

Comparison with Experiments and the Current 
IMO Requirements 

The computed friction coefficients are compared 
with experiments. Results at each structural duct 
with one manhole and two manholes are shown in 
Figures 7 and 8. It is found that present 
computation well explain the experiments. It is 
clarified that friction coefficients becomes larger 
due to the difference of acceleration at manhole. 

Furthermore, the computed friction 
coefficients are compared with the IMO 
requirements. The Maritime Safety Committee of 
the IMO, at its eighty-third session (MSC83), 
adopted the Recommendation on a standard 
method for evaluating cross-flooding 
arrangements (resolution MSC.245(83)). This 
recommendation, MSC.245(83), provides the 
method for assessing cross-flooding time through 
ducts and equalization arrangements, which 
presents various friction coefficients for water 
flow through pipes and valves. In addition, 
appendix 2 in this recommendation contains 
simplified regression formulae for pressure losses 
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in cross-flooding ducts as a function of the 
distance between the girders. 

On the other hand, in section 4 of the 
Recommendation, a direct calculation using 
computational fluid dynamics (CFD), time-
domain simulations or model testing is allowed to 
be used as an alternative to the provisions in 
sections 2 and 3 of the recommendation. However, 
the comprehensive verification of applicability of 
a direct calculation has not necessarily been 
conducted. For the realization of a reliable direct 
calculation, it is important to verify the accuracy 
of the direct computations. 

The friction coefficients computed by resolution 
MSC.245(83) is shown in Figures 7 and 8. It is 
also found that there are certain discrepancies 
between computation and the current 
recommendation, which implies that the 
recommendation requires different time from 
commencement of cross-flooding to the final 
equilibrium by means of the CFD computation 
and the experiments. 

Although the regression formulae have been 
developed based on CFD computation (IMO, 
2007), it is found that the difference of friction 
coefficients between the Recommendation and the 
CFD computation seems to be significant. 
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Fig. 7: The friction coefficient at each structural duct with 
1 manhole 

CLARIFICATION OF THE SCALE EFFECT  

The computation in full scale is conducted to 
examine the scale effect for the pressure losses. 
Reynolds number is set as 4.0 x 106 and other 
conditions are similar with the model scale. 
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Fig. 8: The friction coefficient at each structural duct with 
2 manholes 

Figure 9 shows computed axial velocity 
distributions and velocity vectors of the model 
and full scale. Axial flows near the entrance of the 
cross flooding duct in the full scale are more 
accelerated than the flows of the model scale. The 
reversed flows can be observed in front of the 
girders. The regions of the reversed flows in the 
full scale become larger than the regions in the 
model scale, which yield in the acceleration of the 
axial flows of the full scale. 

Figure 10 shows the comparisons of the 
friction coefficient. The coefficient of the full 
scale becomes abt.15% larger than the coefficient 
of the model scale. It is also found that the 
difference of friction coefficients between the 
Recommendation and the CFD computation 
seems to be significant. 

 

 
(model) 

 

 
(Full scale) 

 

 
Fig. 9: The effect of Reynolds number on the axial 
velocity distributions through the cross-flooding ducts 
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Fig. 10: The effect of scale on the friction coefficient at 
each structural duct with 1 manhole 

CONCLUSIONS 

1. The present computation explains the 
experiments well. 

2. The flows inside of the cross flooding duct are 
visualized with the computational results. The 
reversed flows and flow acceleration near the 
girders are observed. 

3. The friction coefficients of the present 
computation and experiment are different 
from that derived by means of the resolution 
MSC.245(83).  

4. The scale effect for the friction coefficient is 
examined. The friction coefficient of the full 
scale becomes about 15% larger than that of 
the model scale. 

For a quantitative conclusion, further study 
should be carried out based on the comprehensive 
computation under the various ducts. This will be 
done in the future study. 

ACKNOWLEDMENTS 

The present study was carried out in cooperation 
with the Japan Ship Technology Research 
Association through the Japanese project for the 
stability safety that is supported by the Nippon 
Foundation. 

REFERENCES 

Hino, T. (1997) A 3D Unstructured Grid Method for 
Incompressible Viscous Flows, J. of the Soc. Naval 
Archit. Japan, Vol.182 

IMO MSC.245(83) (2007) Recommendation on a 
Standard Method for Evaluating Cross-Flooding 
Arrangements. 

Jalonen, R., Jasionowski, A., Ruponen, P., Mery, N., 
Papanikolaou, A., Routi, A-L. (2010) 
FLOODSTAND – Integrated Flooding Control and 
Standard for Stability and Crises Management, 
Proc. of the 11th Intl Ship Stability Workshop, 
Wageningen, The Netherlands, 2010. 

 



<<
  /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 /CMYK
  /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 true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 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
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /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
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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

  /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>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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.)
  >>
  /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


