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6.9 Wave Forces on a Body 

UP 

U = ωA 
U�  ωA� 

Re = = 
ν ν 

UT AωT A 
Kc = = = 2π 

F A � h 
CF = = f , , Re, , roughness, . . .

ρgA�2 λ λ λ︸︷︷︸ ︸︷︷︸ 
Wave Diffraction 

steepness parameter 
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6.9.1 Types of Forces 

1. Viscous forces Form drag, viscous drag = f(Re, Kc, roughness, . . .). 

• Form drag (CD) 

Associated primarily with flow separation - normal stresses. 
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• Friction drag (CF ) 

Associated with skin friction τw, i.e., 	F ∼ 
∫∫ 

τwdS. 
body 

(wetted surface) 

b.l.ττττωωωω
U 
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2. Inertial forces Froude-Krylov forces, diffraction forces, radiation forces. 

Forces arising from potential flow wave theory, 

F	 = ndS, where p = −ρ 
(∂φ 1 |∇φ|2 pˆ + gy + 

∂t 2
body 

(wetted surface) =0, for linear theory, 
small amplitude waves 

For linear theory, the velocity potential φ and the pressure p can be decomposed to 

φ = φI + φD + φR ︸︷︷︸ ︸︷︷︸ ︸︷︷︸ 
Incident wave Diffracted wave Radiated wave 
potential (a) potential (b.1) potential (b.2) 

p ∂φI ∂φD ∂φR− = + + + gy
ρ ∂t ∂t ∂t 

(a) Incident wave potential 

• Froude-Krylov Force approximation When � << λ, the incident wave field is not 
significantly modified by the presence of the body, therefore ignore φD and φR. 

Froude-Krylov approximation: 

φ ≈ φI 
∫∫  ( 

∂φI 
) (∂φI ) = −ρ + gy ndS ← can calculate knowing (incident) ⇒ F	FK  ˆ wave kinematics (and body geometry) 

p ≈ −ρ + gy ∂t 
∂t body ︷︷ 

surface ≡ pI 

• Mathematical approximation After applying the divergence theorem, the F	FK  

can be rewritten as F	FK  = − pI ˆ ∇pId∀.ndS = − 
body body 

surface volume 

If the body dimensions are very small comparable to the wave length, we can 
assume that ∇pI is approximately constant through the body volume ∀ and 
‘pull’ the ∇pI out of the integral. Thus, the F	FK  can be approximated as ( ) ∫∫∫  ( ) 

	 ∼FFK  = −∇pI ∣ d∀ = ∀ −∇pI ∣ 
at body at body 

body body 
center volume center 

volume 

The last relation is particularly useful for small bodies of non-trivial geometry ­
for 13.021, that is all bodies that do not have a rectangular cross section. 

3 



� 

� 
� 
� 

� 

� ∫∫  ( ) 

�

��

�

�


� 
� 

� 

∫∫  ( ) 

(b) Diffraction and Radiation Forces 

(b.1) Diffraction or scattering force When � ≮< λ, the wave field near the body 
will be affected even if the body is stationary, so that no-flux B.C. is satisfied. 

���������������� φ�� 

φ�� 

φ�� 

� φ�� 
∂φ∂

φ�� 

φ�� 

= � = (φ � + φ� )∂� ∂� 
∂φ ∂φ 

� �� � = − � ← ����� 
∂� ∂� 

F	D = 
∂φD 

ˆ−ρ ndS 
∂t 

body 
surface 

(b.2) Radiation Force - added mass and damping coefficient Even in the 
absence of an incident wave, a body in motion creates waves and hence inertial wave 
forces. 

� φ�� 
� 

φ�� 

� � ∂φ � 
= � ⋅ ��

� ∂� 

	 ∂φR 
ndS U̇j −FR = −ρ ˆ = − mij dij Uj

∂t ︸︷︷︸ ︸︷︷︸ 
body added wave 

surface mass radiation 
damping 
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6.9.2 Important parameters 

(1)Kc = UT  = 2π A
� 

⎫ ⎪⎪⎪⎬ 

⎪⎪⎪⎭


Interrelated through maximum wave steepness


A ≤ 0.07
λ 

A � ≤ 0.07(2)diffraction parameter

λ	 � λ 

•	 If Kc ≤ 1: no appreciable flow separation, viscous effect confined to boundary layer 
(hence small), solve problem via potential theory. In addition, depending on the value 
of the ratio 

λ
� , 

–	 If 
λ
� << 1, ignore diffraction , wave effects in radiation problem (i.e., dij ≈ 

0,mij ≈ mij infinite fluid added mass). F-K approximation might be used, 
calculate F	FK  . 

–	 If � >> 1/5, must consider wave diffraction, radiation (A ≤ 0.07 ≤ 0.035).
λ	 � �/λ 

•	 If Kc >> 1: separation important, viscous forces can not be neglected. Further on if 

� 0.07 � ≤ so << 1 ignore diffraction, i.e., the Froude-Krylov approximation is valid. 
λ A/� λ 

1 
F = ρ�2 U(t) |U(t)|CD(Re)

2 ︸︷︷︸ 
relative 
velocity 

•	 Intermediate Kc - both viscous and inertial effects important, use Morrison’s formula. 

F =
1 
ρ�2U(t)|U(t)|CD(Re) +  ρ�3 ˙ (Re, KcUCm )

2 
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• Summary


Limiting case: 
wave breaking occurs 

I 

II III 

I. Use: CD and F − K approximation. 

II. Use: CF and F − K approximation. 

III. CD is not important and F − K approximation is not valid. 

6




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /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 false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /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 true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /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 true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


