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Background

The added resistance can be computed from ship-generated unsteady waves far from a 
ship; which is the unsteady wave-making resistance component only, due to interactions 
between body-disturbance and  incident waves.

Maruo’s theory (1960) on added resistance

Nevertheless, comparisons have been made with total increase in the resistance in waves 
measured by a dynamometer.

Ohkusu’s theory (1980) for unsteady wave analysis
Experimental method for measurement of ship-generated unsteady waves

Wave amplitude function (Fourier transform of ship-generated wave, 
equivalent to the Kochin function) can be obtained for computing the 
added resistance.

However ……
Accurate measurement of unsteady waves (including 2nd-order waves) is not easy.

Analyses for the Fourier transform of wave elevation and for accurate integration in 
the formula of added resistance have not been made in a convincing manner.

Prof. M. Ohkusu
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Objectives in the present study 

To evaluate the magnitude of unsteady wave-making component in the added 
resistance through unsteady wave-pattern analysis

To understand hydrodynamic relations of the added resistance with ship disturbance 
waves  ( which component or which part of unsteady waves is dominant in the added 
resistance )

To investigate the effect of bluntness in ship geometry on the wave pattern and added 
resistance, particularly in short incident waves

To elucidate nonlinear effects (amplitude dependency) in ship-generated unsteady 
waves on the added resistance
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Menus in Today’s Talk

Review of ship-generated unsteady waves

Linear theory for ship-generated wave & its Fourier transform with respect to x

 Havelock’s elementary-wave theory
 Wave patterns by the stationary-phase method

Derivation of the formula for computing the added resistance with measured wave data

Measurement of unsteady waves by multifold method using N=12 wave probes, for 
four problems of (1) diffraction, (2) forced heave & (3) forced pitch oscillations, and 
(4) motion-free in waves, using two different incident-wave amplitudes and two 
different (blunt & slender) modified Wigley models

Validation of the linear superposition of component waves

Study on effects of bluntness and nonlinearity (amplitude dependency) 
in ship-generated waves on the added resistance
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(1) Phase velocity (propagation velocity of wave profile)

:  circular frequency of a progressive wave in space-fixed coordinate system 
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Ship-generated Unsteady Waves

Havelock’s elementary-wave theory

:  encounter circular frequency in a steady-moving coordinate system

(2) Dispersion relation : 

Solutions of     : (denoted as 

where

Group velocity (propagation velocity of wave energy)

Shorter wave Longer wave
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Schematic understanding of the solution

Solutions are intersections between

and

They are denoted as :
Longer wave

Shorter wave
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Schematic understanding of the solution

(1)  A wave system …… propagating to downstream

Wave exists downstream of a ship

(2)  B wave system …… propagating to upstream

Wave exists upstream of a ship

(3)  C wave system …… propagating to upstream

Wave exists downstream of a ship

(4)  D wave system …… propagating to upstream (from space-fixed)

When viewed from the ship, wave propagates to 
and exists downstream of a ship

Masashi KASHIWAGI, Emeritus Professor of Osaka University & Kyushu University



9

Relation with Fourier-transform variable

Dispersion relation : : 3-D wavenumber 

…… D wave

…… A wave

…… C wave

…… B wave

A (k  ) wave2 D (k ) wave1 C (k ) wave4 B (k ) wave3 

Variable in Fourier transform with respect to 
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Unsteady wave pattern (computed by the stationary-phase method)

Computed by H. Iwashita

Masashi KASHIWAGI, Emeritus Professor of Osaka University & Kyushu University



11

Linear Theory for Unsteady Waves

Velocity potential

3-D free-surface Green function (velocity potential) of
a translating and oscillating source with unit strength

where : Body disturbance potential

Elevation of ship-generated wave at a distance from the ship

Source distribution along
the centerline of a ship

: Forward speed of a ship : Circular frequency of incident wave

: Amplitude of incident wave : Encounter circular frequency of ship-generated wave

: Amplitude of j-th mode of motion

where
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Linear Theory for Unsteady Waves
Free-surface Green function
Using the double Fourier transform with respect to     and  

: Progressive wave

Local evanescent waves

where : 3-D wavenumber 
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Ship-generated wave & its Fourier transform 

Neglecting local evanescent waves, ship-generated wave at a far field is :

where

where

where : Kochin function

unit step function 
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Added resistance in waves

Maruo’s formula for added resistance (in the case of head waves)

From the preceding analysis, we had the relation : 

: Fourier transform of ship-generated waves along a longitudinal
line parallel to the ship’s centerline (at a fixed value of     )

Formula to be computed from unsteady wave-pattern analysis

Prof. H. Maruo
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Measurement of unsteady waves

RIAM, Kyushu University
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Wave measurement system (with 12 wave probes)
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Analysis of measured unsteady wave

where ( head wave ),

Rewriting in the space-fixed coordinate system :

Considering the i-th wave probe located at 

By adjusting the phase difference to be different over one wave period            

different data can be obtained for the same position                 relative to the ship 

Increment of                       is equal to shift of                        (to the downstream) 

With least-squares method, unknown coefficients                   and also                determined
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Fourier transform of measured wave

First-order unsteady wave component

is constant

upstream downstream

Number of data points :

Linear approximation between       and     

: Fourier transform
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Weight functions in added resistance

Added resistance formula to be computed from unsteady wave-pattern analysis

where

Schematic illustration of wave components along the centerline (Review)

In head wave : 

equal to incident wave

See the next page
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Weight functions in added resistance

Computed by EUT

Dominant, 

the positive x-axis

Small positive      means
longer waves, propagating to

Example of weight functions in the added resistance
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Tested models & conditions in measurement

Items Blunt model Slender model

Length      (m) 2.5 2.0

Breadth      (m) 0.5 0.3

Draft      (m) 0.175 0.125 

Displacement      (m^3) 0.13877 0.0425

Water-plane area        (m^2) 1.005 0.416

Radius of gyration 0.236 0.248

Center of gravity         (m) 0.145 0.0846

Froude number Fn 0.2

Wavelength 0.3 ～ 2.0

Incident-wave amplitude  A(cm) 3.0 ,  1.0 2.5 ,  1.0

Table 1.  Principal particulars of ‘blunt’ and ‘slender’ modified Wigley models
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Tested models & conditions in measurement

Experiment with Blunt modified Wigley model
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Added resistance in waves (Blunt Model)

Fn = 0.20
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Unsteady wave: Measured example for Blunt Model
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Unsteady wave: Measured example for Blunt Model
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Linear superposition of unsteady waves

Experimental measurements at various conditions

(0)  Motion-free condition (surge, heave, pitch free) in waves

(1)  Motion-fixed (diffraction) condition in waves

at incident-wave amplitude 

(2)  Forced heave oscillation in calm water

at oscillation amplitude 

(3)  Forced pitch oscillation in calm water

at oscillation amplitude 

Unsteady waves by Linear superposition

at incident-wave amplitude 

at oscillation amplitude 

at oscillation amplitude 

Compared with                 measured at the motion-free condition
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Linear superposition of unsteady waves

Experimental measurements at various conditions

(0)  Motion-free condition (surge, heave, pitch free) in waves

(1)  Motion-fixed (diffraction) condition in waves

at incident-wave amplitude 

(2)  Forced heave oscillation in calm water

at oscillation amplitude 

(3)  Forced pitch oscillation in calm water

at oscillation amplitude 

Unsteady waves by Linear superposition

Compared with                 measured at the motion-free condition

at incident-wave amplitude 

at oscillation amplitude 

at oscillation amplitude 
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Measured component waves :                 Blunt model 

by
Motion-fixed 

diffraction

by
Forced heave 

oscillation

by
Forced pitch 
oscillation
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Measured ship motions in waves: Blunt model 
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Unsteady wave components:               Blunt model 

by
Wave-induced 
heave motion

by
Wave-induced 
pitch motion

Dominant 

by
Motion-fixed 

diffraction
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Comparison of superposed and directly measured waves 

Summation of 
previous three 
components

Direct 
measurement 
at A = 0.01 m

Direct 
measurement 
at A = 0.03 m

Blunt model
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Added resistance in waves (Blunt Model)

Fn = 0.20
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Added resistance in waves (Blunt Model)

Fn = 0.20

Superposed wave
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Contribution of 2nd-order Wave Component (Blunt model)

34
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Video at resonant wavelength

Blunt modified Wigley model, Motion free at 

The pitch amplitude is large, waves from the shoulder are broken, and splash can be seen.
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Video at resonant wavelength

Blunt modified Wigley model, Motion free at 

The motion amplitude is relatively small, and waves are not largely broken.
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Added resistance in short waves (Blunt Model)

Motion free
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Added resistance in short waves (Blunt Model)

Diffraction
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Tested models & conditions in measurement

Experiment with Slender modified Wigley model
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Added resistance in short waves (Slender Model)

Motion free
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Added resistance in short waves (Slender Model)

Diffraction
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When ship motions become large, nonlinearity in ship-generated unsteady waves 
becomes prominent at the fore-front part of the wave, wave breaking may occur. 
Consequently the added resistance obtained from the waves measured at larger 
amplitude of incident wave becomes much smaller than those obtained from 
superposed linear waves and measured directly by a dynamometer.

[ 1 ]

The added resistance evaluated using superposed linear waves in terms of the data 
with small amplitudes is in good agreement with the result computed with the 
potential-flow theory over the range of wavelength tested.

[ 2 ]

At short incident waves, there was a prominent difference in the added resistance on 
the blunt modified Wigley model between the direct measurement and the unsteady 
wave analysis. However, this difference is reduced in the diffraction problem where 
ship motions are completely fixed.

[ 3 ]

Conclusions
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