where 𝑆!" represents the body-exact wetted surface, 𝑁!" is the panels number of the freesurface, 𝐺 𝑥!! ; 𝑥!! is the Rankine source Green function and 𝜎 𝑥!! represents the source
strength.

Figure 5.2: The two-dimensional panels distribution and body-exact fluid domain.

Substituting the potential expression 5.16 in the boundary conditions, the unknown source
strength can be determined resolving the following expressions:
!!"

!!"

𝜎 𝑥!!

!"#$!

!!!

𝐺 𝑥!! ; 𝑥!! 𝑑𝑙 +

𝜎 𝑥!! 𝐺 𝑥!! ; 𝑥!! = Φ 𝑥!!
!!!

!!"

!!"

𝜎 𝑥!!
!!!

(5.17)

!"#$!

𝑛! ∇!! 𝐺 𝑥!! ; 𝑥!! 𝑑𝑙 +

𝜎 𝑥!! 𝑛! ∇!! 𝐺 𝑥!! ; 𝑥!!
!!!

(5.18)

= 𝑉! 𝑥!!
where for the 2D case:
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𝐺 𝑥!! ; 𝑥!! = ln 𝑟

(5.19)

𝑟 = 𝑥!! − 𝑥!!

(5.20)

with:

The system that must be solved to determined the unknown source 𝜎 can be expressed as follows:
𝐴!" ∙ 𝜎! = 𝑏!

(5.21)

where 𝐴!" represents the influence coefficients matrix; 𝜎! is the vector of the source strengths
and 𝑏! represents the vector of the normal velocity of the panel.
Once the source strength is calculated with a LU decomposition method, the value of the potential at any point of the fluid domain can be found. Then using the free surface boundary
conditions, 4.33 and 4.34 the wave elevation and the potential are updated. Consequently, the
pressure acting on the exact-body surface can be obtained. Finally by integrating the pressure
on the whole surface the forces can be evaluated.
At any time-step the body surface will be updated after the evaluation of the new draughts
that in case of roll motions will be diﬀerent at right and left sides.

5.4

Time-stepping in 2D Body Exact

A 2nd-order Adam-Bashforth scheme is used as time-stepping procedure and it is expressed
as follows:
𝑃! = 𝑃 ! +

Δ𝑇
3𝑃!! − 𝑃!!!
2

(5.22)

where P is the generic function that must be numerically integrated, 𝑃! is the time derivative
and the superscripts indicate the time-step considered.
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By substituting 𝑃 = Φ, 𝜁 the following equations are obtained:

𝜁 𝑡 + Δ𝑡 = 𝜁 𝑡 +

Δ𝑡
𝜕𝜁
3
2
𝜕𝑡

Φ 𝑡 + Δ𝑡 = Φ 𝑡 +

Δ𝑡
𝜕Φ
3
2
𝜕𝑡

!

!

−

𝜕𝜁
𝜕𝑡

−

𝜕Φ
𝜕𝑡

(5.23)
!!!!

(5.24)
!!!!

Time-step size and the spatial resolution are as in the 3D case, see section 5.2.
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Chapter 6 Applications and numerical results
The application of the near field method in frequency domain and of the desingularized approach in time domain will be presented.
Two-dimensional and three-dimensional cases have been chosen to verify and discuss the accuracy of the results. In particular, the results obtained through the present method have been
compared with available experimental data and other diﬀerent numerical methodologies.
Motions and the related added resistance computed using the 3D method in frequency domain have been applied to the following test cases: the Kriso Container Ship (Joncquez
2011), a NPL Fast Catamaran (Molland, 2000) and the DUT catamaran (Van’t Veer, 1998).
In time domain for the three-dimensional case, well-known hulls have been chosen with the
relative experimental results: The Friesland frigate (Smith, 1966), the Serie 60 hull 𝐶! = 0.7,
the Wigley hull III (Journe, 1992) and the Kriso container ship represent the test-cases of this
thesis.
The 2D body exact will be compared with the experimental data of Vugts (1968) and also
with the 2D linear results in the time domain.

6.1

The Added Resistance results in FD

6.1.1 The KCS container ship
The main characteristics of the vessel are as presented in Table 6.1. The body surface has
been discretized using a grid of quadrilateral panels, as represented in fig. 6.1. The discretization depends on the complexity of the geometry shapes, therefore the panel dimensions are
decreased for the zones distinguished by a complex shapes.
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Z

Y

X

Figure 6.1: 3D grid of the KCS container ship.

Length

230

m

Breadth

32.20

m

Design draught

10.80

m

Displacement

53331

m!

Longitudinal radius of

0.22

gyration (%Length)
Vertical center of grav- 10.80

m

ity (from keel)
Scale ratio

31.60

Table 6.1: Design conditions for KCS container ship

The Kriso results for motions and added resistance are compared with experimental data taken from Joncquez (2011).
Heave, Pitch and Roll transfer functions are considered in the typical non-dimensional form
as follows:
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𝑅𝐴𝑂! =

𝜁!
𝑎

𝑅𝐴𝑂! =

𝜁!
𝑘𝑎

𝑅𝐴𝑂! =

𝜁!
𝑘𝑎

(6.1)

In which 𝜁! , 𝜁! , 𝜁! are the amplitudes of heave, pitch and roll respectively, 𝑎 is the wave amplitude and 𝑘 is the wave amplitude.
The added resistance has been presented in terms of the coefficient 𝜎!" , defined below.

𝜎!" =

𝑅!"
𝜌𝑔𝑎! 𝐵! 𝐿

(6.2)

where 𝑅!" is the total added resistance of the ship, B and L are the hull breadth and length
respectively; a represents the incident wave amplitude, ρ is the fluid density and g is the gravity acceleration.
The numerical results obtained applying the BEM and a RANSE methodology are presented
and compared with experimental data. It can be noted that in the BEM methodology heave
and pitch motions are overestimated in the resonance frequency while in the RANSE methodology they are underestimated (figg. 6.2. and 6.3). For the BEM method this effect is
commonly due to the not satisfactory enough damping prediction, on the other hands for the
RANSE simulations it could be ascribed to an excessive numerical viscosity due to the coarse
mesh used or due to an excessive numerical viscosity computed. This different behavior has
an impact on the assessment of the added resistance. In fact in the prediction of the added resistance’s peak there is some overestimation in the BEM code (fig. 6.4). Furthermore it can
be noted that in the range of long wave lengths the agreement with experimental data is good,
while in the range of small wave lengths, there is an underestimation (using the original BEM
code). It is well known that near field methods do not correctly determine the added resistance in the field of high frequency wave, where the contribution of diffraction is predominant. Then to overcome this problem an empirical correction proposed by Kuroda et al.
(2008) is used. In fig. 6.5 the numerical results with and without the correction are presented
and compared with the experimental data. It can be noted that in the high frequency range,
where the correction takes place, the results become in good agreement with the experimental
data.
The RANSE method (fig. 6.4) is able to predict an acceptable added resistance for very long
and short waves in the same range where the motion are in good agreement with the experi60

mental data. For the resonance range again the added resistance is in line with the motion
prediction, both underestimate the expected values. Moreover it must be considered that the
viscous computations are carried out using a wave height/wave length ratio equal to 1/100, to
be situated within the linear Airy hypothesis and to avoid more complex phenomena, like
green water effects or appreciable wave breaking. On the other hand, wave height/length ratios used in the available experimental data and the test setup could not be found.
Therefore two considerations can be made: first of all the influence of the wave amplitude on
the results should be further investigated for this test case; then the main numerical discrepancy can be found in the resonance range where most of the foregoing effects may be occurred. The reported experimental data at about 1.35 λ/L exhibits three different values; this
could be a confirmation of the previously considerations even if no detail are reported in the
cited article.

Figure 6.2: Comparison of heave motion between experimental data and numerical results.
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Figure 6.3 Comparison of pitch motion between experimental data and numerical results.

Figure 6.4: Comparison of the added resistance between experimental data and numerical results.
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Figure 6.5: BEM results with and without the high frequency correction.

Figure 6.6: Components of added resistance containership KRISO 𝐹𝑛 = 0.26
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To understand the importance of the various terms of the added resistance in Figure 6.6 is
displayed the components of the KCS added resistance. The contribution due to the pressure
integration along the waterline, i.e. the first term I, represents the main contribution to the
whole resistance when the ship sails in head waves. While the II term is neglected because it
is very small. The components of added resistance are showed in detail in section 2.2.2.

6.1.2 A Fast catamaran
The numerical method has been validated also in the case of a Fast catamaran.
The main characteristic of the high speed multi-hull vessel are listed in Table 6.2. Each of the
two twin demi-hulls of the catamaran is derived from the round bildge transom stern hull of
the NPL series. The perspective view of the discretized boundary surfaces of the used catamaran is shown in fig. 6.7.

Displacement

13.44

kg

L!"

1.6

m

L!"

1.6

m

X! after of F!!

-6.4% m

𝜌!! /L!"

0.26

S/L!"

0.4

Table 6.2: Particulars of the Fast Catamaran (Model scale)

The computations have been performed with the separation ratio, s/L, equal to 0.4 and Froude
number of 0.5. Comparisons with experimental values, taken from Molland (2000), for the
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Figure 6.7: Perspective view of the Catamaran showing the panel mesh used for seakeeping computations.

vertical motions are shown in fig. 6.8 and fig. 6.9. Numerical results show a very good
agreement with experimental data for the pitch motion while the heave response is overestimated. This can be primarily due to the formulation of the method itself, that inherently neglect viscosity, responsible of a damping effect on the motion responses. The last validation
has been done on the added resistance. Such comparison is shown in fig. 6.10 again for
s/L=0.4 at 𝐹𝑛 = 0.5. There is a small difference in the range of short wave lengths and a
more evident higher predicted peak value than the experimental one. This is a direct consequence of the previously highlighted overestimation of the heave peak response prediction.
The agreement of the numerical prediction with the experimental data for the added resistance is instead better in the range of the higher wave length.
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Figure 6.8: Numerical vs experimental non dimensional RAO of heave motion for the fast catamaran (s/L=0.4)

Figure 6.9: Numerical vs experimental non dimensional RAO of pitch motion for the fast catamaran (s/L=0.4)
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As in the previous fig. 6.4 for the container ship KCS, advancing in head waves at 𝐹𝑛 =
0.26, fig. 6.10 displays the same comparison against experimental results for a catamaran
again advancing in head waves at higher speeds, corresponding to 𝐹𝑛 = 0.50. These comparisons highlight that the prediction of the added resistance by the described BEM approach
provides satisfactory results on both types of hulls over the whole range of wavelengths.
Considering the repeated experimental results shown in fig. 6.4 at 𝜆 𝐿 ≅ 1.2, it seems that
the experimental measures of the peak response of the KCS lay in a range of about 30% of
difference. Such an experimental uncertainty derived for the KCS is not available for the catamaran, since no repeated measures have been reported for the latter hull. Even if the two sets
of experimental tests have been performed by using different facilities, hence bringing their
own uncertainties, the available range may be significantly large, also for catamaran, even if
the cited reference was the only available. This might be considered as the only reference for
the presented analysis. In this light, the slight over- prediction of the BEM for the peak of the
catamaran response is considered to be in a reasonable range. In this case, in fact, the difference between the experimental and numerical results for the peak values is below 20% (i.e.
within the previously mentioned experimental uncertainty level).

Figure 6.10: Comparison of the experimental (EFD) and numerical (BEM) prediction of the added resistance for
the NPL catamaran advancing in head waves at 𝐹𝑛 = 0.50.
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6.1.3 The DUT catamaran
The analysis of the added resistance is performed also on the so-called DUT catamaran
(Van’t Veer, R., 1998), where in addition experimental roll RAOs were available. Fig. 6.11
displays a three-dimensional perspective view of the hull including the panel mesh of the free
surface. The hull surface is modeled by using 800 elements while 4344 quadrangular panels
are placed on the free surface around it. The main dimensional ratios and coefficients of the
demi-hull of this 3 m long, round-bilge catamaran model are reported in Table 6.3.

Figure 6.11: 3D perspective view of the catamaran hull. Panel mesh of free surface is shown in the upper half of
the picture.

L!" (m)

L!"
3.00 ∇!/!

L!"
𝐵

12.5

L!"

0.23

B
𝑇

1.61

C!"

0.77

S
∇!/!

𝑠

7.77 C!

8.49

0.63

Table 6.3: Main Characteristics of the demi-hull of the DUT catamaran
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An example of comparison between the measured and computed heave, roll and pitch RAOs
for the catamaran advancing in head and bow waves at 𝐹𝑛 = 0.6 is shown from fig. 6.12 to
6.16. In particular, the BEM heave response in bow waves very well matches the corresponding measured one up to 𝜆 𝐿 = 1.5. It becomes lower for higher wavelengths over ship length
ratios. In the case of 𝛽 = 180° both heave and pitch motion are overestimate in the zone
around the resonance frequency, while they are underestimated for lower wavelengths. Empirical corrections based on energetic evaluations have been used to improve the roll motion
prediction since it is greatly affected by viscous effects related e.g. to skin friction and eddy
generation from the keel (Apollonio, 2017). The final agreement of the computed roll RAO
(fig. 6.16) with the experimental values is reasonable considering both the trend and the absolute values.

Figure 6.12: Comparison of the experimental and numerical RAOs for heave for the DUT catamaran. 𝐹𝑛 = 0.6,
𝛽 = 180°
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Figure 6.13: Comparison of the experimental and numerical RAOs for heave for the DUT catamaran. 𝐹𝑛 = 0.6,
𝛽 = 180°

Figure 6.14: Comparison of the experimental and numerical RAOs for heave for the DUT catamaran. 𝐹𝑛 = 0.6,
𝛽 = 135°.
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Figure 6.15: Comparison of the experimental and numerical RAOs for pitch motions for the DUT catamaran.
𝐹𝑛 = 0.6, 𝛽 = 135°.

Figure 6.16: Comparison of the experimental and numerical RAOs for roll motions for the DUT catamaran. 𝐹!
= 0.6, 𝛽 = 135°.
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The resulting added resistance is presented in fig. 6.17 where also 𝐹! = 0.2 and 𝐹! =
0.4 have been added for 𝛽 = 180° and 𝛽 = 135°. Each figure reports three curves corresponding to the three analyzed hull speeds. The added resistance in head waves show narrower peaks for all speeds compared to that in bow waves 𝛽 = 135° where it is spread over a
broader band of wave frequencies. At both encounter angles, increasing the ship speed causes
an increase of the peak of 𝜎!" meanwhile shifting it towards lower values of the wave frequency due to the increased encounter frequency.
To examine the behaviour of added resistance for a wider range of wave angles and to relate
it to the corresponding RAOs of vessel motions, systematic calculations have been carried out
for encounter angles from beam to head waves.
The effect of the other operating parameter considered, namely the ship-wave heading angle,
is highlighted in fig. 6.18, fig. 6.19, fig. 6.20, fig. 6.21 where are showed polar plots of motions (heave, roll and pitch) and added resistance respectively.
The wavelength to ship length ratio is reported as radial coordinate while the ship-wave heading angle is represented as polar coordinate. The computations are performed at three different speeds corresponding to 𝐹! = 0.2; 0.4; 0.6, respectively, over a range of ship-wave heading angles from head waves 𝛽 = 180° to beam waves 𝛽 = 90°. As the advancing speed increases, the peaks of both the heave and pitch responses increases in value also being more
spread over the range of wavelengths ratios. On the other hand, the roll response, that consistently is higher for beam waves, becomes lower as the hull speed increases. Then those responses are involved in the added resistance computations.
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𝛽 = 180°

𝛽 = 135°
Figure 6.17: Added resistance against non-dimensional wave circular frequency. Top to bottom
𝛽 = 180° and 𝛽 = 135°. Effect of 𝐹! .
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𝑎 𝐹! = 0.2

𝑏 𝐹! = 0.4

𝑐 𝐹! = 0.6
Figure 6.18: Polar-plot of the heave RAOs for the selected catamaran for head (𝛽 = 180°) to beam (𝛽 = 90°)
regular waves. Top to bottom: 𝐹! = 0.2; 0.4; 0.6. Radial coordinate: wave length to ship length ratio 𝜆 𝐿. Polar
coordinate: ship-wave heading angle 𝛽 in degrees.
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𝑎 𝐹! = 0.2

𝑏 𝐹! = 0.4

𝑐 𝐹! = 0.6

Figure 6.19: Polar-plot of the roll RAOs for the selected catamaran for head (𝛽 = 180°) to beam (𝛽 = 90°)
regular waves. Top to bottom: 𝐹! = 0.2; 0.4; 0.6. Radial coordinate: wave length to ship length ratio 𝜆 𝐿. Polar
coordinate: ship-wave heading angle 𝛽 in degrees.
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𝑎 𝐹! = 0.2

𝑏 𝐹! = 0.4

𝑐 𝐹! = 0.6

Figure 6.20: Polar-plot of the pitch RAOs for the selected catamaran for head (𝛽 = 180°) to beam (𝛽 = 90°)
regular waves. Top to bottom: 𝐹! = 0.2; 0.4; 0.6. Radial coordinate: wave length to ship length ratio 𝜆 𝐿. Polar
coordinate: ship-wave heading angle 𝛽 in degrees.
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𝑎 𝐹! = 0.2

𝑏 𝐹! = 0.4

𝑐 𝐹! = 0.6
Figure 6.21: Polar-plot of the added resistance for the selected catamaran for head (𝛽 = 180°) to beam
(𝛽 = 90°) regular waves. Top to bottom: 𝐹! = 0.2; 0.4; 0.6. Radial coordinate: wave length to ship length ratio
𝜆 𝐿. Polar coordinate: ship-wave heading angle 𝛽 in degrees.
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6.2

The 3D BEM linear and added resistance results TD

To verify the method, the results have been applied to diﬀerent typologies of hull and compared with experimental data freely available in literature. Furthermore, in order to test the
accuracy of the numerical output, a frequency domain 3D Rankine panel method -developed
by the authors in the past years to evaluate ship motions for mono and multi-hull (Bruzzone,
2003) is considered for comparison.
Friesland, Serie 60, the Wigley hull III and Kriso have been chosen on the basis of reliable
experimental data. In particular, except for Kriso, also added mass and damping coeﬃcients
are available at various frequencies and diﬀerent Froude’s numbers.
The outputs of the partial desingularized approach in the three-dimensional environment have
been presented in the following section.

6.2.1 The Friesland hull
In this section, Friesland is used as a 3D case; the main dimensions of the hull are reported in
tab. 6.3. The body surface was discretized using a grid of flat quadrilateral panels, as represented in fig. 6.22.

Figure 6.22: 3D grid of Friesland
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Length

112.4

m

Breadth

11.74

m

Design draught

4.01

m

Displacement

3070

m!

Longitudinal radius of
gyration (%Length)

0.233

Longitudinal moment
of inertia of waterplane 828000
Scale ratio

m!

40

Table 6.3: Main Characteristics of Friesland

In order to verify the adequacy of the partial desingularized approach, results have been compared both with experimental data taken from Smith (1966) and with a frequency domain 3D
Rankine panel method.
Added mass and damping coefficients are considered in the typical non-dimensional form as
follows:
𝐴!! !"#$ =
𝐴!! !"#$

𝐴!!
𝜌∇

𝐴!!
=
𝜌∇𝐿!

𝐵!! !"#$ =
𝐵!! !"#$

𝐵!!

𝐿 𝑔
𝜌∇

𝐵!! 𝐿 𝑔
=
𝜌∇𝐿!

𝐴!" !"#$ =

𝐴!"
𝜌∇L

𝐵!" !"#$ =

𝐴!" !"#$ =

𝐴!"
𝜌∇L

𝐵!" !"#$ =

𝐵!"

(6.3)

𝐿 𝑔
𝜌∇L

𝐵!"

𝐿 𝑔
𝜌∇L

(6.4)

The exciting heave and pitch forces are in the non-dimensional form as follows:
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𝐹! !"#$ =

𝐹!
𝑎𝐶!!

𝐹! !"#$ =

𝐹!
𝑘𝑎𝐶!!

(6.5)

where:
𝐶!! = 𝜌𝑔𝑎! , 𝐶!! = 𝜌𝑔𝑖!
with 𝑎! = waterplane area; 𝑖! = longitudinal moment of inertia of waterplane.
Heave and pitch transfer functions and added resistance are in the non-dimensional form as in
(6.1) and (6.2).
Figg. from 6.23 to 6.29 present the added mass and damping coefficients computed for the
Friesland hull at 𝐹! = 0.15 in heave and pitch motions. Comparisons show a good correspondence between the two different methodologies and the experimental data.In figg. 6.31
and 6.32 exciting heave and pitch forces are reported respectively. The 3D results obtained
with time domain show a better agreement with experimental data than the ones achieved
with frequency domain.
Figg. 6.33 and 6.34 present the RAO for heave and pitch motions in head sea. The results
seem to match with experimental data in both case.
Figg. from 6.35 to 6.42 represent the added mass and damping coefficients computed for the
Friesland hull at 𝐹! = 0.45 in heave and pitch motions. The results obtained with the partial
desingularized method and the frequency domain well agree with experimental data, even if
in the frequency domain method B33 and B55 coefficients turn out to be underestimated if
compared to the time domain approach: this behaviour is a critical point that is present also in
some earlier applications of the frequency code. This issue has an impact on the evaluation of
the RAOs. In fact, figg. 6.45 and 6.46 show a better agreement with experimental data for
time domain method, probably due to the damping underestimation and the flawed calculation of exciting forces (see figg. 6.43 and 6.44) in the frequency approach.
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Figure 6.23: Added Mass coefficient for Friesland at 𝐹𝑛 = 0.15, heave due to heave

Figure 6.24: Damping coefficient for Friesland at 𝐹𝑛 = 0.15, heave due to heave
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Figure 6.25: Added Mass coefficient for Friesland at 𝐹𝑛 = 0.15, pitch due to heave

Figure 6.26: Damping coefficient for Friesland at 𝐹𝑛 = 0.15, pitch due to heave

82

Figure 6.27: Added Mass coefficient for Friesland at 𝐹𝑛 = 0.15, pitch due to pitch

Figure 6.28: Damping coefficient for Friesland at 𝐹𝑛 = 0.15, pitch due to pitch
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Figure 6.29: Added Mass coefficient for Friesland at 𝐹𝑛 = 0.15, heave due to pitch

Figure 6.30: Damping coefficient for Friesland at 𝐹𝑛 = 0.15, heave due to pitch

84

Figure 6.31: Exciting heave force acting on Friesland at 𝐹𝑛 = 0.15

Figure 6.32: Exciting pitch moment acting on Friesland at 𝐹𝑛 = 0.15
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Figure 6.33: Friesland RAO for heave motion at 𝐹𝑛 = 0.15

Figure 6.34: Friesland RAO for pitch motion at 𝐹𝑛 = 0.15
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Figure 6.35: Added Mass coefficient for Friesland at 𝐹𝑛 = 0.45, heave due to heave

Figure 6.36: Damping coefficient for Friesland at 𝐹𝑛 = 0.45, heave due to heave
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Figure 6.37: Added Mass coefficient for Friesland at 𝐹𝑛 = 0.45, pitch due to heave

Figure 6.38: Damping coefficient for Friesland at 𝐹𝑛 = 0.45, pitch due to heave
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Figure 6.39: Added Mass coefficient for Friesland at 𝐹𝑛 = 0.45, pitch due to pitch

Figure 6.40: Damping coefficient for Friesland at 𝐹𝑛 = 0.45, pitch due to pitch
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Figure 6.41: Added Mass coefficient for Friesland at 𝐹𝑛 = 0.45, heave due to pitch

Figure 6.42: Damping coefficient for Friesland at 𝐹𝑛 = 0.45, heave due to pitch
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Figure 6.43: Exciting heave force acting on Friesland at 𝐹𝑛 = 0.45

Figure 6.44: Exciting pitch moment acting on Friesland at 𝐹𝑛 = 0.45
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Figure 6.45: The Friesland‘s RAO for heave motion at 𝐹! = 0.45

Figure 6.46: The Friesland’s RAO for pitch motion at 𝐹𝑛 = 0.45
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6.2.2 The Serie 60 hull
In this section, the Serie 60 hull is used as a 3D case; the main dimensions of the hull are reported in tab. 6.4 and the body grid, obtained using a grid of flat quadrilateral panels, is represented in fig. 6.47.

Figure 6.47: 3D grid of Serie 60

Length

121.9

m

Breadth

16.25

m

Design draught

6.50

m

L/B

7.50

B/T

2.50

Table 6.4: Main Characteristics of Serie 60
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To verify the adequacy of the partial desingularized approach also regarding added resistance, results have been compared both with experimental data taken from Strom-Tejsen et
al. (1973) and with a frequency domain 3D Rankine panel method.
The results are in non-dimensional form as explained in section 6.2.1.
Figg. from 6.48 to 6.51 present the added mass and damping coefficients computed for the
Serie 60 hull at 𝐹! = 0.2 in heave and pitch motions. Comparisons show a better correspondence with experimental data for the time domain method. In fact the 3D results obtained from
the frequency domain the damping terms turns out to be more underestimated compared to
the time domain. This behaviour results in an overestimation around the zone of the peak frequency in the heave and pitch RAOs (see figg. 6.54 and 6.55), probably also due to a flawed
calculation of exciting forces (see figg. 6.52 and 6.53).
This overestimation also appears in the evaluation of the added resistance (see fig. 6.56) that
seems to better agree with experimental data in the case of the time domain approach.

Figure 6.48: Added Mass coefficient for serie 60 at 𝐹𝑛 =0.20, heave due to heave
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Figure 6.49: Damping coefficient for Serie 60 at 𝐹𝑛 = 0.20, heave due to heave

Figure 6.50: Added Mass coefficient for Serie 60 at 𝐹𝑛 = 0.20, pitch due to pitch
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Figure 6.51: Damping coefficient for Serie 60 at 𝐹𝑛 = 0.20, pitch due to pitch

Figure 6.52: Exciting heave force acting on Serie 60 at 𝐹𝑛 = 0.20
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Figure 6.53: Exciting pitch moment acting on Serie 60 at 𝐹𝑛 = 0.20

Figure 6.54: The Serie 60’s RAO for heave motion at 𝐹𝑛 = 0.20
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Figure 6.55: The Serie 60‘s RAO for pitch motion at 𝐹𝑛 = 0.20

Figure 6.56: Added resistance for Serie 60 at 𝐹𝑛 = 0.20
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6.2.3 The Wigley hull III
In this section, Wigley III is used as a 3D case; the main dimensions of the hull are reported
in tab. 6.5. The body surface was discretized using a grid of flat quadrilateral panels, as represented in fig. 6.57.

Figure 6.57: 3D grid of Wigley hull III

Length

3.0

m

Breadth

0.3

m

Design draught

0.1875

m

Displacement

0.0780

m!

KG from K.L.

0.17

m

LCG from AP

1.5

m

Table 6.5: Main Characteristics of Wigley hull III
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Journe (1992) published a set of experiments in head waves relative to four modified Wigley
hull forms. In this work, the Wigley III hull has been chosen.
The numerical results are in non-dimensional form as explained in section 6.2.1.
Figg. from 6.58 to 6.65 show the results in terms of diagonal added mass, diagonal damping
coefficients and response amplitude operators for 𝐹! = 0.3. As in the previous test cases, not
only experimental data but also different numerical results deriving from a frequency domain
3D Rankine panel method developed by the authors have been considered (Bruzzone (2003).
Also in this case, the frequency domain overestimates the heave and pitch RAOs around the
peak frequency zone.
The present method shows a good agreement with experimental data both for the transfer
functions and the added resistance, as represented in fig. 6.66.

Figure 6.58: Added Mass coefficient for Wigley III at 𝐹𝑛 = 0.30, heave due to heave

100

Figure 6.59: Damping coefficient for Wigley III at 𝐹𝑛 = 0.30, heave due to heave

Figure 6.60: Added Mass coefficient for Wigley III at 𝐹𝑛 = 0.30, pitch due to pitch

101

Figure 6.61: Damping coefficient for Wigley III at 𝐹𝑛 = 0.30, pitch due to pitch

Figure 6.62: Exciting heave force acting on Wigley III at 𝐹𝑛 = 0.30
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Figure 6.63: Exciting pitch moment acting on Wigley III at 𝐹𝑛 = 0.30

Figure 6.64: The Wigle III’s RAO for heave motion at 𝐹𝑛 = 0.30
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Figure 6.65: The Wigley III’s RAO for pitch motion at 𝐹𝑛 = 0.30

Figure 6.66: Added resistance for Wigley III at 𝐹𝑛 = 0.30
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6.2.4 The KCS hull
In this section, KCS is used as a 3D case; the main dimensions of the hull and the body surface discretization are reported in paragraph 6.1.1.
In this case the experimental data are only available for the response amplitude operator and
for the added resistance, taken from Joncquez (2011).
Heave and pitch transfer functions and added resistance are in non-dimensional form as in
(6.1) and (6.2).
Figg. 6.67 and 6.68 present the RAO for heave and pitch motions in head sea. The results of
the present method seem to well agree with experimental data compared to the frequency approach. This better agreement is shown in the evaluation of the added resistance, fig. 6.69.

Figure 6.67: The KCS’s RAO for heave motion at 𝐹𝑛 = 0.26
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Figure 6.68: The KCS’s RAO for pitch motion at 𝐹𝑛 = 0.26

Figure 6.69: The KCS’s RAO for pitch motion at 𝐹𝑛 = 0.26
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Chapter 7 The 2D body exact TD results
In this section the 2D body exact numerical results are compared with linear computations
and experimental data from Vugts (1968).
This approach represents a partial introduction of the non-linear effects. As detailed in the
previous chapter 4 and 5, the application of body exact approach considers the real surface at
every time step, then the two-dimensional case represents an effort to introduce the non-linear
aspects without an excessive computational time.
This methodology should consider the nonlinearity due to the form of the body, that is relevant for large amplitude motions, especially for roll. It is expected it can lead to better results
than those obtained from the linear approach. In addition it would be possible to introduce
empiric viscous effects in time domain. In the present method this phenomena is decreased
due the considered the small amplitude of the motions.
Referring to the experimental data available, a circular section with radius 𝑅 = 1 and a box
section with 𝐵 𝑇 = 8 are here proposed.

Figure 6.70: Reference system of circular section
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Figure 6.71: Reference system of box section

Added mass and damping coefficients are considered in the typical non-dimensional form as
follows:
𝐴!! !"#$ =

𝐴!! !"#$ =

𝐴!!
𝜌A
𝐴!!
𝜌A𝐵!

𝐵!! !"#$ =

𝐵!! !"#$ =

𝐵!!

𝐵!!

𝐵 2𝑔
𝜌A
𝐵 2𝑔
𝜌A𝐵!

(6.6)

In figg. 6.72 and 6.73 added mass and damping for a circular section in heave motion have
been shown. The agreement with experimental data seems to compare well with the experimental data and the difference with linear approach appears to be negligible. This not much
difference may be due to the fact that in the Vugts’s experiments a rectangular section was
inserted on the top of the circular section, then, regarding heave motion, results are less affected by the effect of form variation.
In figg. 6.74 and 6.75 the roll motion is presented for a circular section. In this case for the
added mass the body exact method seems to better agree than the linear one. Both approaches
well-predict the roll damping. In this case the difference between the linear and body exact
code is not very evident due to the fact that the experimental data are available only for small
amplitude so the effect of form is not very visible. Regarding box section with 𝐵 𝑇 = 8 coef108

ficients for heave and roll motions is presented from fig. 6.76 to 6.79. The results seem to
well agree with Vugts’s experimental data. Furthermore it appears that, even if viscous damping was not considered, the effect of the form variation may influence the results, especially
in the roll motion (Figg. 6.78 and 6.79). This aspect is showed in figg. 6.80 and 6.81 in which
the results of roll added mass and damping coefficients are displayed for three different roll
amplitudes (0.05, 0.10, 0.20rad). The agreement with experimental data seems to compare
well with the experimental data also for a large roll amplitude.
This approach may represent a first step for an its application in three-dimensional environment, even if in the latter case the computational time could be much higher than the twodimensional case.

Figure 6.72: Added Mass coefficient for the circular section, heave due to heave
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Figure 6.73: Damping coefficient for the circular section, heave due to heave

Figure 6.74: Added Mass coefficient for the circular section, roll due to roll
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Figure 6.75: Damping coefficient for the circular section, roll due to roll

Figure 6.76: Added Mass coefficient for the box section 𝐵 𝑇 = 8, heave due to heave
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Figure 6.77: Damping coefficient for the box section 𝐵 𝑇 = 8, heave due to heave

Figure 6.78: Added Mass coefficient for the box section 𝐵 𝑇 = 8, roll due to roll
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Figure 6.79: Damping coefficient for the box section 𝐵 𝑇 = 8, roll due to roll

Figure 6.80: Added coefficient for the box section 𝐵 𝑇 = 8, roll due to roll for angle 0.05, 0.10 and 0.20rad
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Figure 6.81: Damping coefficient for the box section 𝐵 𝑇 = 8, roll due to roll for angle 0.05, 0.10 and 0.20rad
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Chapter 8 Conclusions
A numerical method to evaluate ship motions and added resistance in waves has been presented. A boundary elements method has been used both in the time and frequency domain.
In order to evaluate added resistance a near field method has been implemented in both domains. In time domain a partial desingularization has been adopted, then desingularized
sources are distributed only above the calm water surface. This approach has been applied to
two-dimensional and three-dimensional cases in regular waves: the evaluation of ship motions and added resistance in time domain shows good agreement with experimental data.
The circular and the box sections have been used for the two-dimensional body exact approach, that considers the exact body wetted-surface at each time step. The application of this
method led to results significantly better than those to the corresponding to the linear solution. In fact it has been noted that, even if viscous damping was not considered, the effect of
the form variation may influence the results, especially in the roll motion. Furthermore this
approach represents a first step to introduce non-linear aspects and it may be used as a basis
for further development in three-dimensional version.
For three-dimensional case in frequency domain the Kriso container ship, a fast catamaran
and the DUT catamaran have been tested. The RAOs for heave, pitch and roll motions show
good correlation with experiments. Regarding added resistance the DUT catamaran have
been analysed also in oblique waves. In this last case, even if the experimental data in oblique
waves were not available, the trend of the results has been shown coherent with the physical
phenomena.
For three-dimensional case in time domain, the Friesland, the Serie 60, the Wigley hull and
the KCS have been studied as test cases. The numerical results well agree with experimental
data. Added mass and damping for the test cases, where experimental results are available,
show a behaviour similar to frequency domain approach (see Bruzzone, 2003). The RAOs for
heave and pitch motions and added resistance seem to evidence a better agreement with ex-
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periments than the related method in the frequency domain, especially around the peak frequency of the response amplitude operators.
Future researches might consider the non-linear effects also in the 3D case, beginning with a
body exact approach to arrive at a fully non-linear approach.
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