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Abstract 

The booming developments of coastal/offshore renewable energies in recent years call for a powerful numerical code, 

ideally open-source packaged, to accelerate the researches in the spotlight. This paper presents such an efficient software 

package for evaluating the performance of floating renewable energy systems in the coastal and offshore regions. It aims 

to contribute an open-source effort in numerical simulations for ocean energy converters. Though computation of the free-

surface effect in moderate depth region is extremely troublesome due to the singularities, the software package proposed 

in the present paper gives a satisfactory solution to keep the balance of accuracy and efficiency. In the present paper, the 

interface and structure of the package are introduced in detail so as to be well understood by the reader. Benchmark tests 

for various types of converters have confirmed the accuracy and efficiency of the package which can be incorporated 

easily with a frequency domain solver for efficient analysis. By contributing as one of the pioneer works in the open-

source effort of evaluating the moderate-depth free-surface Green’s function, with its advantages of a reliable accuracy 

and a relatively low cost, the authors are hoping that the publication of the present software package will promote the 

continuous researches in developing robust and reliable coastal and offshore renewable energy systems. 

Keywords: offshore wind turbine; wave energy converter; tidal energy converter; ocean renewable energy; optimized 

configuration; open source 
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1. Introduction 

Due to the explosion of energy consumption in household life, industrial production and public service in 

cities (as discussed in Ref. [1]), fossil resources are getting exhausted and there is a great need to establish 

sustainable energy systems for substitution. In recent years, coastal/ offshore renewable energies are becoming 

promising alternatives for the traditional fossil energies, attracting people’s interest. Colmenar-Santos et al. [2] 

reviewed the state of the art of offshore wind technology and the most popular types of turbines, transmission 

systems and support structures in Europe. Lehmann et al. [3] reviewed the current state of ocean wave energy 

conversion technologies and industry status in the United States including research, development, commercial 

activities and governmental support. Khan et al. [4] reviewed the potentials of tidal current power as well as 

other ocean energy technologies and their environmental impacts. A great effort has been paid on the 

development of new methodologies, e.g., Vazquez and Iglesias [5] developed a new holistic method for 

selecting suitable tidal stream hotspots; Pavković et al. [6] presented a modeling, parameterization and control 

system design for the high-altitude wind energy system ground station power-plant. Efforts have also been 

made on finding new solutions from the existing theories, e.g., Bontempo and Manna [7] gave the exact 

solutions of the equations involved in the axial momentum theory for several kinds of radially variable load 

distributions; Liu and Yoshida [8] extended the Generalized Actuator Disc Theory to enable prediction of the 

axial velocity profile at the rotor plane of diffuser-augmented wind turbines. On the other hand, interests are 

focused on the laboratory development of a number of emerging offshore renewable energy devices, most of 

them being wave energy converters (WECs) because wave energy is a relatively nascent field, e.g., Elhanafi et 

al. [9] carried out a towing tank test on a floating–moored oscillating water column (OWC) wave energy 

converter and also conducted numerical investigations on the device performance and the effects from wave 

forces, wave height and power take-off damping, etc.; Wu et al. [10] studied the performance of a solo Duck 

wave energy converter in arrays under motion constraints; Ramos et al. [11] conducted a series of studies on 

assessing the feasibility of a CECO wave energy converter under the influences of water depth; Ning et al. [12] 

did extensive researches using both numerical tools and experimental facilities on the hydrodynamic 

performance of OWC devices. These case studies laid the foundations for the continuous future development 

of new efficient devices and technologies. 

Hydrodynamic forces have a significant influence on the substructures of these offshore energy devices 

[13]. Liu et al. [14] reviewed the recent advancements of floating foundations for particularly the offshore wind 

turbines (OWTs) which have been turned into industrial applications. Oh et al. [15] further discussed their 

future trends and challenges. Note that in the design process of the coastal/ offshore renewable energy devices, 

one of the critical considerations is to evaluate the feasibility of these devices under some localized sea 

conditions (see e.g. [16]), i.e., to compute their wave loads and motion responses under various normal/extreme 

circumstances. In recent years, a variety of floating concepts have been proposed and developed for ocean 

energy converters (OECs), such as OWTs, WECs and tidal energy converters (TECs), for the industrial 
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commercialization purpose. Several representatives of these newly developed floating OECs are shown in Table 

1 and Fig. 1. These devices frequently employ floating foundations in the form of spar, tension-leg spar, semi-

submersible, raft, and buoyancy-stabilized floater, etc., which are designed to be installed under the water depth 

going from approximately 20 meters to around 200 meters. Within such a range of moderate water depth, for 

the consideration of the offshore structure safety, it is more reasonable to use the finite-depth wave theory 

instead of assuming the installation water depth to be infinity. 

Table 1. Representative offshore renewable energy devices developed in recent years 

Device Name 
Device 

Type 
R&D Company 

Offshore 

Site 
Floater Type 

Water 

Depth (m) 
Rated Power Current Status 

Hywind® 

[17] 
HAWT Statoil Norway Spar 210 2.3 MW Launched in 2009 

WindFloat® 

[18] 
HAWT 

Principle 

Power 
Portugal 

Semi-

submersible 
50 2 MW Launched in 2011 

SWAY® 

[19] 
HAWT SWAY A/S Norway 

Tension leg 

spar 
121 2.5~10 MW Scaled Prototype in 2012 

HiPR®-

Wind [14] 
HAWT EU FP7 Team Spain 

Semi-

submersible 
50~90 1.5 MW Designing stage in 2018 

SCD®-nezzy 

[20] 
HAWT Aerodyn Japan 

Semi-

submersible 
52 6~8 MW Under demonstration in 2018 

SeaTwirl® 

[21] 
VAWT SeaTwirl Sweden 

Buoyancy 

stabilized 
50 

30 kW~1 

MW 

S1 released in 2015, S2 to be 

released in 2020 

Pelamis® 

[22] 
WEC 

Pelamis Wave 

Power 
Scotland Raft 50 750 kW Field test in 2010 

SEAREV® 

[23] 
WEC CNRS France 

Semi-

submersible 
30~50 68~188 kW G21 demonstrated in 2014 

BlueTEC® 

[24] 
TEC Bluewater et al. 

Netherlan

d 

Semi-

submersible 
20~ 

200 kW~2.5 

MW 
Launched in 2016 

 

(a) 
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Fig. 1. Typical offshore renewable energy devices for the next generation applications: (a) WINFLO semi-submersible 

OWT [25], (b) WaveStar WEC [26], and (c) BlueTEC TEC [24]. Their designing installation water depth is intermediate 

rather than infinite. 

So far, the boundary integral equation method (BIEM) (see e.g. [27]) has been widely applied in the 

assessment of offshore renewable energy systems. It is still one of the appropriate choices to solve efficiently 

their performance with wave-interactions (see e.g. [28]). That is because all its unknowns are restricted merely 

on the specified boundaries, which enables the computational burden to be greatly reduced. In BIEM, the 

boundary integral equations (BIEs) are derived via Green’s theorem within a confined or unconfined space [29]. 

The BIEs can be numerically solved by discretizing the boundaries into a large number of mesh and physical 

elements. In the formulation of the influence matrices, Green’s function and its derivatives must be evaluated 

successively for each pair of the source and the field points. The evaluation times of the ‘core’ function (Green’s 

function) increase quadratically with the number of unknowns on boundary surfaces, especially for structures 

with complex geometries. In this context, accuracy and efficiency of computing the Green’s function are crucial 

to a numerical solver for evaluating the performance of coastal/offshore renewable energy devices.  

(b) 

(c) 
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Computational issues related with free-surface Green’s function in hydrodynamics remain to be in the 

spotlight due to the popularity of the BIEM in the numerical analysis of ocean wind/wave/tidal energy devices. 

In the frequency domain, especially for problems in infinite depth, important work was done by several 

researchers. Newman [30] developed an efficient method based on the combination of asymptotic expansion, 

rational-fraction approximation, and multi-dimensional polynomial approximation. At nearly the same time, 

Telste & Noblesse [31] proposed another powerful method via a decomposition of the pulsating source into a 

wave component and a non-oscillatory local flow component. It was later verified by Chakrabarti [32]. The 

method of Telste & Noblesse was recently simplified by Wu et al. [33] with approximations, but without loss 

of too much accuracy. However, the evaluation of free-surface Green’s function for the finite-depth problem is 

even more troublesome than that for infinite-depth due to the more complex singular nature of its oscillating 

integrand. Newman [30] obtained a slow-varying component by subtracting the infinite-depth Green’s function 

from that in finite depth, which could then be evaluated using the Chebyshev polynomial approximation method. 

Pidcock [34] derived a family of series expansions that are useful for understanding the Green function’s 

behavior. Cuer [35] presented several propositions from the computational point of view but insufficient 

numerical results were provided in his work. Linton [36] proposed a set of rapid convergent representations 

based on the Ewald’s method [37]. Chen [38] extended the method of Newman by subtracting six Rankine 

terms so that the remaining part could be much smoother and Chebyshev approximations could be applied. All 

the works mentioned above provide helpful references to the subsequent researches.  

It is really a pity that nowadays an open-source software package is still unavailable for the free-surface 

Green’s function in finite water depth. The difficulties for computing the finite-depth Green’s function lies in 

mainly the following three aspects: (1) the singularity in the denominator of the integrand; (2) the oscillation 

nature of the Bessel function; and (3) the integration ranges from 0 to infinity. The present work aims to 

contribute to this issue by developing a reliable algorithm and providing a well-packaged numerical library 

with a user-friendly interface. The present software package has been developed and tested over recent years 

in our research projects for offshore renewable energies. The corresponding theory and methodology are 

introduced in Section 2. The interface and structure of the software package are introduced in detail in Section 

3. Verifications of the software package are given in Section 4. Benchmark tests for wave-structure interactions 

are carried out in Section 5, which confirms again the accuracy and efficiency of the present package. 

Conclusions have been drawn in Section 6 based on the previous analysis.  

2. Theory and Algorithm 

In order to elucidate the target problem with a deep understanding of the physics, the basic mathematical 

theory and the developed numerical algorithm for evaluation of the free-surface Green’s function are clearly 

presented below.  

2.1 Mathematical expressions of free-surface Green’s function 
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Evaluation of the free-surface Green’s function G(x; ξ) is traditionally considered as one of the most 

essential tasks in the analysis of wave-structure interactions within the potential flow framework. The Green’s 

function G(x; ξ), or source potential, is usually defined as the velocity potential at the point (ξ, η, ζ) due to a 

point source of strength −4π located at the field point (x, y, z) as shown in Fig. 2. Mathematically, the free-

surface Green’s function satisfies the following equation in the fluid domain, 

 � ����� + ����� + ������ 	
�, 
, �; 	�, �, �� = �
� − ��

 − ��
� − �� (1) 

and corresponding boundary conditions can be expressed as 

 

���� = �							� = 0���� = 0						� = −ℎlim�→! "√�$ ����� − i�	�% = 0						$ → ∞'()
(*

, (2) 

where	� is the Dirac delta function, �=ω2/g is the wave number in deep water, and R is the horizontal distance 

between the source point and the field point, i.e., 

 $ = +
� − ��, + 

 − ��,-. ,⁄ . (3) 

The last boundary condition in Eq. (2), referred to as the Sommerfeld radiation condition, shows that the 

pulsating potential gradually decays with the horizontal distance and eventually vanishes in the far field. A 

rigorous theoretical solution to Eq. (1) and Eq. (2) has been found by John [39], which can be expressed in the 

following form 

 	 = .0 + .0� + 2∳3! 
456�789:4
�5;�789:4
<5;�49=>:4;?6789:4; @?4;A3
B$�dB, (4) 

where the path of the contour integral in Eq. (4) passes below the pole at B = D, h is the water depth, r is the 

distance between the source point and the field point, and E, is the distance between the field point and the 

image of the source point with respect to the sea bottom, i.e.,  

 E = +$, + 
� − ��,-. ,⁄ , (5) 

 E, = +$, + 
� + � + 2ℎ�,-. ,⁄ . (6) 

The Bessel function of the first kind J0(µR) in the integrand shows the oscillation nature of the Green’s function. 

D is the positive root of the water wave dispersion equation 

 DtanhDℎ = �, (7) 

and BJ (m= 0,1,2…) satisfy the following equation 

 BJtanhBJℎ = −�, (8) 
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where B3  is imaginary, B3 = −iD (i is the imaginary unit), and BJ (m= 1,2…) are positive, characterizing the 

evanescent modes of the eigenfunction expansion as described in the following sections. A Fortran subroutine 

(named ‘Dispersion’) has been recently developed in the present package to obtain the accurate numerical 

solution of Eq. (7) and Eq. (8), using a higher-order iterative procedure suggested by Newman [40]. 

The free-surface Green’s function contains two parts which are referred to as the Rankine part and the wave-

term part. The decomposed form of Green’s function can be written as 

 	 = .0 + .0K + 	L, (9) 

where the first two terms in the right-hand side of Eq. (9) comprise the Rankine part, and the last term is the 

wave-term part. E. denotes the distance between the field point and the image of the source point with respect 

to the mean free-surface 

 E. = +$, + 
� + ��,-. ,⁄ . (10) 

The first term 1 E⁄  in the right-hand side of Eq. (9) is strongly singular where the majority of singularity comes 

from. The second term 1 E.⁄  in the right-hand side of Eq. (9) is less singular comparing to 1 E⁄  in most of the 

cases. However, the second term 1 E.⁄  shows equivalent singularity to 1 E⁄  when the source and the field point 

are both locating on the free-surface. The reason for subtraction of these two strongly singular Rankine terms 

from the Green’s function is that, in traditional panel methods, these two terms should be integrated analytically 

over each panel [41] as direct numerical integration would introduce substantial errors. Taking consideration 

of Eq. (4), the wave-term 	L can be expressed as 

 	L = .0� − .0K + 2∳3! 
456�789:4
�5;�789:4
<5;�49=>:4;?6789:4; @?4;A3
B$�dB. (11) 

It can be easily seen that the wave term 	L  is a complex function with respect to R and z, satisfying the 

Sommerfeld radiation condition in the far field in Eq. (2). The behavior of 	L in three-dimensional space is 

studied in detail in Section 4.2, with the facility of the developed FinGreen3D package, as described in Sections 

2 and 3. 
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Fig. 2. Definition of the coordinate system in three-dimensional space. Q denotes the pulsating source and P denotes the 

field point. Q1 and Q2 are the image points of Q with respect to the mean sea level and the seabed, respectively.  

2.2 The region-decomposition strategy in calculations of Green’s function 

Since the integral form of Green’s function in Eq. (4) is difficult to be directly evaluated in an accurate and 

efficient manner, a region-decomposition strategy is developed. The entire parametric domain of interest is 

decomposed into four sub-regions according to R/h and appropriate series or asymptotic expansions are applied 

in different sub-regions. Based on this strategy, the non-trivial integration form of the Green’s function, i.e., Eq. 

(4), can be avoided throughout the entire domain. In addition to that, fast convergence at the neighborhood of 

$ = 0 can be achieved. Details of the present algorithm are given in the subsequent sections. 

2.2.1 Algorithm in the external region 

The eigenfunction expansion proposed by John [39] is the most appropriate scheme in this region, as 

suggested by Newman [30]. There could be many derivative expressions from John’s original one. In the 

present work, the following form is employed for the sake of the consistency between real and imaginary terms: 

 	 � i NOP coshD
� � ��coshD
� � ��T3
.�
D$� � ∑ ,
OV cos BJ
� � �� cos BJ
� � ��W3
BJ$�!JX. , (12) 

where T3
.� denotes Hankel function of the first kind, and K0 denotes modified Bessel function of the second 

kind. The denominators YJ	
Z � 0,1,… � in the above expansion are defined as 

 Y3 � ;
, �1 � 9=>:,\;

,\; � (13) 

and  

 

seabed 

  

sea region 

  

mean sea level 
  

water depth h 

  

z 
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Q1(ξ,η,-ζ) 
  

Q
2
(ξ,η,-2h-ζ) 

 

x=ξ 
  

r
1
 

 

r
2
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 YJ � ;
, �1 + 9=>,4V;,4V; �	
Z = 1,2,… �. (14) 

The number of terms necessary for a given accuracy depends on the ratio R/h. In FinGreen3D, a 

convergence check is carried out from the second term of Eq. (12), making sure that the series is truncated at 

the condition when the absolute values of G, GR , and Gz are all less than the prescribed tolerance, e.g., 10-6. By 

this way, satisfactory convergence could be achieved in this region with a maximum number of 10 terms.  

2.2.2 Algorithm in the first intermediate region 

More terms in the eigenfunction expansion are required to achieve good convergence when R/h becomes 

smaller. To accelerate the convergence rate in the region of 0.05≤ R/h <0.5, a nonlinear series-acceleration 

method named “Epsilon Algorithm”, which was first proposed by Wynn [42] and described in detail by 

Mishonov & Penev [43], has been implemented in FinGreen3D. In this package, the Epsilon Algorithm has 

been successfully interfaced to and incorporated with the eigenfunction expansion as written in Eq. (12).  

In our numerical tests on the Epsilon-Algorithm-accelerated method, 10~50 terms are sufficient to obtain a 

satisfactory accuracy (10 terms at R/h =0.5 and 50 terms at R/h =0.05). The requisite number of terms is 

approximated by the following expression: 

 ] � −88.89$ �⁄ � 54.45.  (15) 

2.2.3 Algorithm in the second intermediate region 

When 0.0005≤ R/h <0.05, convergent results of eigenfunction expansion in Eq. (12) can no longer be 

achieved using the Epsilon-Algorithm-accelerated method. This urges us to search for another possible way of 

accelerating the convergence of the series. In this region, the following formulation is derived based on Pidcock 

[34], with an improvement on the calculation of the Rankine-source summation: 

 	 � .
0 � .

0K �∑ 
$c�d!dX. � ,
; "e � log � �g;�% + ihT3
.�
D$� + 4∑ "iJ
.�W3
BJ$� − iJ
,�W3
BJ∗ $�%!JX. , (16) 

where γ  denotes the Euler constant,  BJ∗  is an approximation of BJ when m is large, i.e., BJ∗ = Zk ℎ⁄ . The 

principle of Eq. (16) is to accelerate the convergence through subtracting a simplified series with the same 

asymptotic form when m is large. Detailed form of the multiple Rankine terms Rs, the series expansion 

coefficients	iJ
.�,	iJ
,� and h are given in Pidcock [34]. To calculate the Rankine-source summation in a more 

efficient manner, a new formulation using the Chebyshev approximation method is derived here:  

 
.0 + .0K +∑ 
$c�d!dX. = .; l∑ mnd + odp.dX?. + ∑ qJ,r �0;�,J s��?<; �,r + ��5<5,;; �,rtJ,r − 2u, (17) 

where 

 nd = +
$ ℎ⁄ �, + v
� − �� ℎ⁄ + 2wx,-?. ,⁄ , (18) 
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 od = +
$ ℎ⁄ �, + v
� + � + 2ℎ� ℎ⁄ + 2wx,-?. ,⁄ , (19) 

where am,n (m, n = 1, 2, 3 …) are Chebyshev coefficients and the corresponding values are given in Table 7.2 

of Ref. [44]. Up to m=4 and n=4 terms in the Chebyshev expansion are sufficient to reach an accuracy of six 

decimals. 

Generally, 50~100 terms are needed in this region for a satisfactory accuracy (50 at R/h =0.05 and 100 at 

R/h =0.0005). The requisite number of terms is approximated by the following expression: 

 ] = −1010.10$ ℎ⁄ + 100.50.  (20) 

2.2.4 Algorithm in the region of singularity 

In the region when the parameter R/h approaches zero, all the previous formulations become invalid due to 

their singularity in the neighborhood of zero. A more suitable series expansion is therefore preferred, which 

should not contain any singularity near the origin (apart from the Rankine terms).  

The rapidly convergent representation of the free-surface Green’s function proposed by Linton [36] using 

Ewald’s method [37] is suitable for this region and hence is implemented in the present software package 

 	 = i NOP coshD
� + ℎ�coshD
� + ℎ�A3
D$� + ∑ yVOV cos BJ
� + ℎ� cos BJ
� + ℎ�!JX. + .0 erfc � 0};� +
.0K erfc �0K};� + ∑ .

m��5~��pK �⁄
g�X. erfc �m��5~��pK �⁄}; � + 2� � @6���?�� g��⁄ ∑ @?6~�erfc �~�,� − ���g�X.}; ,⁄3 ��� , (21) 

where erfc is the complementary error function and the vertical distance components �� 	are 

 
�. = −� − �, �, = 2ℎ − � + ��� = 2ℎ + � − �, �g = 4ℎ + � + �u. (22) 

Details of the expansion coefficients ΛJ  are given in Linton [36]. Note that these coefficients could be 

calculated through a combination of Taylor series expansion and integration formulation, depending on the 

value of R/a. The integrals are expressed explicitly in Eq. (21) and implicitly in the expansion coefficients ΛJ, 

which should be calculated through numerical quadrature methods. In the present software package, these 

integrals are computed by calling a global adaptive Gauss-Kronrod quadrature subroutine with a higher degree 

of accuracy, which was developed in the work of Liu [45]. This subroutine is capable of calculating the Green’s 

function in the extreme case of R/h = 0 where the source point overlaps the field point. The expansion 

coefficients ΛJ degrade to exponential integral functions when R/h = 0, which could be evaluated analytically 

using series expansions as well. An important thing to mention is that the convergence rate of Eq. (21) highly 

depends on the product value of a and h. An appropriate choice of this parameter would guarantee the 

convergence of the series expansion in an efficient way. Two schemes are hence embedded in the subroutine, 

with one using 0.25h as suggested by Linton and McIver [46] and the other using a more complex process as 
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described in Liu et al. [47]. Through this way, the calculation of Linton’s representation [36] is able to achieve 

a good accuracy in most of the cases by using up to 3~10 terms. 

3. Interface and Structure of the Software Package 

To provide the readers and the users with a clear map of how to manipulate the software, the interface 

between the software and the external routines is displayed with explanations for the background below. The 

hierarchical code structure with multi-level subroutines is also explained in details. 

3.1 Input and output parameters 

The algorithm described in section 2 has been implemented in a released software package FinGreen3D 

which is written in Fortran 90. The input and output parameters to interact with hydrodynamic solvers in the 

frequency domain are introduced in Table 2. 

Table 2. Input and output variables 

R Input, REAL (8)  The horizontal distance between the field point and the source point 

ZF, ZP Input, REAL (8)  z coordinates of the field point and the source point, respectively 

V Input, REAL (8)  Corresponding wave number in deep water 

WVN Input, REAL (8)  Array, with NK elements, restoring the roots of the dispersion equation 

NK Input, INTEGER Number of elements in the array WVN 

H Input, REAL (8)  Dimensional finite water depth 

TAG Input, INTEGER A flag to determine whether the Rankine part is to be calculated or not 

GRN Output, Complex (16) Array, values of Green’s function and its derivatives with respect to R and z 

The information of the field point and source point locations should be first given to the driver subroutine. 

� = 	�, �⁄  is the deep water wave number, where ω is the wave angular frequency and g is the gravitational 

acceleration. WVN is a variable to store the roots of the water wave dispersion equation, in which the first 

element is the positive root k of Eq. (7) and the rest elements are the real roots of Eq. (8), i.e., BJ (m= 1,2…, 

NK-1). NK defines the size of the array WVN. H is the dimensional water depth and a positive real number 

should be given prior to the calculations. The integer variable TAG is used to determine whether the Rankine 

part is to be calculated (TAG =1) or not (TAG =0). The reason is that in some hydrodynamic solvers, especially 

in those applying the lower-order discretization, the Rankine part is normally integrated separately through an 

analytical algorithm, such as the one proposed in Newman [41] and described in Section 2.1. Whereas for the 

other solvers applying the higher-order discretization, the Rankine part is normally integrated together with the 

wave-term in Green’s function, taking advantage of some special strategies for the singular and near singular 

integrals (Sun et al. [48]). GRN is a 3-element complex array defining the output of FinGreen3D, in which GRN 

(1) is the value of Green’s function. GRN (2) and GRN (3) are the derivatives of Green’s function with respect 

to R and z, respectively. 
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3.2 Structure of the package 

The released package includes several subroutines which can be categorized into three levels, i.e., Level_1 

(top level), Level_2 (intermediate level) and Level_3 (low level), as shown in Fig. 3. Major subroutines are 

listed below: 

∙ FINGREEN3D – A driver subroutine (Level_1), which decomposes the entire parametric domain into four 

regions and calls the various algorithms accordingly. 

∙  DISPERSION – An intermediate level subroutine (Level_2), which solves the water-wave dispersion 

equation, i.e., Eq. (7) and Eq. (8), using a higher-order iterative procedure based on the method suggested by 

Newman [40]. 

∙ EIGEN – An intermediate level subroutine (Level_2), which calculates the Green’s function by applying the 

eigenfunction expansion method in the region R/h ≥ 0.5. 

∙ EIGENE – An intermediate level subroutine (Level_2), which calculates the Green’s function by applying a 

combination of the eigenfunction expansion method and the Epsilon Algorithm in the region 0.05≤ R/h <0.5. 

∙ PIDCOCK – An intermediate level subroutine (Level_2), which calculates the Green’s function applying a 

combination of the Pidcock’s expansion method and the Epsilon Algorithm in the region 0.0005≤ R/h <0.05. 

∙ LINTON – An intermediate level subroutine (Level_2), which calculates the Green’s function by applying 

Linton’s expansion method in the region R/h <0.0005. 

∙ COEF – A lower level subroutine (Level_3), which calculates the expansion coefficients in Linton’s expansion 

method using a combination of special functions, Taylor expansions, and adaptive quadrature methods. 

∙ DCOEF – A lower level subroutine (Level_3), which calculates the derivatives of expansion coefficients with 

respect to R in Linton’s expansion method using a combination of special functions, Taylor expansions, and 

adaptive quadrature methods. 

The driver subroutine, FINGREEN3D, is the only Level_1 subroutine, from which all the Level_2 

subroutines are called. Level_2 subroutines are corresponding to the four expansion methods in the 

corresponding regions as described in Section 2, respectively. In addition to that, the Level_2 subroutines can 

also be implemented for other specific-purpose computations alone, as long as their necessarily associated 

subroutines are included. Level_3 subroutines consist of affiliated subroutines and external subroutines. The 

affiliated subroutines are called by two Level_2 subroutines, i.e., PIDCOCK and LINTON, used for 

integrations by the Chebyshev approximation, series expansions or adaptive quadrature algorithms. The 

majority of external subroutines are from the book of Zhang & Jin [49], used for calculating some special 

functions, such as exponential integral function, error function, Gamma function, and many kinds of Bessel 

functions, based on continued fractions. Since so frequently called, the external subroutines of Bessel functions 

are hereby modified into several derivative versions, in order to improve the computation speed. Another 
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external subroutine is from Mishonov & Penev [43], used for predicting the limit of a series in which the first 

several terms are known through the Epsilon Algorithm.  

All the communications between subroutines in the present package are strictly restricted via explicit 

interfaces, without using any common data blocks. Therefore, it can be parallelized without any difficulty on 

Windows or Linux platform using parallelization techniques, such as OpenMP or MPI. 

 

Fig. 3. Multi-level subroutines in the hierarchical code structure 

4. Verifications and Discussions of the Software Package 

To verify implementations of present algorithms in the released package, a comparison is made with the 

Newman’s method [30] using multi-dimensional polynomial approximations to calculate the Green’s function 

and its derivatives in finite water depth. The behaviors of the wave-term in the Green’s function is studied and 

discussed in detail thereafter. In addition, the computation efficiency of the software package is also presented 

with an in-depth discussion. 

4.1 Verifications of the software package 

Comparison results between Newman’s method [30] are shown in Figs. 4 and 5, for a high pulsating 

frequency and a low pulsating frequency, respectively. Both the pulsating point source and the fluid field point 

are selected on the free surface in present tests because the free-surface Green’s function is believed to be more 

difficult to evaluate when z+ζ=0. As clearly shown in Figs. 4 and 5, even under such extreme conditions, perfect 

agreements can still be achieved between the present results and those using Newman’s method [30]. It can be 

seen in Fig. 4 that periodic oscillations can be found in the values of the free-surface Green’s function and its 

derivatives. Worthwhile to note, the oscillation amplitude of the Green’s function value decreases with the 
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increasing of R/h (Fig. 4a and b), indicating that the influence from a point source to a fluid field point decays 

with the horizontal distance. A similar pattern is not observed in Fig. 5, since the wavelength is much larger 

than that in Fig. 4. Nevertheless, no matter how much the pulsating frequency is, our principle knowledge is 

proved that the potential influence is appreciably large at the neighborhood of the pulsating point source, as 

clearly shown in these figures (Fig. 4a and b, Fig. 5a and b).  
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Fig. 4. Values of free-surface Green’s function 	 and its gradient ∇	, as a function of R/h, when the point source and the 

field point locate at the free surface with a high pulsating frequency of  � � 1.1145	s?.	  (i.e., wave number � =
5.0	m?.�:(a) real part of G; (b) imaginary part of G; (c) real part of ∂	/ ∂$; (d) imaginary part of ∂	/ ∂$; (e) real part 

of ∂	/ ∂�; (f) imaginary part of ∂	/ ∂�. The red solid-circle line stands for results calculated using Newman’s polynomial 

approximation, the green dash-dotted line stands for results calculated by the present FinGreen3D code. 
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Fig. 5. Values of free-surface Green’s function 	 and its gradient ∇	, as a function of R/h, when the point source and the 

field point locate at the free surface with a low pulsating frequency of � � 1.5761 × 10?,	s?.	 ( i.e., wave number � =
1.0 × 10?�	m?.	 ). Description of the subplots is given in Fig. 4. 

4.2 Behaviors of the wave-term in Green’s function 

Fig. 6 shows the variations of the essential part of the Green’s function, i.e., the wave term 	L, in a wide 

domain near the point source which is located on the free surface with a high pulsating frequency, as a function 

of the distance between the field and the source points. The horizontal component R and the vertical component 

z of the distance are both normalized by the water depth h. The real part is shown here alone because the 

imaginary part is relatively simpler. From either the oblique view or the contour plot of the function and 

derivative values, the fluctuations appear to be steepest at the neighborhood of the source point. The fluctuation 

magnitude decays along the two directions, with either increase of the horizontal distance R/h or the vertical 

distance z/h. The potential influence generated by the point source transmits from the origin (source point) to 

the far field along the horizontal direction, like a sinusoidal/ cosinusoidal wave with its amplitude decreasing 

as the horizontal distance increases. Deep below the free surface, the influence caused by the point source 

inclines to become weaker and weaker, as observed from the near-flat variation distribution in the oblique view 

or the contour plot, in the case when vertical position of the field point is approaching the seabed. 
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Fig. 6. Real part of the complex harmonic wave term 	L and its derivatives ∇	L in free-surface Green’s function, when a 

point source locates at the free surface with a high pulsating frequency of  � = 8.6327 × 10?.	s?.	 ( i.e., wave number 

� = 3.0	m?. ). They are oblique views (left column) and contour plots (right column) of the Gw value (top row), its 

derivatives with respect to R (intermediate row) and z (bottom row), as a function of R/h and z/h, in which h is the water 

depth.  
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Fig. 7. Real part of the complex harmonic wave term 	L and its derivatives ∇	L in free-surface Greens’ function, when a 

point source locates at the free surface with an extremely low pulsating frequency of  � = 4.9841 × 10?�	s?.	 ( i.e., wave 

number � = 1.0 × 10?g	m?.	 ). Description of the subplots is given in Fig. 6.  

Fig. 7 shows the variations of the wave term 	L in a wide domain near the point source which is located 

on the free surface with a low pulsating frequency, as a function of the distance between the field and the source 

points. From either the oblique view or the contour plot of the function and derivative values, the fluctuation 

tends to be much milder in contrast to the high-frequency case. There is seemingly little fluctuation along the 

horizontal direction as the horizontal distance R/h increases, as inferred from the flat distribution with respect 

to R/h. The fluctuation magnitude increases as the vertical distance z/h increases, to a maximum value being 

reached at the seabed.  

4.3 Computation efficiency of the software package 

Fig. 8 shows CPU time (unit: µs) of per evaluation of the Green’s function and its derivatives using 

FinGreen3D of present version, on a SONY laptop with an Intel(R) Core(TM) i7-2670QM CPU of 2.2 GHz 

and a 64-bit Windows 7 operating system. The computation is performed sequentially on one single thread, 

which costs a total CPU time of 4.6936 × 10,	s for the 200 input wave numbers, and 5.9746 × 10,	s for the 
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200 input point distances (i.e., in each case, 0.2 billion evaluations of the code FinGreen3D have been 

performed). Fig. 8(a) shows that one implementation of the code, i.e., one evaluation of the Green’s function 

and its derivatives consumes approximately 2~4 µs. The low cost of computation means that for a practical 

offshore structure with nearly 5000 constant elements, only 50~100 s are sufficient for the computation of the 

influence matrix in each wave period. This will noteworthily facilitate the hydrodynamic analysis process for 

the practical offshore structures. Fig. 8(b) reveals that the R/h-lowest region is the most time-consuming part 

for evaluation, due in large part to the fact that several adaptive numerical integrations are applied in that region 

to the expansion coefficients of the Linton’s formulation. The CPU time gradually reduces as a function of R/h 

until it gets stable with the increase of R/h. The possible reason is that the intrinsic characteristic (i.e., the strong 

singularity at the source point) of Eq. (1) determines that its series expansion solutions converge slower when 

R/h becomes smaller, regardless of the expansion type. Consequently, calculations based on the eigenfunction 

expansion and the Pidcock’s expression appear to be faster than the Linton’s, since no numerical integration is 

involved in these two formulations.  

     

Fig. 8. Computation time for per implementation of FinGreen3D, as a function of wavenumber �	(left) and normalized 

point distance R/h (right). The left figure is obtained based on averaged CPU time of 1 million evaluations of FinGreen3D 

for each input wave number �, so does the right figure for each input point distance R/h.  

5. Applications to Waves-structure Interactions 

In the very recent years, a plenty of ocean energy converters have been designed and turned into applications. 

Normally, their feasibility and safety in the oceanic circumstances need to be evaluated in advance. For this 

purpose, in the present section, the developed software package is firstly validated with benchmark cases, and 

thereafter with industrial applications. 

5.1 The boundary element theory in the offshore hydrodynamic analysis 

The free-surface Green’s function is the crucial fundamental component in the analysis of wave-structure 

interactions within the potential-flow frame in coastal/offshore renewable energies. Applying the Green’s 
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second identity on the governing equation of velocity potential �
��  with several predefined boundary 

conditions, a following integral equation can be obtained 

 i
����
�� �∬ ��
�� ��
�;���r� d���� � ∬ �
��	
�; ��d���� , 	
� = 1~7, � ∈ �¡ , � ∈ �¡�, (23) 

where � represents the field point and � represents the source point; i
�� is referred to as "solid angle", which 

depends on the local shape of geometry, having a value of 2k in the traditional constant panel method; the 

boundary condition on the immersed body surface �¡	is impermeable and can be further represented by 

 �
�� � ¢£�
��, 			� = 1~6	− �¤P
���r� , 			� = 7 , (24) 

where £�
�� stand for the normal derivatives on the geometrical surface and ��
��	stand for the incident wave 

potential when j =0, the radiation potentials when j =1~6, and the diffraction potential when j =7. The simulation 

is steady and conducted in the frequency domain. After finding the solution to the wave potentials from the 

boundary integration equation Eq. (23), a series of physical quantities can be obtained through direct integration 

of the corresponding wave potential on the immersed body surface.  

Computation efficiency can be improved by applying one or two planes of symmetry. In addition, the 

multiple-thread shared-memory parallel computation technique can be employed using standard OpenMP 

clauses at the following two places: (1) evaluation and storage of the free-surface Green’s function between 

arbitrary two panels (in addition to planes of symmetry, computation burden can be reduced to half due to the 

symmetry between the source and the field points); (2) calculation of the influence coefficients and assembling 

the influence matrix for the boundary integral equations.  

Therefore, the present package FinGreen3D has been successfully interfaced to a wave-structure-interaction 

panel code HAMS (Hydrodynamic Analysis of Marine Structures) [50]. In the following computations, the 

present package is compiled by the Intel® Fortran Compiler 18.0 (Intel® Parallel Studio XE 2018) and the 

Microsoft® Visual Studio 2015.  

5.2 Case No.1: a submerged spherical wave energy converter 

A submerged sphere is presented as the first benchmark test for validating the package. As a basic regular 

geometrical concept, the spherical shape is frequently employed to design wave energy converters (see e.g. 

[51], [52] and [53]). Parameters of the present benchmark case are listed as follows: associated with the sphere 

radius a, the ratio of radius to water depth is 0.3, and the ratio of immersion depth to the radius is 1.5. Since 

the accuracy of the numerical results may rely on the mesh quality, firstly, a grid convergence test is conducted. 

Five mesh types are used, in which the number of panels increases as the grid divisions on the two directions 

(warp and weft) increase, see Table 3 for more details.  
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Table 3.  Specifications of the grid divisions on the sphere in the convergence test 

Mesh Warp Direction  Weft Direction Number of Panels 

Mesh 1 10 20 200 

Mesh 2 20 30 600 

Mesh 3 30 40 1200 

Mesh 4 40 50 2000 

Mesh 5 50 60 3000 

Modulus of the horizontal exciting wave force of the submerged sphere is shown in Fig. 9(a). The 

comparison shows that the numerical result converges fast with respect to the number of panels. When the 

number of panels exceeds 600, the numerical result approaches almost very close to the analytical solution [54]. 

This is further confirmed by the relative error analysis of the computation as shown in Fig. 9(b), the absolute 

value of the relative error between the computation and the analytical solution is confined within 4% when the 

number of panels exceeds 600. 

   

Fig. 9. Convergent test of the wave excitation force of a submerged sphere, as a function of the normalized radius	�q: (a) 

comparison between Linton’s results with respect to the number of panels, and (b) relative error analysis of (a).  

Based on the convergence test performed above, around 2000 panels are chosen as an appropriate number 

of panels for the following computation. To further check the influence of mesh structure on the computation 

accuracy, both a structured mesh (‘Mesh A’) and an unstructured mesh (‘Mesh B’) are hereby used in the 

comparison, as displayed in Fig. 10. In the structured mesh, the sphere surface is discretized into 40×50 constant 

panels (40 in warp and 50 in weft directions) of a quadrilateral or triangular element shape. In the unstructured 

mesh, the sphere surface is discretized into 1920 triangular panels of a uniform size. Exact theoretical results 

from the multipole expansion method given in Linton [54] are used to validate the present numerical results, 

as given in Fig. 11.  

(a) (b) 
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Fig. 10. Pretty fine mesh for the submerged sphere: (a) structured mesh (“Mesh A”); (b) unstructured mesh (“Mesh B”) 

Fig. 11 shows results of the surge and the heave hydrodynamic coefficients, where all the quantities are 

normalized by volume of the submerged sphere, say, V = 4/3πa3. First of all, Fig. 11 clearly illustrates that no 

matter which mesh structure is employed, the present numerical results generally agree fairly well with the 

analytical results [54], which confirms the accuracy of the present algorithm for evaluating the free-surface 

Green’s function in the hydrodynamic analysis of structure with a smooth surface. On the other hand, while the 

numerical results for radiation damping coefficient using both meshes highly agree with those of the analytical 

method, some discrepancies are found in the comparisons of added mass of the surge mode. The numerical 

results based on the unstructured mesh, though having a less number of panels, are much closer to the analytical 

results. This may suggest that the unstructured mesh of a uniform size is recommended to improve the 

computation accuracy and efficiency.  

   

Fig. 11. Added mass and radiation damping coefficients of a submerged sphere, as a function of the normalized radius	�q: 

(a) surge added mass and radiation damping and (b) heave added mass and radiation damping. “Linton (1991)” used the 

analytical multipole expansion method described in [54] which is extremely accurate. “Mesh A” and “Mesh B” denotes 

the numerical results computed by the HAMS frequency-domain solver incorporating with the FinGreen3D package, using 

meshes specified in Fig. 10. 
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5.3 Case No.2: a floating circular cylindrical column 

A circular cylinder in moderate water depth is selected as the second testing case for validation, since it is 

an essential component (e.g., buoyancy column of the floater) of the offshore renewable energy devices (see 

e.g. [55], [56] and [57]). Firstly, a grid test is performed to ensure the convergence of the numerical results. 

Several basic parameters of the geometry are as follows: cylinder radius a, draft T =0.5a and the water depth h 

=0.75a. Five mesh types are used, in which the grid resolution relies on the divisions on the three directions 

(annular, radial and draft), see Table 4 for more details.  

Table 4.  Specifications of the grid divisions on the cylinder in the convergence test 

Annular Direction Radial Direction Draft Direction Body Panels Waterplane Panels Total Panels 

10 5 4 72 40 112 

20 10 8 360 200 560 

35 15 15 960 480 1440 

40 20 15 1400 800 2200 

50 25 18 2064 1200 3264 

Note that there are two planes of symmetry in the case of a circular cylinder. Hence, the number of panels 

for computation in reality can be reduced to one quarter. Meshes on the waterplane are used to suppress the so-

called “irregular frequencies”. Two representative meshes with coarser and finer grid resolutions are visualized 

in Fig. 12.  

                

Fig. 12. Mesh of the circular cylinder for a convergence test: (a) with 560 panels and (b) with 2200 panels 

Modulus of the horizontal exciting wave force of the floating cylindrical column is shown in Fig. 13(a). 

Exact analytical results from the eigenfunction method given in Garret [58] are used to validate the present 

numerical results. Similar to the Case No.1, the comparison shows that the numerical result converges really 

fast with respect to the total number of panels. When the total number of panels exceeds 560, the numerical 

result approaches almost exactly to the analytical solution [58]. This is further confirmed by the relative error 

(a) (b) 
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analysis of the computation as shown in Fig. 13(b), the absolute value of the relative error between the 

computation and the analytical solution is confined within 4% when the number of panels exceeds 560. Based 

on the convergence test, for such a cylinder, around 1400 panels appear to be sufficient for the computational 

accuracy. 

   

Fig. 13. Modulus of the complex exciting wave forces of a circular cylinder, as a function of the normalized radius	�q: (a) 

horizontal exciting force, (b) vertical exciting force. “Garret (1971)” used the analytical eigenfunction expansion method 

described in [58] which is extremely accurate. The others denote numerical results computed by the FinGreen3D & HAMS 

codes, using meshes specified in Table 4. 

In order to provide more validations, a comprehensive numerical comparison is performed as described 

in Table 5. Thanks to the extensive data set of added mass and added damping available in Yeung [59], in which 

an eigenfunction calculation was carried out for the circular cylinder, validation with precise analytical results 

with respect to a variety of geometrical and environmental parameters becomes possible. In Yeung’s analysis 

[59], the finite water depth was set to be unit, while the geometrical size of the circular cylinder and its relative 

position to the seabed were changing, so as to make the ratio of geometrical size over water depth variable. The 

terminology ‘clearance’ stands for the distance from the seabed to the bottom of the cylinder. The numerical 

example has been grouped into 8 cases, according to different values of the aspect ratio (ratio of the draft over 

the radius). All the meshes are generated by an automatic analytical mesh generator so that the quality of grids 

can be controlled. The number of panel division in each direction is determined by ensuring that the panels in 

the water plane and the bottom are of comparable size to those in the rectangular enclosed-lateral surface.  

Table 5.  Data summary of the implemented cases for the circular cylinder with various parameters 

Case No. 
Added mass/ 

radiation damping 

Geometry  Mesh 

Radius (a/H) Draft (T/H) Annular Radial Vertical Total panels 

1 

A11, B11 

1.00 0.80 44 10 10 1320 

2 1.00 0.50 48 10 8 1344 

3 0.20 0.25 48 10 8 1344 

(a) (b) 
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4 0.20 0.10 52 10 6 1352 

5 

A33, B33 

1.00 0.75 52 10 8 1456 

6 1.00 0.25 56 10 6 1456 

7 0.20 0.90 48 8 15 1488 

8 0.20 0.10 52 10 6 1352 

 

In each of the 8 cases, computation is performed over 40 wave periods. Computation results for 

hydrodynamic coefficients against the dimensionless radius ka are given in Fig. 14, with respect to a variety of 

the cylinder radius a and the draft T. Added mass (A11 and A33) is contributed by the real part of Green’s function, 

involving both the Rankine term and the Cauchy principal value of the complex integral as shown in Eq. (4). 

On the contrary, radiation damping (B11 and B33) is contributed by the imaginary part of Green’s function, 

consisting of the residues of the complex integral in Eq. (4). From the comparison in Fig. 14, the results for 

added mass and radiation damping by the present numerical solver generally agree well with those of the 

multipole expansion method. The high agreements of added mass and radiation damping in all cases suggest 

excellent accuracy in the computation of the real part and the imaginary part of the Green’s function.  
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  (c) surge added mass for a =0.2      (d) surge radiation damping for a =0.2 
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  (e) heave added mass for a =1.0      (f) heave radiation damping for a =1.0 
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  (g) heave added mass for a =0.2     (h) heave radiation damping for a =0.2 

Fig. 14. Added mass and radiation damping coefficients of a circular cylinder in various conditions, as a function of the 

normalized radius	Dq: (a) ~ (d) for surge coefficients and (e) ~ (h) for heave coefficients. Left column: added mass; Right 

column: radiation damping. Two different sizes of cylinders are used: a =1.0 in (a), (b), (e) and (f); a =0.2 in (c), (d), (g) 

and (h). “Yeung (1981)” denotes the analytical results of [59] calculated by the eigenfunction expansion method. “Present” 

denotes numerical results computed by the FinGreen3D & HAMS codes, using meshes specified in Table 5. 

5.4 Case No.3: a semi-submersible offshore wind turbine with complex truss members 

A triangular platform with complex geometry is served as the third testing case to show the capability of 

practical applications to the offshore renewable energy. The platform was initially designed for supporting 

multiple diffuser-augmented wind turbines in Kyushu University [60] at the 3rd development phase, with a 

submerged volume V = 2120 m3. It has three stacked large compound columns at the corners of the platform to 

support the turbine towers, three long pontoons which connect the columns and a large number of small 

(e) 
(f) 

(g) (h) 
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bracings strengthening the platform structure. More details of the semisubmersible are listed in Table 6. The 

present floating wind turbine system was designed to operate in a water depth of 70 m.  

Table 6. Definition of the full-scale properties of the semisubmersible 

Properties Values 

Diameter of the Upper Columns 4.00 m 

Diameter of the Lower Columns 11.5 m 

Diameter of the Pontoons 1.70 m 

Diameter of the Bracings  0.60 m 

Number of the Trussed Bracings 66 

Distance between Compound Columns 90.0 m 

Draft in Operation 10.0 m 

Center of Gravity  (0, 0, 5.30 m) 

Center of Buoyancy (0, 0, -7.15 m) 

Platform Displacement 2.12×103 m3 

 

  

Fig. 15. Model test of the semi-submersible floating wind turbine in Kyushu University, Japan 
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Fig. 16. Mesh of the submerged part of the platform in altogether 5040 panels, with 4110 panels on the immersed body 

surface (in dark red color) and 930 panels on the water planes (in light blue color). 

Table 7.  Specifications of the grid divisions on members of the semi-submersible floating wind turbine 

Mesh 
Main Columns Pontoons Bracings 

Circumferential Radial Draft Circumferential Radial Draft Circumferential Radial Draft 

Mesh 1 8 4 4 8 4 6 5 2 4 

Mesh 2 12 4 4 8 4 10 8 2 5 

Mesh 3 24 4 4 12 4 10 10 2 5 

Mesh 4 30 6 6 15 4 12 10 2 5 

A 1/50-scale model experiment has been conducted at the water tank of the Research Institute for Applied 

Mechanics (RIAM), Kyushu University, as displayed in Fig. 15. Added mass and radiation damping 

coefficients in heave motions are measured by the forced excitation test. Wave exciting forces are measured by 

fixing the model in the regular waves. Numerical computations are performed by incorporating and compiling 

the FinGreen3D & HAMS codes. First of all, a mesh grid convergent test is performed in association with a 

validation by the experimental measurement. The meshes are divided into four types as shown in Table 7, 

varying on the grid resolution of different members, from coarse meshes to fine meshes. A representative of 

the fine meshes is displayed in Fig. 16. Comparison between the numerical results and the model test data are 

given in Fig. 17, where the quantities are normalized by the water density ρ, the gravity acceleration g and the 

platform displaced volume V. The comparison shows that accuracy of the numerical results depends heavily on 

the grid resolution, especially in the gravity direction in the diffraction problem (or the heave mode in the 

radiation problem). As the grids become finer, the numerical results get closer to the experimental data. 

Generally, the agreement between the two results is satisfactory. 
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Fig. 17. Wave forces upon the triangular platform as a function of the wave angular frequency	�: (a) exciting force in the 

x-direction, (b) exciting force in the z-direction, (c) heave added mass, (d) heave radiation damping. “Mesh 1”, “Mesh 2”, 

“Mesh 3” and “Mesh 4” denote numerical results computed by the FinGreen3D & HAMS codes, using meshes specified 

in Table 7. Solid dot denotes experiment data measured from the tank model test.  

Fig. 18 shows contour plots of the scattered free surface elevation (normalized by the incident wave 

amplitude) in the vicinity of the platform in which the waves incident from different directions. As shown in 

Figs. 18(a) and (b), when the waves incident at a lower wave frequency, the scattered wave fields are relatively 

flat. In other words, the free surface has not been changed noticeably by the scattered waves. That is because 

waves of a large wavelength can easily transmit over a floating ‘obstacle’ of a smaller dimension. The elevations 

at a relative higher wave frequency are shown in Figs. 18(c) and (d), where the wavelength is more comparable 

to the physical dimension of the platform. In Fig. 18(c), the wave field is symmetric because of the symmetry 

of the platform with respect to the wave incident direction. In Fig. 18(d), with an incident angle of	¥ � 90°, 
the side of the platform in y-direction experiences a standing-wave-like wave field. The free surface elevation 

varies sharply along the incident wave direction, until the uppermost column in this direction. This should 

mainly be attributed to the reflection of the incident waves by the main columns along the side of the platform, 

and the superposition of the two waves with a nearly equivalent phase. In addition, it can be noticed that the 

largest enhancement of the elevation always occurs at the neighborhood of the three large compound columns, 
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regardless of the wave frequency and direction, showing that the diameter of the column is the main factor of 

diffraction. As the waves go far away from the structure, the amplitude of elevation decreases substantially, 

which agrees with our knowledge in common practice.  

   

   

Fig. 18. Contour plot of free surface elevation (normalized by the incident wave amplitude) in the following conditions: 

(a) ¥ � 0°, � = 0.1, (b) ¥ = 90°, � = 0.1, (c) ¥ = 0°, � = 0.3, and (d) ¥ = 90°, � = 0.3. The upper column shows the 

free-surface elevation for a low-frequency incident wave, while the bottom column shows the free-surface elevation for a 

high-frequency incident wave.  

5.5 Case No.4: a next-generation floating wind turbine moored by single-point turret system 

A new-type SCD®-nezzy offshore floating wind turbine is used as the fourth testing case, as shown in Fig. 

19. The two-bladed floating wind turbine has the ability of self-aligning with the change of wind direction, 

attributed to the latest technologies of an airfoil-shaped leaning tower and a single-point turret system. Its Y-

(a) (b) 

(c) (d) 
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shaped floating foundation consists of three separate leaning columns, three horizontal pontoons, and a center 

column being also the lower part of the tower. The spreading mooring lines are allocated to a single fairlead at 

the end of the Y-shaped foundation which has a torsional degree of freedom. The floating wind turbine is 

designed to operate in a water depth of 52 m, at the coastal area of Japan. More details of the SCD®-nezzy 

floating wind turbine are listed in Table 8.  

Table 8. Hydrostatic properties of the SCD®-nezzy floater 

Properties Values 

Displacement 5210.00 m3 

Total Draft 14.75 m 

Area of the Immersed Body Surface 3678.17 m2 

Inner Water Plane Area 144.69 m2 

Equivalent Floating Body Roll Inertia 2.9206×109 kg.m2 

Equivalent Floating Body Pitch Inertia 4.3879×109 kg.m2 

Equivalent Floating Body Yaw Inertia 5.8750×109 kg.m2 

Hydrodynamic Restoring in Heave 1.4549×106  N/m 

Hydrodynamic Restoring in Roll 1.6258×108  Nm/rad 

Hydrodynamic Restoring in Pitch 5.1859×108  Nm/rad 

 

  

Fig. 19. Schematic of the SCD®-nezzy floating wind turbine [20] 
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Fig. 20. Mesh of the SCD®-nezzy floater: (a) perspective view of the entire floater and (b) local bottom view of the turret 

mooring point 

The floating foundation is discretized by a pretty fine mesh, with the consideration of the wave orbital 

trajectory and the local details, as displayed in Fig. 20. Since the circular orbits of the water particles decrease 

with the increase of the immersion depth in water, and decrease to zero if the immersion depth exceeds half 

wavelength, the mesh grid density is specifically generated to be the largest in the region close to the mean sea 

level and decreasing with the depth. In addition, since at the turret mooring point the structure geometry has a 

complex local detail, the mesh grid there is intentionally generated to be denser than its neighboring areas, as 

shown in Fig. 20(b). 

   

(a) 

(b) 

Turret Mooring Point 

Water Plane 

Pontoon Center Column 

(a) 
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Fig. 21. Modulus of the wave excitation force/moment acting on the SCD®-nezzy floater as a function of the wave angular 

frequency ω: (a) surge wave excitation force, (b) heave wave excitation force, and (c) pitch wave excitation moment.  

Fig. 21 shows the distribution of wave excitation force/moment on the SCD®-nezzy floater with respect to 

the wave angular frequency and wave headings. It is seen that due to the symmetry of the SCD®-nezzy floater, 

the distributions are symmetric with respect to the line of wave heading ¥ � 90°. Note that there are several 

major regions where the floater is attacked heavily by the wave force/moment. For the surge wave force, the 

maximum value occurs at the places of 0° § ¥ § 	40° , 140° § ¥ § 	180°  and 0.8 § � § 	1.6 . For the heave 

(c) 

(b) 
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wave force, the maximum value occurs at two major places, i.e., the small band 0 § � § 	0.2 and the region in 

the neighborhood of the peak at ¥ = 90° and � = 0.65. For the pitch wave moment, the maximum value occurs 

in the frequency band  0.5 § � § 1.5, and near the wave heading ¥ = 90° as well as the regions of 0° § ¥ §

	40° , 140° § ¥ § 	180° . Outputting such distributions of wave excitation force/moment has significant 

meanings to the design of such floaters in practice. 
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Fig. 22. Motion response of SCD®-nezzy floating wind turbine, as a function of the wave angular frequency ω: (a) surge 

response; (b) heave response; and (c) pitch response. The results denoted by symbols are computed by the commercial 

version of the Hydrostar® software.  

Fig. 22 shows the analysis of response amplitude operators (RAOs) on the motions of the SCD®-nezzy 

floating wind turbine, and a comparison between the present results and those computed by the commercial 

software Hydrostar®. The motion RAOs are measured by the motion response amplitude over the incident 

wave amplitude. In order to show clearly the differences, the data are plotted using the semi-logarithmic 

coordinate. It is seen that, except for some small differences which are hard to distinguish, the two results 

coincide perfectly well with each other. The peaks at the resonance region (0.0<ω<0.5) predicted by the two 

software are also in quite good agreements. The motion RAOs generally decrease with the increase of the wave 

angular frequency, to a negligible level when the wave angular frequency exceeds 2.0. This is also in 

consistency with the energy distribution in the ocean spectrums, e.g., Jonswap spectrum, Pierson–Moskowitz 

spectrum, etc., which almost concentrates within the angular frequency band of [0, 2.0].  

6. Conclusions 

A reliable numerical software package - FinGreen3D has been presented, using a region-decomposition 

strategy for evaluation of the free-surface Green’s function in moderate depth, which is widely considered as 

the essential part but is difficult to be calculated in the analysis of wave-structure interactions. An advantage of 

the present method is that although it needs a lower computational cost than the computational fluid dynamics 

(CFD) methods thanks to its fast evaluation speed, it still preserves a high accuracy of computation. The present 

method is appropriate for large-scale floating structures on the purpose of quickly evaluating their integral 

performance with respect to a batch of input environmental conditions/parameters. The package is written in 

Fortran 90 with optimized structure and can be implemented on either Windows or Linux. The package 
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structure and its interface have been clearly illustrated so as to make it well understandable by the reader/user. 

The accuracy and efficiency of the present software package have been confirmed by extensive validations. 

The software package code can be distributed freely for either academic research or industrial application 

purpose. Acknowledgment is appreciated to be addressed by properly citing this paper in the relevant 

publications. 
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Appendix I: Download Instructions 

The software package - FinGreen3D is released open-publicly on Mendeley and GitHub. The Mendeley 

release is the first (original) release of the FinGreen3D package and can be freely downloaded via the link: 

https://data.mendeley.com/datasets/pkyvcfgv82/1. The subsequent future versions can be tracked via its GitHub 

site: https://github.com/liuyingyi-ukyushu/FinGreen3D. Tutorials have been given under the ‘Test_ Examples’ 

folder to illustrate how to use the package. Makefiles have also been supplied for its easy compilation on 

Windows or Linux.  

Appendix II: Program summary 

Program title: FINGREEN3D 

Licensing provisions: LGPL, Version 3.0, https://www.gnu.org/licenses/lgpl-3.0.html 

No. of subroutines in distributed program: 48 

No. of lines in distributed program, including test data, etc.: 4727 

No. of bytes in distributed program, including test data, etc.: 219036 

Distribution format: tar.gz 

Programming language: Fortran 90. 

Computer: Laptop PC/Workstation/HPC cluster. 

Operating system: Windows/Linux. 
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Nature of the problem: 

Calculation of the source potential influence at point x due to an oscillating source of strength −4π located at the point ξ, in the presence 

of ocean waves. 

Potential application fields: 

The numerical package can be applied in combination with a potential flow solver to simulate wave interactions with offshore renewable 

energy devices, e.g., offshore wind turbine, wave energy converter, and etc. 

Running time: 

One typical sequential call of the driver subroutine takes averagely 2~4 µs for each frequency on a single thread on Windows 64-bit 

system with an Intel (R) Core (TM) i7-2670QM 2.2Hz CPU. 
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