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Abstract. The scope of the presented paper is a benchmark study between the
results of analytical and Boundary Element Method (BEM) solutions for the hy-
drodynamic problem of a vertical fixed cylinder due to the action of linear waves.
First-order hydrodynamic exciting wave forces and moments, added mass, hy-
drodynamic damping coefficients, and the Response Amplitude Operators
(RAOs) for the surge motion are calculated. The mean second-order wave drift
forces are also given by using the direct integration method. The analytical solu-
tion is calculated in the frequency domain for a wide range of frequencies for
different cylinder characteristics. Finite water depths and linear waves are con-
sidered. Therefore, a formulation of the problem based on the Laplace equation
and boundary conditions on the free surface and seabed, is given. Also, two dif-
ferent open-source BEM codes are used to solve the hydrodynamic problem. The
calculated results are compared to those of other investigators' analytical and nu-
merical predications.

Keywords: Exciting wave forces, added mass, hydrodynamic damping, mean
second-order wave drift forces, RAOs, analytical solution, BEM methods.

1 Introduction

Each offshore structure resting on vertical legs (cylinders) fixed to the installation
seabed, is subjected to external loads and motions due to the external operating condi-
tions such as wind [1], sea waves, and sea currents [2]. These loads and motions affect
the stability and safety of structures. Therefore, it is crucial to proceed with analytical
calculations in order to obtain these values. Through the years, many researchers have
been involved with the estimation of the hydrodynamic loads acting on floating struc-
tures. In the literature, a series of analytical and semi-analytical solutions for the solu-
tion of the scattering problem and the calculation of the external loads (first and mean
second-order wave forces) on floating bodies of different shapes, at a wave incidence,
have been presented.

Haskind [3] was the first — one who solved the hydrodynamic problem of a ship
surface due to wave incident, by solving the radiation problem. Based on the linear
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hydrodynamic theory of ship oscillations in the presence of linear waves, he determined
the velocity potential equation, the corresponded boundary conditions it must satisfy
and stated that the hydrodynamic forces and moments acting on ship surface are solely
due to ship radiation functions that define how waves are generated in a dense fluid
when the ship oscillates at a unit velocity in still water.

Then Maruo [4] developed the general equations for the horizontal surge and sway
drift forces acting on floating objects in deep water by using the momentum method.
These equations were based on the far-field velocity potential of the object, being rep-
resented through Kochin functions.

Newman [5] developed analytical expressions for the exciting forces and moments
acting on fixed bodies of arbitrary shape at a wave incident. He based on the Haskind
equations to determine the asymptotic velocity potential at a large distance of the body
(crucial for the calculation of the hydrodynamic forces) and the near field velocity po-
tential for the hydrodynamic problem of a submerged ellipsoid and a floating two-di-
mensional ellipse at a wave incident. Then in a subsequent study [6] he derived the
Maruo and Suyehiro equations for the calculation of the drift forces and moments (re-
spectively) on the surface of a slender ship. The analytical numerical results were com-
pared to those of the experimental study of a series 60 hull form and a good agreement
at small values of wave length was confirmed.

Hess and Smith [7] were the first who involved the so-called panel method in the
potential problem while Garrett [8] developed his analytical procedure for the calcula-
tion of the exciting forces acting on a circular dock based on the Galerkin’s method.
Bai [9] utilized a two-dimensional finite element approach to calculate the forces gen-
erated by wave excitation, along with the reflection and transmission coefficients, for
obligue waves interacting with various structures. These structures included a vertical
flat plate, a horizontal flat plate, and rectangular cylinders. Through this method, Bai
was able to analyze how the waves behaved when they encountered these different ob-
jects, providing insight into the effects of wave interaction on their surfaces.

Pinkster and Oortmersen [10] presented their own work on the calculation of the
first-order exciting wave forces by using a singularity distribution on the wetted surface
of the body in its equilibrium position as well as the mean second-order wave forces
acting on floating bodies with the aim of the direct integration method. The analytical
numerical results were compared to those of corresponding model tests with a satisfied
convergence. Rahman and Bhatta [11] used an eigenfunction expansion for the solution
of the linear radiation problem in order to obtain the added mass and damping coeffi-
cients for a vertical surface-piercing circular cylinder extending to the seabed and un-
dergoing horizontal oscillations.

Mavrakos [12] determined the mean drift loads for a configuration of multiple hy-
drodynamically interacting cylinders by applying the principle of momentum conser-
vation. This was done by defining appropriate control fluid volumes around each cyl-
inder in the multi-body system. Finally, Mansour et. al [13] proposed a Boundary Inte-
gral Method (BIM) for the solution of the hydrodynamic problem of vertical cylinder
fixed to the seabed, extending through the water surface in a region with a finite water
depth.
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In order to estimate the motions of a floating body, the radiation problem need to be
solved. By linearizing the governing equations (Laplace equation and boundary condi-
tions on the seabed and surface) the problem is simplified and then the added mass and
the hydrodynamic damping coefficients are extracted [11]. Following that, the Re-
sponse Amplitude Operators (RAOs) are obtained [5].

In this paper, the incident, diffraction and radiation problem of a simple bottom-
seated vertical cylinder, at a linear wave (Airy) incidence, in a water area of finite depth
is solved with the aim of the Laplace equation and the appropriate linearized boundary
conditions on the seabed, water surface and cylinder’s wetted surface. The general
equations of the exciting forces and moments are obtained by calculating the pressure
field around the cylinder. Then the added mass, the hydrodynamic damping, and the
Response Amplitude Operators (RAO’s) for the surge motion are evaluated. Also, the
mean second-order wave drift forces are estimated by using the direct integration
method (or near field method) [14]. A body surface mesh parametric analysis is con-
ducted for the purpose of determining the optimum mesh geometry for the simulations
with the aim of BEM methods. This analysis is performed to ensure the minimum di-
vergence, and the results are compared with analytical solutions [15]. The results are
compared with two open-source codes based on BEM methods, NEMOH [16, 17, 18,
19, 20] and HAMS [21, 22].

2 Theoretical Background

In Fig. 1-2 the characteristics of the examined vertical fixed cylinder of finite length,
the characteristics of the wave incident and the water area, that cylinder is set in, are
shown. The exciting and mean second-order wave drift forces, the added mass, the hy-
drodynamic damping and the RAO’s acting on the body are obtained by solving the
corresponding diffraction and radiation problem.
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Fig. 1. Coordinate system for the vertical bottom-seated cylinder (side view).
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Fig. 2. Coordinate system for the vertical bottom-seated cylinder (top view).

The incident velocity potential of the simple harmonic wave is given in cylindrical
coordinates by Mei [23]:

|- gl coshGn) (kr) cos(m8) 1
= T2 ksinh(kd) Ogml Jm (k1) cos(m )
m=

%
where:
i = imaginary unit
w = wave angular frequency, given by the dispersion equation w? = kgtanh(kd)
g = acceleration of gravity
k = wave number
&m = Neumann constant, equal to 1, for m=0 and equal to 2 for m>1
Jm = Bessel function of first-kind and m™ order
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(r, 8, z) = cylindrical coordinates

while the diffraction velocity potential around the cylinder-wetted surface, from the
seabed to the free surface, is given in cylindrical coordinates by MacCamy & Fuchs
[24]:

o Hecosh(kz) . Jm(kb)

=Y ksinhGkd) 2 " Hp ey K7 €050 @
m=

4

where:
H,,= Hankel function of first-kind and m*" order

The total velocity potential is given by the sum of the incident and diffraction veloc-
ity potential:

H cosh(kz) ©

, Jm (kb)

— I D _ _ —_—

=@t =l nh(kd) ,
£

Hy, (kb)

£ iM (]m(kr) - Hm(kr)> cos(mf)  (3)

2.1  Exciting Wave Forces and Moments

The exciting wave forces on the body are evaluated by the integration of the pressure
field, which, according to the linear wave theory, must fulfil the Bernoulli’s equation:
0P .

p=—p = iwppe™ “)

where:
p = water density

The first-order horizontal exciting wave force on the body is given by [25]:
F=-— j] pndS (5)
S
where:

S = floating body wetted surface.
7 = the unit normal vector pointing outward to the body’s surface S.

The analytical representation for the first-order horizontal exciting wave force is
given by the following equation [15]:
H) 4tanh(kd) 6
2/ (kb)?H;(kb) ©)
The first-order exciting wave moment on the vertical fixed cylinder is given by the
following equation [15]:

F, = pgb2<

My = — J-f p(z — e.)cosOdS ©)
S
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The analytical representation for the first-order exciting wave moment is given by
the following equation:
4
(kb)3 cosh(kd) H',(kb)

H
My = pgh? (7) (kdsinh(kd) + 1 — cosh(kd)) — e F; (8)
where:
e vertical position of the center of gravity, measured from the free surface

2.2 Added Mass, Hydrodynamic Damping and RAOs

Formulation of the hydrodynamic problem follows closely that of the diffraction
problem. The radiated waves will replace the incident waves, therefore, using Rahman
and Bhatta formulation [11], the added mass A;, and damping coefficient B, are ob-
tained from the radiation potential @ as defined by:

i
An == Biy = p | gpcostds ©
w s
The real part and the imaginary part of equation (9) can be expressed:
Ai; = Re {p f (pRcosﬁdS} (10)
N
and
B, =Im {pwf(pRcosedS} (11)
N

After extensive mathematical calculations the following analytical expression for the
added mass and the hydrodynamic damping, respectively is obtained.

The analytical representation for the added mass and hydrodynamic damping coef-
ficients are given by the following equations [11]:

2kd

Ay = —pb3m x
k sinh? (kd) . (Hl(kb) s - k; sinh?(k;d) K (k;b) )
e
d sinh(2kd) H.(kb) z 2 ,d sinh(Zk;d)\ K/ (kb
(kbyzk2 5 (1 4+ S5L2EA) A = (k;b) k]?7(1+Tjd’> (k)
-y k sinh?(kd) H, (kb)
1 = Tphren sinh(de)) H, (kb) (13)

(kb)zkzg(l +

where:

H,= 15¢ order Hankel function of first-kind

K, = 15t order Modified Bessel function of second-kind

k;= real positive solutions of the equation w? = —k;g tan(k;d)

It was found that taking j = 10 number of roots produced results accurate to four
significant digits.
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The equation of surge motion is given by [5]:

where:
M: mass of the cylinder

Solving for the surge displacement x(w):
Fy

x(w) - _(L)z(M + All) + inll (15)
The RAO of surge motion is given by the following equation:
x(w)
RAOy = V (16)
2
Combining Eg. (15) and Eq. (16) we finally get:
E /(H/2
RAOy = x/(H/2) 1n

_(JJZ(M + All) + i(l)Bll

2.3 Mean Second-Order Wave Drift Forces

Considering the calculation of the mean second-order wave drift forces of a floating
body at a wave incident, two methods have been developed: the direct integration
method or near field method [10], in which all the terms of the hydrodynamic pressure
on the instantaneously wetted surface, involved in second-order loads, are directly in-
tegrated and the momentum conservation principle or far field method ([4], [12], [6])
in which the knowledgeable of the potential velocity in a great distance from the body
is needed. In this paper, the calculation of the mean second-order wave drift forces will
be occurred with the aid of the direct integration method but the corresponding numer-
ical results of the analytical solution [15] and the computational program NEMOH that
compared to the presented analytical solution have been calculated with the momentum
conservation principle method.

The analytical expression of the total wave drift force acting on the vertical-fixed
cylinder is given as follows [15]:

(1)2
Fuy = %{ J j VoVpnds +~- J <p¢n,-dr} (18)

After some manipulation, the analytical representation of the horizontal wave drift
force is given by the following equation [26]:

_ pgb(H/2)? 2kd > (m(m+1) —i
Fra = n(kb)? (1 * Sinh de) ke m:Zw< (kb)?2 1>_H;n+1(kb)H,’n(kb) (19

The asterisk denotes the complex conjugate and the i denotes the imaginary part of
the complex number. It was found that taking m = [—6, 6] leads to numerical results
with four significant digits accuracy.
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2.4 BEM Methods
NEMOH

NEMOH v.3[16, 17] is an open-source code for the calculation of the hydrodynamic
exciting forces and moments acting on floating structures, as well as the first-order
hydrodynamic coefficients (added mass, hydrodynamic damping, exciting wave forces)
in the frequency domain. Its computational structure is based on the linear wave theory
with a principle of a non-viscid fluid and non-rotational and non-compressible flow.
The latest version of the code concludes the removal method for the treatment of the
irregular frequencies, an extended module to post-process the first-order hydrodynamic
results and an extended module for computing difference- and sum- frequencies Quad-
ratic Transfer Functions (QTFs) for fixed or floating bodies [18, 19, 20]. The Response
Amplitude Operators for the six motions of the body are also calculated. The discreti-
zation of the floating body is occurred with either the aid of the code itself (only half
of the body surface if symmetry occurs) or the aid of CAD program (the whole body
surface).

HAMS

HAMS [21, 22] is an open-source software for the analysis of wave diffraction and
radiation hydrodynamic problem of offshore floating structures. Like NEMOH, it cal-
culates the hydrodynamic loads and hydrodynamic coefficients by solving the bound-
ary integral equations based on the linear wave theory with a principle of a non-viscid
fluid and non-rotational and non-compressible flow.

The code can remove the irregular frequencies by an appropriate adjustment to the
Control file and it has been optimized for modeling, thus it is fast, with great computa-
tional accuracy. The discretization of the floating body is occurred with the aid of CAD
program.

3 Results

The extracted numerical results of the above Equations are plotted and compared
against the wave angular frequency w along with the corresponding results of the open-
source codes NEMOH [16, 17] and HAMS [21, 22] and the analytical solutions of [15]
for three different cylinder cases (Table 1). It has to be mentioned that the discretization
of the whole body surface for both the open-source codes is occurred with the aid of
CAD program (see Fig. 3 and 4). The number of elements referred to the mesh grid for
the discretization of only the wetted surface of the body in each case study. However,
for the hydrodynamic calculations with the aim of HAMS [21, 22], the waterline sur-
face also needs to be discretized (as opposed to the hydrodynamic calculations with the
aim of NEMOH [16, 17]). The number of elements for the discretization of the water-
line surface in each case study is shown in Table 1, next to the number of elements for
the discretization of the wetted surface, between brackets.
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Table 1. Cylinder cases.

Cylinder Characteristics Number of elements
Case study 1:
b=10m,d=10m,e.=5m 600 (476)
Case study 2:
b=10m,d=30m, e =15m 900 (252)
Case study 3: 2000 (336)

b=10m,d =50m,e. =25m

MW:;%
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X
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Fig. 3. Panel discretization for case study 1(left), 2 (center) and 3 (right) in NEMOH.

Fig. 4. Panel discretization for case study 1(left), 2 (center) and 3 (right) in HAMS.

Determined the mesh grid characteristics for body wetted surface discretization is a
crucial part for the hydrodynamic calculations with the aim of the BEM methods.
Body’s geometry complexity and the open-source code capabilities are mainly the two
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factors that affects the discretization of the body surface. One criterion that determines
the quality of the constructed body mesh is the deviation of the numerical results of the
BEM methods to those of a proposed numerical analytical solution for the calculation
of a specific hydrodynamic magnitude. The smaller the deviation the better the quality
and therefore the more accurate the mesh characteristics to be selected (number of pan-
els/elements, shape of panels). That concludes to the fact that the optimum mesh grid
is selected and therefore the accuracy of the BEM methods is assured for the calculation
of the rest hydrodynamic magnitudes. Finally, a basic information is retained for the
determination of the mesh grid for the discretization of larger and more complex body
geometries. The exciting wave force Fx was selected in the current analysis as a crite-
rion for the BEM methods computational accuracy and the quality of the body mesh
grid.

Excitation Force Surge

4000 T T T T -
Analytical, d/b=1
* NEMOH, d/b=1, number of panels:200
) #  NEMOH, d/b=1, number of panels:400
3500 - P NEMOH, d'b=1, number of panels:600
/ ' N
AN
b ™,
3000 i ™ b
/ ™,
/ \
— e W *
= 2500 i N a
Zz / M
= / ™,
= N
£12000 # RS 7
— I." \\
= h
= \
P .I.'I -
= 1500 ¢ / 7
# N
\\\
1'.6-\\\
1000 - "% T
500 b
[] 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
o [rad's]

Fig. 5. Horizontal exciting force Fy versus w for d/b = 1, for different numbers of body sur-
face discretization elements for the calculations with the aim of the NEMOH.

In Fig. 5 the numerical results of the analytical solution and the open-source code
NEMOH for different numbers of body surface discretization elements (200,400 and
600), for the exciting wave force Fx are plotted against the wave angular frequency o,
for Case study 1. For wave angular frequency 0.5 < w < 0.9 values and for wave an-
gular frequency values (w > 1.3 rad/s) a discretization with small number of elements
leads to overestimated and underestimated values of the exciting wave force Fx (com-
pared to the corresponding analytical solution results) respectively. Therefore a total
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of 600 quadrilateral elements have been used for the discretization of the body’s wetted
surface for ratio d/b equal to 1, in the case of the open-source code NEMOH calcula-
tions (see Fig. 3).

Excitation Force Surge

4000 T T T T -
Analytical, d'b=1
*  HAMS, d/b=1, number of panels:200
*  HAMS, d/b=1. number of panels:400
3500 - _{,—-"”'.’_"'-«.‘ HAMS, d/b=1, number of panels:600
g N
. \
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/ ™
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= / 5,
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- ¥
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.-'.I. l\\
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1000 \‘!'9:\ 1
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Fig. 6. Horizontal exciting force Fy versus w for d/b = 1, for different numbers of body sur-
face discretization elements for the calculations with the aim of the HAMS.

In Fig. 6 the numerical results of the analytical solution and the open-source code
HAMS for different numbers of body surface discretization elements (200,400 and
600), for the exciting wave force Fx are plotted against the wave angular frequency o,
for Case study 1.

The body surface discretization cases studied in the case of the open-source code
NEMOH calculations are also studied in the case of the open-source code HAMS cal-
culations, in order to compare the computing precision of the two codes. At small val-
ues of wave angular frequency o the number of body surface discretization elements
doesn’t affect the calculating precision of the open-source code HAMS. However, for
larger values of wave angular frequency (w > 1.5 rad/s) a discretization with small
number of elements leads to overestimated values of the exciting wave force Fx (com-
pared to the corresponding analytical solution results). Therefore a total of 600 quad-
rilateral elements have been used for the discretization of the body’s wetted surface for
ratio d/b equal to 1, in the case of the open-source code HAMS calculations (see Fig.
4).



12 Technical Annals Vol 1 No.7 (2024)

Excitation Force Surge
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Fig. 7. Horizontal exciting force F, versus w for d/b = 3, for different numbers of body sur-
face discretization elements for the calculations with the aim of the NEMOH.

In Fig. 7 the numerical results of the analytical solution and the open-source code
NEMOH for different numbers of body surface discretization elements (300,600 and
900), for the exciting wave force Fx are plotted against the wave angular frequency o,
for Case study 2. Considering the body surface increase, a larger number of elements
for the different studied discretization cases is selected.

For wave angular frequency 0.4 < w < 1 values and for wave angular frequency
values (w > 1.3 rad/s) a discretization with small number of elements leads to overes-
timated and underestimated values of the exciting wave force Fx (compared to the cor-
responding analytical solution results) respectively. Therefore a total of 900 quadrilat-
eral elements have been used for the discretization of the body’s wetted surface for ratio
d/b equal to 3, in the case of the open-source code NEMOH calculations (see Fig. 3).
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Excitation Force Surge

6000 T T T T
e Analytical, d'b=3
v \‘k *  HAMS, d/b=3, number of panels:300
/ "\\ +  HAMS, d/b=3. number of panels:600
/ N\ HAMS, d/b=3. number of panels:900
5000 F { * 1
_-"f \
/ )‘i
4000 1 \ 1
< X,
prey \
13000 F AN 1
z
5 \
= N

2000 - N ]

TR0 — e

f] 1 1 1 L
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

o [rad’s]

Fig. 8. Horizontal exciting force F, versus w for d/b = 3, for different numbers of body sur-
face discretization elements for the calculations with the aim of the HAMS.

In Fig. 8 the numerical results of the analytical solution and the open-source code
HAMS for different numbers of body surface discretization elements (300,600 and
900), for the exciting wave force Fx are plotted against the wave angular frequency o,
for Case study 2. The body surface discretization cases studied in the case of the open-
source code NEMOH calculations are also studied in the case of the open-source code
HAMS calculations, in order to compare the computing precision of the two codes. For
wave angular frequency values (w > 1.2 rad/s) a discretization with small number of
elements leads to overestimated values of the exciting wave force Fx (compared to the
corresponding analytical solution results). Therefore a total of 900 quadrilateral ele-
ments have been used for the discretization of the body’s wetted surface for ratio d /b
equal to 3, in the case of the open-source code HAMS calculations (see Fig. 4).
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Excitation Force Surge
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Fig. 9. Horizontal exciting force F, versus w for d/b = 5, for different numbers of body sur-
face discretization elements for the calculations with the aim of the NEMOH.

In Fig. 9 the numerical results of the analytical solution and the open-source code
NEMOH for different numbers of body surface discretization elements (500, 1000 and
2000), for the exciting wave force Fx are plotted against the wave angular frequency
o, for Case study 2. Considering the body surface increase, a larger number of elements
for the different studied discretization cases is selected.

For wave angular frequency 0.4 < w < 1 values and for wave angular frequency
values (w > 1.6 rad/s) a discretization with small number of elements leads to overes-
timated and underestimated values of the exciting wave force Fx (compared to the cor-
responding analytical solution results) respectively. Therefore a total of 2000 quadri-
lateral elements have been used for the discretization of the body’s wetted surface for
ratio d /b equal to 3, in the case of the open-source code NEMOH calculations (see Fig.
3).
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Fig. 10. Horizontal exciting force Fy versus w for d/b = 5, for different numbers of body sur-
face discretization elements for the calculations with the aim of the HAMS.

In Fig. 10 the numerical results of the analytical solution and the open-source code
HAMS for different numbers of body surface discretization elements (500, 1000 and
2000), for the exciting wave force Fx are plotted against the wave angular frequency
o, for Case study 2. The body surface discretization cases studied in the case of the
open-source code NEMOH calculations are also studied in the case of the open-source
code HAMS calculations, in order to compare the computing precision of the two
codes. For wave angular frequency values (w > 1.6 rad/s) a discretization with small
number of elements leads to overestimated values of the exciting wave force Fx (com-
pared to the corresponding analytical solution results). Therefore a total of 2000 quad-
rilateral elements have been used for the discretization of the body’s wetted surface for
ratio d/b equal to 5, in the case of the open-source code HAMS calculations (see Fig.
4).

In Tables 2-4 the computing speed of the open-source codes NEMOH and HAMS
for each Case study and each different case of panel discretization is shown. As the
number of panel discretization elements increases, the computing speed for both codes
decreases. Also, in case of HAMS, the number of threads used in simulations also af-
fects the computing speed (as the number of threads increase, the computing speed
decreases). The computing speed of HAMS is significant greater than NEMOH. Both
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the open-source BEM codes were run on a computer with an 11" Gen Intel® Core ™
i7 processor running at 1690 MHz using 16.0 GB RAM, running Windows version 10.

Table 2. Code computing speed for Case Study 1.

Number of panels  NEMOH (numbe:'cﬁl\t/rljeads: 1) (numbe:'cﬁ%?eads: 8)
200 44s 35s 1s
400 17.1s 6.2s 2.3s
600 37.2s 179s 6.2s

Table 3. Code computing speed for Case Study 2.

Number of panels NEMOH HAMS HAMS
(number of threads: 1) (number of threads: 8)
300 79s 51s 15s
600 38.1s 16.8s 42s
900 84.2s 46.6 s 113s

Table 4. Code computing speed for Case Study 3.

HAMS HAMS

Number of panels NEMOH
P (number of threads: 1) (number of threads: 8)

500 248s 10s 25s
1000 110.8s 59.8s 14.4s
2000 557.6s 287.1s 100.8 s
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Fig. 11. Horizontal exciting force F, versus w.

In Fig. 11 the exciting wave force Fx, acting on the vertical cylinder is plotted as a
function of the wave angular frequency w (rad/s) for wave direction equal to 0° as
shown in Fig. 1. The numerical results of the analytical solution are similar to the ana-
Iytical solution of [15] and BEM methods (NEMOH and HAMS). It can be concluded
that the mesh geometry resulting from the mesh parametric analysis is adequate.
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Fig. 12. Exciting moment M,, versus w.

In Fig. 12 the moment My, acting on the vertical cylinder is plotted against the wave
angular frequency w (rad/s) for wave direction equal to 0° as shown in Fig. 1. The
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moment is calculated at e, measured from the free surface for each different cylinder
case. The numerical results of the analytical solution are similar to the analytical solu-
tion of [15] and BEM methods (NEMOH and HAMS). It can be concluded that the
mesh geometry resulting from the mesh parametric analysis is adequate.
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Fig. 13. A;; added mass versus w.

In Fig. 13 the added mass A, of the vertical cylinder is plotted as a function of the
wave angular frequency w (rad/s). The numerical results of the analytical solution are
similar to those of the open-source codes NEMOH and HAMS and the analytical solu-
tion of [11]. It can be concluded that the mesh geometry resulting from the mesh para-
metric analysis is adequate.
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Fig. 14. B;; hydrodynamic damping versus w.
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In Fig. 14 the hydrodynamic damping B;; of the vertical cylinder is plotted as a
function of the wave angular frequency w (rad/s). The numerical results of the ana-
Iytical solution are similar to those of the open-source codes NEMOH and HAMS and
the analytical solution of [11]. It can be concluded that the mesh geometry resulting
from the mesh parametric analysis is adequate.
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Fig. 15. RAO of the surge motion versus w.

In Fig. 15 the RAO of the surge motion of the vertical cylinder is plotted as a function
of the wave angular frequency w (rad/s) for wave direction equal to 0° as shown in
Fig. 1. The numerical results of the analytical solution of [15] are similar to those of
the BEM methods (NEMOH and HAMS). It can be concluded that the mesh geometry
resulting from the mesh parametric analysis is adequate.
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Fig. 16. Horizontal mean second-order wave drift force versus w.

In Fig. 16 the horizontal mean second-order wave drift force acting on the vertical
cylinder is plotted as a function of the wave angular frequency w (rad/s) for wave
direction equal to 0° as shown in Fig. 1. The numerical results of the analytical solution
are similar to the analytical solution of [15] and to the results of the open-source code
NEMOH, expect from one specific value of wave angular frequency (equals to
1.5 rad/s) which is probably an irregular frequency [25]. According to [15] the mean
second-order wave drift forces give the same results when we solve the diffraction
problem with the near field and far field methods. A crucial difference between the near
field and far field method is the fact that the latter based on the determination of the
scattered potential at a distance of the body, avoiding the determination of the velocity
potential and its derivatives on body surface, although mean second-order wave drift
forces are calculated in all six motions with the aim of the near field method instead of
only three motions with the aim of the far field method.

Comparisons of the mean second-order wave drift force (in case of fixed bodies) for
both methods (far field and near field) and both methodologies (analytical and numer-
ical) serves as another reliable criterion to verify the mesh quality for the BEM methods
[27]. The similarity in numerical results declares that the body surface discretization
used in BEM methods is accurate and therefore the mesh grid parametric analysis car-
ried on in this manuscript might be able to be avoided.

4 Conclusions

After completing the numerical procedures for the calculation of the basic hydrody-
namic loads acting on the fixed cylinder, the following conclusions have been arising:
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(1) The numerical results of the analytical solution are similar to those of the BEM
methods. It has been shown, through the process of determined the mesh grid charac-
teristics that an increase in the number of panels optimize the computational accuracy
of the source codes based on BEM methods. Therefore, it is very useful to compare the
numerical results of the source codes based on BEM methods to those of literature an-
alytical numerical solutions, in order to make reliable estimations for the exact shape
and size of the body mesh grid, an element that would possible lead to a significant
decrease of the computational time.

(2) In case of the mean second-order wave drift force where the accuracy of the
open-source code NEMOH is examined through analytical solutions using both the
methods (far field and near field), consistency in numerical results indicates that the
quality of mesh grid used in BEM methods is precise, suggesting that the mesh grid
parametric analysis conducted in this study could potentially be bypassed.

(3) During the evaluation procedure with the aid of the open-source computational
programs NEMOH and HAMS, it has been noticed that the computing speed of HAMS
is greater than NEMOH especially when the number of threads HAMS used in its sim-
ulations is greater than one. (for example in Case study 2 HAMS needs 11.3 seconds to
proceed with the numerical calculations, while NEMOH needs almost one and a half
minute). This element was crucial for increasing the number of panels for discretizing
a more complex cylinder-wetted surface, in order to improve the accuracy of HAMS.
However, it is essential to be mentioned that NEMOH is able to calculate arrays of
bodies, where HAMS in its current version only makes calculations on a single body.

(4) The next steps will be dealt with the calculation of the exciting wave forces, the
exciting moments, the added mass, the hydrodynamic damping, the RAQO’s and the
mean second-order wave drift forces of floating arrangements of multiple fixed vertical
cylinders not only in case of simple harmonic wave incidents but also in case of random
seas.

(5) The above analytical equations, as well as the mesh geometry information for the
presented Case Studies can be used in benchmark tests of BEM programs for the eval-
uation of the mesh quality and the accuracy of their numerical results.
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