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ABSTRACT

Investigation of vessels’ behaviors in waves are quite significant for the preparation

of offshore operations. It impacts the workability and the integrity of the components to

be installed (e.g. wind turbine, topside or foundation) for the offshore installation ves-

sels. It is necssary to do radiation-diffraction analysis during the ship design phase and

throughout the life span of the ship.

In the first part of the thesis, radiation-diffraction analyses are performed for three dif-

ferent software packages which are ANSYS-AQWA, Orcawave and NEMOH. The first

two software packages are commercial software; therefore, the aim is to investigate the

prospect of utilising open source code NEMOH for demonstrating the hydrostatic and

hydrodynamics databases in terms of modelling and computational effort. Moreover, the

preparation of input vessel geometries and post processing for the calculation of response

amplitude operators (RAO), which are not available in ready to use format in NEMOH

solver, are presented and validated the results. Then RAO which is one of the two main

parts in motion calculation from three diffraction softwares are compared for all six degree

of freedoms, 98 wave frequencies, 25 wave directions. Diffraction calculations are carried

out for two offshore installation vessels which are currently in service at DEME offshore.

The second part of the thesis is the calculation of motion spectra from the RAOs and

wave energy spectra. Firstly, wave energy spectra are taken from onboard measurement

and post-processed into two dimensional spectra for 28 sea states. Secondly, the engi-

neering wave spectra model JONSWAP is implemented by using the sea state parameters

calculated from the measured energy spectra and modified to achieve a compromise be-

tween the measured energy spectra. Then the response spectra are computed from both

measured wave spectra and JONSWAP. Then the significant motions for all degree of

freedom and sea states are calculated from the response spectra and compared to each

other. The method presented in this thesis for characterising suitable wave spectra and

follow-up significant motion calculation are beneficial for normal working condition.

"EMSHIP" Erasmus Mundus Master Course, period of study September 2019 - September 2021 v
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1 Introduction
Climate change and environmental degradation are an existential threat to Europe

and all over the world. EU strives to become the first climate-neutral continent by 2050

[1], as emphasised in the European Green Deal, and offshore renewable is therefore of key

importance. Offshore renewable energy covers several energy sources and various tech-

nologies, which are at different stages of development. A sustainable energy source that

plays a big role in this energy transition is offshore wind energy. Since the demand for

renewable energy is rising continuously and onshore space is constrained, more wind parks

are being built at ocean. That is why, offshore installation vessels play the important role

in the construction and maintenance of wind parks in an offshore environment.

In this thesis, investigation of the vessel behaviour is performed from two offshore instal-

lation vessels. In engineering, vessel behaviour can be calculated by using radiation-

diffraction software packages and standard wave spectra. In this thesis, diffraction-

radiation calculations are carried out by using three diffraction-radiation software packages

including open source software. Subsequently motion calculations for various sea states

are performed and compared with measured data. The comaprison of measured motion

is affected by the accuracy of response amplitude operators calculated from diffraction

software packages and sea state definitions.

This thesis is carried with the collaboration of DEME Group, Belgium. DEME is a

global solutions provider in the offshore energy, dredging, environmental and infra marine

industry.

"EMSHIP" Erasmus Mundus Master Course, period of study September 2019 - September 2021 1
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1.1 Convention

1.1.1 Reference Coordinates of the System

There are three axes in any ship, called longitudinal (x), transverse (y) and vertical

axes (z).

In diffraction software packages such as NEMOH and AQWA, it is convenient to use the

center of gravity or on the waterline of the aft perpendicular of the body as a reference

point.

With conventional modelling, X is along the length of the vessel positive to bow, Y along

the beam positive to port, and Z in the direction of the cross product of X and Y positive

upwards. This axis system moves with the vessel.[2]

Figure 1: Reference coordinates of the system[2]

1.1.2 Wave Angle Conventions

The wave direction is defined as the angle from the positive global X axis to the

direction in which the wave is travelling, measured anti-clockwise when seen from above.

Therefore waves travelling along the X axis (from -X to +X) have a 0 degree wave di-

rection, and waves travelling along the Y axis (from -Y to +Y) have a 90 degree wave

direction. [2] On the flip side, the wave travelling along the X axis (from +X to -X) in

the port side counts -180 to 0 degree in AQWA and 180 to 360 degree in NEMOH.

"EMSHIP" Erasmus Mundus Master Course, period of study September 2019 - September 2021 2
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Figure 2: Wave direction conventions

1.2 Floating Rigid Motions
A ship operating in waves moves in all six degrees of freedom. Each axis has one

translational and one rotational motion. These six DOFs are

• Surge is the linear motion in x-direction (longitudinal), positive forwards.

• Sway is the linear motion in y-direction (transversal), positive to port side.

• Heave is the linear motion in z-direction (vertical), positive upwards.

• Roll is the rotational motion around x-axis. Positive roll is when the port side is

down and the starboard is up.

• Pitch is the rotational motion around y-axis. Pitch is positive when the bow is down

relative to ship level.

• Yaw is the rotational motion around z-axis. When the bow moves in the port

direction, we considered that a positive yaw angle.

Figure 3: Six degree of freedom [3]

"EMSHIP" Erasmus Mundus Master Course, period of study September 2019 - September 2021 3
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2 Theoretical Framework
This section covers the main components of the theories and assumptions for the

calculations for the following chapters. The summary of linear potential flow theory, its

hypothesis, solving the boundary value problems to obtain diffraction-radiation potentials

are discussed. Eventually, solving the equation of motion from velocity potentials in order

to get the response amplitude operators are presented.

2.1 Potential Flow Theory

2.1.1 Hypothesis of Potential Flow Theory

In seakeeping calculation, potential flow theory is used to calculate hydrodynamic

coefficients (added masses, damping coefficients, wave forces) usually with Boundary El-

ements Methods with the assumption of large body (incoming wave is relatively small

compared to the structure, Kc << O(1) and Kc can be formulated as follows).

Keulegan Carpenter Number: KC =
2πA

L
(1)

where A is the amplitude of the wave and L is the characteristic length of the structure.

In order to build this wave-structure interaction model, the necessary hypotheses concern

both the fluid model and the boundary conditions.

Linear potential flow theory assumes that

• the fluid is isovolume without viscous effects which is considered as perfect fluid

leading to Euler Model [4]. Perfect fluid is described as

– inviscid (dynamic viscosity µ = 0)

– incompressible (div ~v = 0)

• And also the flow is considered as irrotational ( ~rot~v = 0)

BEM makes use of velocity potential φ from which velocity field can be derived. This

is expressed mathematically as ~v= ~gradφ.[5][4]

2.1.2 Solving Boundary Value Problems

To determine the velocity potential, boundary value problems have to be solved. The

potential flow of undisturbed incident wave is φ(x, y, z, t). The equation of total potential

"EMSHIP" Erasmus Mundus Master Course, period of study September 2019 - September 2021 4
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is given by:

φ = φi + φp (2)

where φi= Potential of undisturbed incident wave and φp=Potential of wave propagating

from structure towards infinity. φp is further decomposed into two elementary potentials

i.e. diffraction and radiation. The radiation potential has six degrees of freedom.

φR =
6∑
i=1

ViφRi (3)

Hence, the potential of wave propagating from the structure has seven components which

are given as:

φp = φD +
6∑
i=1

ViφRi (4)

The following paragraphs are the six boundary values problems needed to be solved

for the diffraction and radiation velocity potentials. The first four are the same for

radiation and diffraction but the last two are different in formulation.

i The first one is solving the Laplace equation and this condition is applied inside

fluid domains.

∆φD,Ri = 0 (5)

ii The second one is kinematic free surface boundary condition. The free surface F

is a streamline and there is no velocity flux through the surface. So, the normal

velocity of a particle is equal to the normal velocity of the interface.

∇φD,Ri +∇F + Ft = 0 (6)

iii The third condition is the dynamics free surface condition. It also applied at the

free surface and it assures that there is an equilibrium of forces at the free surface

i.e. z=0.
∂φD,Ri
∂t

+ gz +
1

2
∇φ2

D,Ri = 0 (7)

iv The fourth boundary value problem is the slip condition and applied at the sea

bottom(z=-h).
∂φD,Ri
∂n

= 0 (8)

"EMSHIP" Erasmus Mundus Master Course, period of study September 2019 - September 2021 5



A COMPARATIVE STUDY BETWEEN DIFFRACTIONANALYSIS SOFTWARES AND
MEASURED MOTIONS

v The fifth boundary value problem is body conditions which is applied on the body

of the structure.
∂φD
∂n

= −∂φI
∂n

∂φRi
∂n

= ni

(9)

vi The last one is the radiation condition for the waves propagating away from the

body. The potential φp converges to zero with the increment of the distance from

the body.

2.1.3 Solving the Equation of Motion

In this section, forces are calculated in order to solve the equation of motion.

[M ]Ẍ = FWS + Fgravity + Fmoorings + Fothers ( wire , viscous ...) (10)

where FWS= wave structure interaction force, Fgravity= gravity forces, Fmooring=mooring

force.[6] Mass term can be defined as below,

M =



M 0 0 0 0 0

0 M 0 0 0 0

0 0 M 0 0 0

0 0 0 I44 I45 I46

0 0 0 I45 I55 I44

0 0 0 I46 I56 I66


(11)

where M is the mass of the structure and Iii are the inertia of the structure.

Wave structure interaction force is the combination of hydrostatic force, excitation force,

radiation forces and drag forces. Effects of drag forces effects is considerably small for

small Keulegan Carpenter number with large body assumption for the structures except

at the resonance.

Hydrostatic force FH is the difference between buoyancy and gravity force and can be

formulated as FH = −KHX where KH is hydrostatic stiffness matrix and x is the dis-

"EMSHIP" Erasmus Mundus Master Course, period of study September 2019 - September 2021 6
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placement.

KH =



0 0 0 0 0 0

0 0 0 0 0 0

0 0 K33 K34 K35 0

0 0 K34 K44 K45 0

0 0 K35 K45 K55 0

0 0 0 0 0 0


(12)

The hydrostatic coefficients in the stiffness matrix in equation-12 are mentioned in

the equation-13 below.

K33 = ρgAW

K34 = ρg

∫
AW

ydS

K35 = −ρg
∫
AW

xdS

K44 = ρg

∫
AW

y2dS + ρgV (zc − zG) = ρgV GMα

K45 = −ρg
∫
AW

xydS

K55 = ρg

∫
AW

x2dS + ρgV (zc − zG) = ρgV
−−→
GMβ

(13)

where Aw= wetted surface area, zc= the center of buoyancy, zG= the center of gravity

and V=the volume of the structure.

Excitation forces and radiation force are the inertial forces arising from potential flow

theory φ = φI +φD+φR, Pressure p = −ρ
(
∂φI
∂t

+ ∂φD
∂t

+ ∂φR
∂t

+ gy + . . .
)
. The relationship

between velocity potential φ and generalised body velocity (V = d(X)
dt

) is

∂φ

∂n
=

6∑
i=1

Vini

∣∣∣∣∣
Sc

(14)

where i=1,.,6 represents six degree of freedom. Excitation force is the combination of

Froude-Krylov force and diffraction force. The Froude–Krylov force FFK is the force

introduced by the unsteady pressure field generated by undisturbed waves. [7]

~FFK =

∫∫
SB

pI~nds = iρω

∫
Sco

φinids (15)

"EMSHIP" Erasmus Mundus Master Course, period of study September 2019 - September 2021 7
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where ~FFK= Froude Krylov force, SB=the wetted surface of the floating body, pI is the

pressure in the undisturbed waves and ~n is the body’s normal vector.

The Froude–Krylov force together with the diffraction force, make up the total non-viscous

forces acting on a floating body in regular waves. The body interacts with the incident

waves and it creates a diffracted wave on the free surface. There exists an unsteady

pressure field pD associated with the diffracted wave field. It can be formulated as

~FD =

∫∫
SB

pD~ndS = iρω

∫
Sco

φDnids (16)

The unsteady motion of the body creates radiated waves. Hence the unsteady pressure

fields created by radiated waves and the radiation force can be formulated as below

~FR =

∫∫
SB

pR~ndS =
6∑
j=1

fijVj (17)

where fij=the radiation loads matrix and the load exerted in direction i , due to a unit

velocity motion in the j degree of freedom. The total radiation load can be further detailed

as below

Re

(
Vjfjie

−iωt) = −
(
ρ

∫
Sco

ReφRjnidS

)
Ẍj −

(
ρω

∫
Sco

ImφRjnidS
)
Ẋj (18)

Radiation forces are composed of a term proportional to the body acceleration, and an-

other one proportional to the body velocity. The first term behaves like added mass term
′A′ and the second one is damping term ′B′.

FRi(t) = −
6∑
j=1

AijẌj(t)−
6∑
j=1

BijẊj(t) (19)

Eventually, equation-10 becomes

[M ]Ẍ = −KHX+Fexcitation+FR+Fdrag+Fgravity +Fmoorings +Fothers ( wire , viscous ...) (20)

The hydrostatic and hydrodynamic (excitation and radiation) forces are only considered

for the equation of motion and the other terms are neglected in equation 20. If we

assume the wave input is unidirectional and monochromatic wave (regular wave with

"EMSHIP" Erasmus Mundus Master Course, period of study September 2019 - September 2021 8



A COMPARATIVE STUDY BETWEEN DIFFRACTIONANALYSIS SOFTWARES AND
MEASURED MOTIONS

single frequency), the response can be considered as harmonic X(t)=Re(Xe−iωt) which is

proportional to the incoming wave with amplitude a(t)=ae−iωt. The matrix equation for

the body motion becomes

([M ] + [A])Ẍ(t) + [B]Ẋ(t) + [KH ]X(t) = Re
[
( FI + FD) e−iωt

]
(21)

Then {
−ω2([M ] + [A(ω)]) + [KH ]]− iω[B(ω)]

}
X = FI + FD = FE (22)

The terms in the equation-22 can be explained as follows, [M ] and [KH ] depend on body

characteristics (geometry and mass distribution).

[A] and [B] obtained by solving the 6 elementary radiation problems.

FI depends on body geometry and incident wave.

FD obtained by solving the diffraction problem in equation-16.

Then, if the amplitude of the incoming wave can be assumed as one unit,the component

response amplitude operator ′RAO′ can be calculated as

RAO =
X

a
=

FE
{−ω2([M ] + [A(ω)]) + [KH ]− iω[B(ω)]}

(23)

RAOs are amplitude operators which enables to determine amplitude of motion based on

a unitary wave which means that they are used to determine the likely behavior of a ship

when operating at sea. RAOs are usually calculated for all wave headings and frequencies

and for all ship motions.

3 Radiation and Diffraction Analysis
Radiation-Diffraction analysis is carried out for two different offshore installation

vessels and three diffraction-radiation software packages have been utilized and compared

with each other in this thesis.

All the calculation are performed for 98 wave frequencies in the range of 0.2 to 2

[rad/s] which the structure is most likely to encounter during its life span. Wave directions

are in the range of -180 to 180 [deg] with 25 intervals. Water depth d as 100 [m] and

density ρ 1025 [kg/m3] are considered for all calculation.

"EMSHIP" Erasmus Mundus Master Course, period of study September 2019 - September 2021 9
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3.1 Radiation Diffraction Analysis with ANSYS-AQWA
For this diffraction calculation, ANSYS-AQWA 18.1 package is utilised. The 3D

model is being modelled by ANSYS design modeler or other 3D CAD software packages.

Meshes are generated in AQWA GS 18.1 after importing .lin file (offset data) for ship A

and in workbench for ship B.

3.1.1 Analysis Stages in AQWA

There are three analysis stages needed to carry out for the calculation of hydrody-

namics database using AQWA suite.[8] They are:

• Stage 1- Input of Geometric Definition and Static Environment

Node and coordinate information of the vessels, material properties, geometric prop-

erties (inertia), water depth, water density and acceleration due to gravity are im-

ported in this section. Hydrostatic properties such as center of gravity and inertia

are calculated in this section. Thus, mass and hydrostatics stiffness matrices are

obtained by running stage 1. These hydrostatic parameters are normally considered

to remain constant for an analysis of a particular structure.

• Stage 2- Input of the Radiation/Diffraction Analysis Parameters

The information input in these data categories relate to the equation of motion

of a diffracting structure in regular waves, for the specified wave frequencies and

directions ranges. The data input are wave frequencies, directions and hydrostatic

database calculated from stage 1.

• Stage 3- The Radiation/Diffraction Analysis

From the input parameter and result of Stage 1 and 2, added mass, damping, critical

damping percentage, diffraction forces, Froude Krylov Forces,displacement RAO,

velocity RAO and acceleration RAO and wave drift loads are calculated in this

stage.

3.1.2 Mesh Convergence Study

Before calculation of hydrodynamic database, the underwater part of the hull needs

to be discretized as surface mesh. In order to determine our optimal mesh and the idea is

to find a compromise between the CPU time and the accuracy, mesh convergence study
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is performed. The geometry of the ship A is given as offsets table and different sizes of

mesh are created in AQWA GS 18.1. Only half of the hull is imported and the chosen six

mesh sizes for mesh convergence study are descried as follows

Mesh Size[m] 0.5 1 1.5 2 2.5 3

No. of elements [-] 55442 14481 6695 3773 2523 1835

No. of diffracting elements [-] 13393 3393 1562 868 569 411

Computation Time [s] 169612 15206 7603 831 310 149

Table 1: Different sizes of meshes chosen for mesh convergence study

Theoretically, the finest mesh gives the most accurate result but computation cost

is significantly high. So, the relative errors with the finest mesh considered 0.5 m for

different mesh sizes are analysed.

For this purpose, significant motions calculated from chosen mesh sizes by utilising AQWA

FER are chosen as measure of convergence. These simulations are done for all 98 wave fre-

quencies, 13 wave directions and 6 degree of freedom for RAO calculation and JONSWAP

wave spectrum with γ=3.3, Tp between 4 to 10 [s] and Hs=2m is used for input wave.

Significant motion results are taken as the measure in convergence test. As a remark, the

significant motion calculation from AQWA FER is performed only for this section and

more detailed calculation about the significant motion will be explained in section-7.4

The error percentage with respect to the finest mesh in significant motions for six degrees

of freedom are plotted as follows,

Element Size [m] 0.5 1 1.5 2 2.5 3

Relative Error with respect to finest mesh (%)

Surge 0 -0.13 -0.05 -0.48 -1.57 -18.07

Sway 0 -0.58 -0.60 -0.93 -2.89 -40.95

Heave 0 -1.26 -1.14 -0.83 -0.90 -33.60

Roll 0 -0.79 9.52 8.07 -11.95 -18.63

Pitch 0 -0.01 0.00 0.06 -2.00 -2.00

Yaw 0 0.01 -0.29 -0.43 -8.03 -8.03

Table 2: Relative error with respect to finest mesh
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As it can be seen in the above table, 2m mesh with 868 elements has relative error

percentage less than 1% with respect to finest mesh except for roll DOF. Moreover the

computation time is also quite less compared to finer meshes. So, the optimal mesh size

is chosen as 2 m for ship A and used for further calculation. The figures below are hidden

because of confidential information.

ShipA_mesh.png

Figure 4: Ship A diffracted panels
in AQWA GS

ShipB_mesh.png

Figure 5: Ship B diffracted panels
in AQWA GS

3.2 Radiation Diffraction Analysis with Open Source BEM Code

NEMOH

3.2.1 Application of NEMOH Solver

NEMOH is an open source code of Boundary Element Methods (BEM) which dedi-

cated to the computation of first order wave loads on offshore structures created in Ecole

Central Nantes released publicly in 2014.[9] It can calculate added mass, radiation damp-

ing and excitation force. The hydrodynamic database is computed using linear potential

flow theory and opposed to AQWA the response of the structure in 6 DOFs need to be

post-processed in frequency domain by solving the equation of motion.

Input

Hydrodynamic mesh
Calculation Options (Depth, number of
frequencies, direction of waves, reference
position)

Output

Hydrodynamics coefficients (Added mass and
radiation damping)
1st order excitation force
Kochin functions (for calculation of the drift forces)
Free surface elevation
Pressure on the body

NEMOH

Figure 6: Overview of NEMOH [10]
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Kochin functions, free surface elevation and pressure on the body are not be discussed

in this thesis. Python package Capytain making use of NEMOH solver which is further

not considered in this thesis.

3.2.2 Importing the Geometry

The mesh file created from ANSYS AQWA in the .dat file has to be converted to

NEMOH. AQWA mesh file has both quadrilateral and triangular panels but NEMOH

can handle only quadrilateral mesh. An operation needs to convert triangular meshes

into quadrilateral meshes. For this purpose, the last nodes of all triangular meshes are

duplicated to create the quadrilateral panels. A matlab script needs to be prepared for

this operation. By doing this, quadrilateral panels can be obtained without changing the

original shape of triangular meshes. [11]

Another important thing to note is that the phase of the incident wave is aligned with

reference point (0,0,0) in NEMOH and that point should be the center of gravity location.

In AQWA, the phase is aligned with center of gravity but the reference co-ordinate (0,0,0)

is at the aft of the ship, on the waterline and on the centerline of the structure. So, another

operation is necessary to carry out to shift the reference point of the AQWA into the center

of gravity on X axis. All nodes defined in the input mesh .dat file are shifted towards the

COG.

3.2.3 Running NEMOH

Before running NEMOH, the user has to make sure the following input files are

present in the working directory. [12]

1. Mesh file- It is the mesh file of the geometry created by another meshing tools such

as workbench .dat or rhinoceros .gdf format. If there is no readily available mesh

file in these formats, one can generate mesh from axiMesh.m for axisymmetric mesh

or mesh.m non axisymmetric meshes with MATLAB.

2. ID.dat- This file is used for identifying the calculation. It must be located in the

working folder where the codes are run.

3. input.txt-This file is used for selecting the solver type. Currently, there are two

options available, direct gauess or iterative GMRES (Generalized minimal residual

method) solver.
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4. Nemoh.cal- It is the most important input file because it provides the input of the

calculation parameters such as environment (density, water depth,...), number of

bodies (single or double body), name of the mesh file, number of wave frequen-

cies and directions and number of DOFs, etc. nemoh.cal files are attached in the

appendix I .

Then mesh.exe is also necessary to be present in the working folder which is the compiled

mesher executable. The mesher takes this geometry as an input, and may divide some

panels to try to match the targeted number of panels. The following figure is hidden

because of confidential information.

Nemoh_Mesh.png

Figure 7: Mesh output from Mesh.exe used in NEMOH

The geometry of the ships is imported only half to run the NEMOH, full body in

figure-7 is only for visualisation purposes.

After importing the above files, the following three .exe in NEMOH can be run step

by step. They are

• preprocessor.exe

The aim of the preprocessor is to prepare the mesh and to generate the body con-

ditions for each calculation case (radiation and diffraction) which are defined in

the input file Nemoh.cal. Froude Krylov forces, body conditions for the calculation

cases are generated from preprocessor.

• solver.exe

The aim of the solver is to solve the linear boundary value problems for each problem

defined in the result file from postprocessor. The calculation depends on parameters

which are read in the file input.txt (solver type) located in the working folder.

• postprocessor.exe

The aim of the postprocessor is to postprocess the results in order to provide the
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relevant quantities (added mass, radiation damping, excitation force) in the usual

format. It also provides a framework to make relevant calculations.

After obtaining the hydrostatic and hydrodynamics database from NEMOH, the equation

of motion is implemented in MATLAB to perform post processing of the results from

NEMOH so as to generate response amplitude operators RAO as shown in equation-23.

The results of hydrostatic and hydrodynamic database and RAO are discussed in

section-??.

3.3 Radiation Diffraction Analysis with Orcawave
OrcaWave 11.b is a diffraction analysis program which calculates loading and response

for wet bodies due to surface water waves via potential flow theory.[13]

The mesh files of the ships are imported into orcawave with the format of .dat from

AQWA.

3.3.1 Running Orcawave

In Orcawave, various mesh file from differnt meshing tools can be imported such as

wamit gdf, AQWA dat, NEMOH dat, etc. OrcaWave has two linear solvers i) Direct LU

ii) Iterative AGS. Potential formulation is the type of diffraction problem that is used.

Center of gravity locations, mass of the ships and inertia matrix with respect to body

origin are imported before running the simulation. After that, the following output are

obtained from Orcawave.

• Hydrostatic stiffness matrix

• Added mass and damping matrices

• Load RAOs (Excitation Forces)

• Displacement RAOs

4 Implementation of Viscous Roll Damping
This section is not presented here because of confidential information of the company.
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5 Comparison of Results Obtained from three Radiation-Diffraction

Softwares
This section isn’t displayed here since the results are obtained by private data of the

company.

6 Discussion of the Results from Radiation-Diffraction Software

Packages
First of all, hydrodynamic coefficients such as added mass, radiation damping and

excitation forces are quite the same from all software packages. In RAO calculations, the

results obtained from Orcawave is slightly different from AQWA. So, it can be concluded

that all software packages give the results with good accuracy.

Although accuracy of the results plays the major role in engineering calculations, the

other factors such as user- friendliness, computation time, price and documentation of

the softwares are also important to consider. Since AQWA and Orcawave are commercial

softwares, they have efficient computational capacity. On the other hand, the computa-

tion time in NEMOH is significantly higher compared to other two softwares. Details of

computational hours cannot be described because different device is utilised in NEMOH

simulation. The availability of multithreading in AQWA and OrcaWave also well explain

the good efficiency in computation cost.

AQWA is the matured software; thus, it has a lot of reference documentation and val-

idations with experimental results. Furthermore, AQWA is frequently used software in

industrial applications as a radiation and diffraction analysis tool in order to determine

the wave loads and RAOs. Therefore, the accuracy of NEMOH and Orcawave results are

described by putting them in comparison with the AQWA results; considering the AQWA

results as the most accurate. Although Orcawave is a new commercial software, its docu-

mentation is well defined and there are validation cases for Orcawave by comparing with

other linear potential wave theory based softwares such as AQWA and WAMIT; however,

no validation case established with NEMOH as yet.

In NEMOH, it’s restricted to calculations in waves for structures with zero Froude num-

bers i.e. zero forward speed. The summary of the comparison of three different radiation-

diffraction softwares are presented in the table below.
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AQWA NEMOH ORCAWAVE

Accuracy of Result - Good Fair

Price Commercial Free Commercial

Documentation and Validation Good Poor Fair

User Friendliness Medium Poor Good

QTF matrix calculation YES NO YES

Adding Forward Speed YES NO NO

Multithreading YES NO YES

Computation Cost Medium High Low

Calculation of Irregular Frequencies YES NO YES

Table 3: Summary of three different diffraction software packages (ratings for accuracy:
good and fair, ratings for computational cost: high, medium, low)

The results of RAO in all wave directions are described in Appendix.
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7 Ship Motions in Waves
The ship could be treated as the black box in electrical filter which receives the

waves as an input and generates motions as output. The output ship motion is directly

proportional to the input waves as long as the filter is considered as linear. [14]

Ship
(Filter)

Waves
(Input)

Motion
(Output)

7.1 Wave Spectra
The first task to apply the electronic filter analogy is that the ship experiences the

wave spectrum. Short term stationary irregular sea states may be described by a wave

spectrum; that is, the power spectral density function of the vertical sea surface displace-

ment.[15] Energy spectral density describe how energy is distributed over frequencies.

Energy spectral density is derived from variance of free surface elevation denoted as’σ’.

V ar[η(t)] = σ2 =
1

T

∫ T

0

η2(t) dt =
1

2
a2 (24)

where T is the duration of the wave, η is the wave elevation and a is the amplitude of the

wave. So variance spectral energy S(f) can be described as

S(f) =
1
2
a2

∆f
(25)

where ∆f is the frequency band width.

In reality, ocean waves cannot be portrayed by single wave spectrum with frequency only.

Directional wave spectra with the consideration of different wave directions are more

realistic.

7.2 Two Dimensional Wave Spectra
The two-dimensional spectrum describes how the mean sea-surface elevation variance

due to ocean waves is distributed as a function of frequency and propagation direction.

The variance spectrum is discretised over a number of frequencies and directions. Two

dimensional wave spectra can be expressed by the formula mentioned below.

S(f, θ) = S(f)D(θ, f) = S(f)D(θ) (26)
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where S(f, θ) is the directional wave spectral density function or directional wave spectrum

and D(θ, f) is the wave frequency dependent directional spreading function or spreading

function. θ is the angle between the direction of elementary wave trains and the main

wave direction of the short crested wave system.

7.2.1 Plotting of Measured Wave Spectra

It is common to assume that the sea surface is stationary for a duration of 20 minutes

to 3 to 6 hours. In this thesis, real time measurement of directional wave spectra for 28

sea states are processed to describe two dimensional wave spectra.

The detail information of radar is hidden in public version.

Radar_Convention.png

Figure 8: Convention used in Radar

Two dimensional frequency-direction spectrum with respect to spectral energy S(f,θ)

as a function of frequency f and direction θ are given in ASCII format. This format

contains calibrated spectral energy with the unit of [m2/(Hz.rad)] and the spectral energy

is in 2D matrix with the dimension of frequency and direction. The provided spectral

data cannot be readily used for our purposes. That is why, processing and plotting of 2D

spectrum data will be carried out through Python codes.
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Figure 9: Sea state representation from onboard measurement

In figure 9, spectra energy is plotted with respect to frequency range [0.0345− 2.199]

rad/s with 64 intervals and wave directions between [2 − 378] deg with 90 intervals for

the first sea state. The remaining sea states can be seen in appendix II.

7.3 Standard Wave Spectra Models
In most of the cases, real time measurement for various sea states cannot be readily

accessible. So, it is necessary to apply standard wave spectra models in order to guess

the real sea state. Models of the wave spectrum are widely used to simulate the sea

surface in estimating prospects of new algorithms for radar data processing, schemes of

measurement, and development of new radars. The following sea state parameters are

needed to calculate from the real time measurement or assigned by the most suitable

valuses if real time measurement is not available in order to create wave spectra. In

this report, important parameters such as Hs and Tp will be calculated by the following

formulations in section 7.3.1 from the real time measurement.
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7.3.1 Sea State Parameters

In order to get significant wave height Hs and peak period Tp from the wave spectra,

it is mandatory to figure it out spectral moments mn. The following formulations are

taken from DNV-GL guidelines. [15].

The spectral moments mn of general order n are defined as

mn =

∫ ∞
0

fnS(f)df (27)

where f is the wave frequency for n=0,1,2,..n and S(f) is the spectral energy density

described in 7.1. The following sea state parameters can be defined in terms of spectral

moments defined above.

The significant wave height Hs ' Hm0 is given by

Hm0 = 4
√
m0 (28)

The zero-up crossing period Tz = Tm02 can be estimated by

Tm02 =

√
m0

m2

(29)

After that we can create the wave spectra model such as JONSWAP, Pierson-Moskowitz

models,etc....

7.3.2 The Pierson-Moskowitz and JONSWAP spectra

For fully developed sea, Pierson-Moskowitz Spectrum model is used. It is written in

the form of

SPM(ω) =
5

16
·H2

Sω
4
p · ω−5 exp

(
−5

4

(
ω

ωp

)−4)
(30)

where ωp = 2π
Tp

is the angular spectral peak frequency. After analyzing data collected

during the Joint North Sea Wave Observation Project JONSWAP, found that the wave

spectrum is never fully developed. It continues to develop through non-linear, wave-

wave interactions even for very long times and distances. Hence an extra and somewhat

artificial factor was added to the Pierson-Moskowitz spectrum in order to improve the fit

to their measurements. The JONSWAP spectrum is thus a Pierson-Moskowitz spectrum
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multiplied by non-dimensional peak shape parameter’ γ’.

SJ(ω) = SPM(ω)γ
exp

(
0.5

∣∣∣ω−ωpσωp

∣∣∣2)
(31)

where SJ(ω) = Pierson-Moskowitz spectrum,

γ= non-dimensional peak shape parameter

σ=spectral width parameter with σ= σa=0.07 for ω ≤ ωp and σ= σb=0.09 for ω > ωp

After that, Tp can be calculated by using zero crossing period ’Tz’ by using the following

formula,
T

Tp
= 0.7303 + 0.04936γ − 0.006556γ2 + 0.0003610γ3 (32)

7.3.3 Directional Spreading Function

After calculating the spectrum ’S(ω)’ from usual wave spectra, directional spreading

function ’D(θ)’ is necessary to be taken into account in order to implement two dimen-

sional wave spectra as described in equation-26.

D(θ) =
22s−1

π

Γ2(s+ 1)

Γ(2s+ 1)
cos2s

(
θ − θm

2

)
− π ≤ θ − θm ≤ π (33)

where s=spreading parameter, Γ= Gamma function and θm= Mean angle [5]. In this

thesis, s=10 is chosen according to ISO 19901-Annex 8 [16].

7.3.4 Sensitivity Analysis for choosing Peak Shape Parameter γ

Peak shape parameter γ plays the important role in implementing JONSWAP spec-

tra. Sensitivity test is conducted in order to choose the most suitable γ for significant

wave height obtained around 1.5 [m]. Detail of choosing γ is not presented here because

of confidential reference.
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Figure 10: Significant wave height and spectral energy for different γ Values

According to figure-10, γ= 3.3 is chosen to proceed in generating of JONSWAP wave

model. Correction term α in section- 7.3.5 is also utilised in the calculation energy spectra

from JONSWAP in figure-10.

7.3.5 Implementation of Correction Term α in JONSWAP Wave Spectra

After creating the JONSWAP wave spectra from the formulation mentioned in section-

7.3.1, it can be noticed that the spectra energy obtained is much less compared to energy

spectra from real time measurement and can be seen in figure-11. So, it is necessary to

apply correction term in generating JONSWAP spectra. Here, correction term α is im-

plemented according to significant wave height obtained from the measured spectra and

JONSWAP spectra.

α =
Hsradar

HsJONSWAP

(34)

where Hsradar is significant wave height calculated from measured spectral energy and

HsJONSWAP is significant wave height calculated from JONSWAP model. Thus, the

formulation in equation-31 becomes

SJ(ω) = α2SPM(ω)γ
exp

(
0.5

∣∣∣ω−ωpσωp

∣∣∣2)
(35)

Figures-11,12 show the spectral energy with respect to wave frequencies and angles for

real time measurement, JONSWAP and modified JONSWAP wave spectra.
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Figure 11: Comparison of spectral energy between measured and JONSWAP wave
spectra with respect to frequency
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Figure 12: Comparison of spectral energy between measured and JONSWAP wave
spectra with respect to angle

After applying sea state parameters (section 7.3.1), directional spreading function

’D(θ)’ (section7.3.3), and JONSWAP formulation (equation-35), the most suitable wave

spectra model is generated as shown in the figure-13. The following figures are plotted by

using Hs=1.55 [m], Tp=8.634 [m] and γ=2.5 for the first sea state.
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Figure 13: Sea state representation from JONSWAP model

The same intervals of frequencies and wave directions are taken as the measured

energy spectra.

7.3.6 Comparison of Significant Wave Height and Peak Period

The following table shows the significant wave height and periods obtained from two

wave models for all sea states.

Wave Spectra

Real Time Measurement JONSWAP

Sea States Hs[m] Tp[s] Hs[m] Tp[s]

0 1.55 8.63 1.55 8.92

1 1.55 8.62 1.55 8.91

2 1.55 8.62 1.55 8.91

3 1.54 8.63 1.54 8.92

4 1.53 8.65 1.53 8.94
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Table 4 continued from previous page

5 1.52 8.66 1.52 8.94

6 1.51 8.65 1.51 8.94

7 1.50 8.66 1.50 8.94

8 1.51 8.65 1.51 8.93

9 1.51 8.64 1.51 8.93

10 1.51 8.64 1.51 8.93

11 1.50 8.64 1.50 8.93

12 1.49 8.65 1.49 8.94

13 1.49 8.66 1.49 8.94

14 1.50 8.65 1.50 8.94

15 1.50 8.64 1.50 8.93

16 1.50 8.64 1.50 8.93

17 1.50 8.65 1.50 8.93

18 1.49 8.63 1.49 8.92

19 1.48 8.62 1.48 8.91

20 1.48 8.64 1.48 8.93

21 1.48 8.60 1.48 8.89

22 1.49 8.61 1.49 8.90

23 1.49 8.58 1.49 8.87

24 1.50 8.55 1.50 8.84

25 1.50 8.55 1.50 8.84

26 1.50 8.54 1.50 8.84

27 1.49 8.51 1.49 8.81

Table 4: Significant wave height and peak period for onboard Measurement and
JONSWAP Wave Spectra

The significant wave heights of measured and Jonswap spectrum are exactly the same.

As for the peak periods, the average discrepancy between these to is found to be 3.36%.
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7.4 Response Spectra
As explained previously, the ships experience the waves and produces motions as

output. In order to calculate the ship motions, we need to multiply wave energy spec-

tra with ship transfer function values which is also referred to as Response Amplitude

Operator with respect to wave frequencies and directions in all six degrees of freedom.

Response amplitude operators ’RAO’ are calculated from NEMOH for 98 wave directions,

64 frequencies and all degree of freedoms.

Sres(ω, θ) = S(ω, θ)
∣∣RAO2

∣∣ (36)

where Sres(ω, θ)= Response Energy Spectra, RAO= Response Amplitude Operator and

S(ω, θ)= Wave Spectral Energy.

7.4.1 Measured Response Spectra

In this section, response energy spectra for all degrees of freedom calculated from real

time wave spectral energy are presented. The various response for the various degrees of

freedom are obtained by using the relevant RAOs. The results of response spectra from

onboard measurement are not shown in public version.

7.4.2 JONSWAP Response Spectra

Response spectral energy calculated by using JONSWAP wave spectra and corre-

sponding response amplitude operators are presented in this section. The results of JON-

SWAP spectra from onboard measurement are not shown in public version.

7.4.3 Significant Motions

After calculating the response spectral energy from real time measurement and JON-

SWAP spectra Sres(ω, θ) mentioned in sections-7.4.1 and 7.4.2,response or significant mo-

tions spectrum for all six degrees of freedom can also be calculated by the variance (0th

order moment), m0res of the 2D response spectrum

m0res (ω, θ) =

∫ 2π

0

∫ ∞
0

Sres (ω, θ) dωdθ (37)
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Then the response can be obtained by

Response = 2
√
m0res (38)

The results and observation of significant motions are not shown here because of confi-

dentiality.

8 Conclusion
In the first part of the thesis, results of added mass, radiation damping and ex-

citation forces from all diffraction software packages are well aligned through out the

hydrodynamic analysis. Response amplitude operators post-processed from NEMOH are

also matching very well with the direct output from ANSYS AQWA. Hence NEMOH

can be considered as a good alternative for other commercial potential solvers despite

having some weaknesses such as lack of calculating forward speed, suppressing irregular

frequencies and parallel programming. But developers of NEMOH are trying to add these

features so they will be available in the near future[9]. In NEMOH, it is also a plus that

there is no limitation in defining wave frequencies and angles intervals while there are

some limitations in defining these parameters in AQWA. That is why, RAO of 90 wave

directions and 64 frequencies are taken from NEMOH for the second part of the thesis

(significant motion calculation) which AQWA cannot perform in single run. Computation

cost of OrcaWave is less compared to NEMOH and AQWA, it does not have the ability

to transform the calculation reference point (without manipulating the input mesh) and

check the result at desired locations other than reference point.

In the second part of the thesis, JONSWAP wave spectra are created by performing sen-

sitivity analysis of peak shape parameter γ and implementing the correction term α in

order to have good agreement with onboard measured energy spectra for all sea states.

Significant wave heights obtained from JONSWAP are identical with the measured ones.

Significant motions calculated from JONSWAP wave spectra also give satisfying results

according to the measured spectra. The methods implemented in this thesis in defining

the suitable wave spectra model and estimation of significant motions provides very useful

outcome for normal operating condition at working site. Consideration of more number

of sea states by the utilisation of the work presented in this thesis are recommended for
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more promising development in the future research in all working conditions.
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