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Abstract

The prediction of the hydrodynamic interaction between two vessels in side-by-side con-

figuration has become an important and difficult problem in recent years. The matter is

relevant when it comes to making decisions about the feasibility of a number of offshore

operations, mostly related to liquid cargo transfer between vessels. Following this moti-

vation, this thesis investigates some hydrodynamic aspects of a floating two body system

in side-by-side configuration.

The topic has been geared towards analysing the influence of the vessels’ gap and draft.

The need to solve this problem arises when one wants to study the gap flow after making

parametric variations on the separation between the vessels and on the vessels’ draft.

A specific configuration, composed of a barge and a prismatic geosim, has been investi-

gated in detail. This configuration resembles that of an LNG carrier being transferred

cargo from a floating LNG extraction and processing unit. Two gap values and two barge

draft values have been considered. Regular wave tests have been performed in the model

basin (towing tank type) of the Technical University of Madrid (UPM), at the ETSIN

faculty.

Conducting seakeeping tests in a towing tank can be difficult due to the existence of wave

reflections on the lateral walls of the tank, inevitably located at a short or intermediate

distance from the models. In order to minimize these effects only head sea condition has

been considered and heave reflections have been accounted for in the numerical models.

The motion of the geosim has been restricted to surge, heave and pitch (only motions

on the vertical plane), whereas the barge has been kept fixed. This implies that value of

the gap remains constant during each test and uncertainties regarding roll damping are

removed.

Implementing these motion restrictions eliminates the need to account for roll damping

in the numerical models, thus allowing a more robust approach to their validation using
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these experiments. This way a new more robust than existing benchmark paradigm is

offered to the hydrodynamic community intested in side-by-side configuration.

Numerical simulations have been performed using WAMIT, AQWA (ANSYS) and a time-

domain Rankine Panel Method (TDRPM) developed by the Offshore Numerical Tank of

the University of São Paulo (Brazil).

In all cases the numerical and experimental response amplitude operators (RAOs), in

terms of geosim’s motions and wave surface elevation in the gap, have been obtained and

compared with the experiments.

The influence of the basin walls on the numerical hydrodynamic solution has been ac-

curately reproduced. To this purpose, symmetric virtual walls have been created in the

numerical model.

The influence of the gap on the numerical results has been studied varying the gap value

and identifying resonant behavior intervals in the motion and wave amplitude RAOs. The

influence of the barge draft on the hydrodynamic behavior has been also investigated. In

both sets of analysis, the numerical results indicate a resonant behavior in certain fre-

quencies, regarding the vessel motion and the wave elevation in the gap, which is not

found in the experiments.

In order to handle the unphysical resonance frequencies present in the numerical model, a

procedure for introducing an external damping factor that attenuates the wave amplitude

along the gap in the time-domain RPM and AQWA has been proposed, calibrated and

validated against the experimental data.
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Resumen

La predicción de la interacción hidrodinámica entre dos cuerpos flotantes en la configu-

ración side-by-side (lado-a-lado) se ha convertido en un importante y complicado problema

en los ltimos años. Esta situación es relevante cuando se trata de tomar decisiones sobre la

viabilidad de una serie de operaciones offshore, principalmente relacionadas con el proceso

de transferencia de carga ĺıquida entre dos cascos. Esta tesis se profundiza en algunos as-

pectos hidrodinámico relevantes que surgen cuando es necesario llevar a cabo operaciones

offshore con dos cuerpos flotantes en la configuración side-by-side. El principal objetivo

de la tesis, está orientado al análisis de la influencia del gap entre los cuerpos, aśı como

del calado de los mismos, sobre la solución hidrodinámica.

Una determinada configuración, compuesta por una barcaza (barge) y un modelo

geosim (barcaza prismática), ha sido investigada en detalle. Esto se asemeja a una config-

uración de un sistema de descarga entre la unidad de producción y almacenamiento FLNG

(Floating Liquid Natural Gas) y un LNGc (Liquid Natural Gas carrier). Dos valores de

gap y dos valores de calado para la barcaza se han considerado para diferentes oleajes

regulares en el Canal de Ensayos Hidrodinámicos (tipo tanque de remolque) de la ETSIN

en la Universidad Politécnica de Madrid (UPM).

La realización de ensayos de comportamiento en la mar en un tanque de remolque

(como lo de que se dispone) puede ser comprometida por la existencia de la reflexión de

la ola por las paredes laterales del tanque, que inevitablemente se genera en cuanto los

modelos están situados a pequeña distancia de las paredes. Con el fin de minimizar estos

efectos la única condición con mar de proa ha sido considerada y los efectos debidos a la

reflexión de la ola se han tenido en cuenta en los modelos numéricos.

El movimiento del geosim se ha restringido a avance (surge), arfada (heave) y cabeceo

(pitch) (sólo movimientos en el plano vertical), mientras que la barcaza se ha mantenido

fija. Esto implica que el valor del gap entre los cuerpos se mantiene constante durante

cada ensayo y que las incertidumbres con respecto al amortiguamiento en balance (roll)
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no son consideradas.

La aplicación de estas restricciones de movimientos elimina la necesidad de tener

en cuenta el amortiguamiento de balance en los modelos numéricos, lo que permite un

enfoque más robusto para su validación utilizando estos experimentos. De esta manera

un nuevo paradigma más robusto de las referencias existentes es ofrecido a la comunidad

hidrodinámica para los análisis hidrodinámicos de sistema offshore en la configuración

side-by-side.

Las simulaciones numéricas se han realizado con los software WAMIT, AQWA (AN-

SYS) y TDRPM (Time Domain Rankine Panel Method) que es un código en el dominio

del tiempo desarrollado por el ”Offshore Numerical Tank” de la Universidad de São Paulo

(Brasil). En todos los casos, las RAOs (Response Amplitude Operator) numéricas y ex-

perimentales, en términos de movimientos del Geosim y de altura de ola en el gap, se han

obtenido y comparado.

La influencia de las paredes del tanque de ensayos sobre la solución numérica se ha

reproducido con exactitud. Para este objetivo, paredes virtuales se han creado en el

modelo numérico, por medio de simetŕıas de los modelos. También, la de influencia del

gap en los resultados numéricos se ha estudiado variando la distancia de separación entre

los cuerpos, identificando los intervalos con comportamiento resonante en términos de

movimiento y de altura de ola en el gap. La influencia del calado de la barcaza sobre el

comportamiento hidrodinámico también ha sido investigada.

En el conjunto de los análisis, los resultados numéricos muestran un comportamiento

resonante en ciertas frecuencias, en relación al movimiento del GEOSIM y de la altura de

ola en el gap, que no se observa experimentalmente. Con el fin de manejar las frecuencias

de resonancia no f́ısicas presentes en el modelo numérico, un procedimiento para introducir

un factor de amortiguamiento que atenúa la amplitud de la ola a lo largo del gap (en el

TDRPM y AQWA) se ha propuesto, calibrado y validado con los datos experimentales.
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Chapter 1

Introduction

1.1 Motivation

Offshore platforms and FPSUs (Floating Production and Storage Units) are large instal-

lations used to house workers and machinery needed to drill and then extract (and store)

oil and natural gas from the ocean basin. Their installation can be fixed, attached to the

ocean floor, but, in deep water conditions, a floating structure is the only viable solution.

A wide range of operations are carried out in such artifacts, including extraction,

processing and transferring of the cargo to the offloading units. The latter has recently

received significant attention due to the development of dedicated units for the extraction

of natural gas in open seas. They are called floating liquid natural gas (FLNG) units and

transfer their cargo, after converting it to liquid phase, to a LNG carrier (LNGC).

In order to transfer the liquid cargo from the extraction and processing unit to the

tanker (or LNGC) two types of relative positioning configurations in open sea are used:

side-by-side (see Fig. 1.1) and tandem (see Fig. 1.2).

In a ship-to-ship (STS), or side-by-side configuration, the offshore transfer of cargo

is carried out between ships positioned alongside each other, either while stationary or

underway. One vessel will act as the terminal whilst the other one will moor. The

receiving ship is called the daughter vessel and the delivering vessel is called STBL (Ship

to be lightered) or mother vessel.

In tandem configurations the vessels are placed at a significant distance away (∼ 50 m)

and dynamic positioning (DP) is necessary. The DP is computer-controlled to automat-

ically maintain a vessel’s position and heading using propellers and thrusters. Position
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18 CHAPTER 1. INTRODUCTION

Figure 1.1: Side-by-side offloading operation. Source: www.spefrance.org.

reference sensors, combined with wind and current sensors, motion sensors and gyrocom-

passes, provide position information to the computer and the magnitude and direction

of the environmental forces affecting such position. These elements are fundamental in

the tandem case in order to counteract the drift motion of the shuttle tanker and guar-

antee that the displacements with respect to the transfer initial position are kept within

prescribed bounds.

The main advantages of using a side-by-side configuration instead of a tandem ar-

rangement are:

1. There is no need to place specific transfer machinery equipment in the bow area of

the main deck of the vessel;

2. The cryogenic pipes are shorter than those required for a tandem arrangement. For

a FLNG-LNGc cargo transfer operation this is a major factor that leads to the side-

by-side configuration being the only one contemplated for such operations because,

according to the candidate’s knowledge, long cryogenic pipes are not available at

commercial stage. As a matter of fact both Shell’s Prelude FLNG projects and
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Figure 1.2: Tandem offloading operation. Source: http://www.zebecmarine.com/tandem-
offloading-analysis.asp.

Petrona’s PFLNG1, the first open seas FLNG vessels, have been designed consider-

ing a side-by-side transfer type;

3. There is no need for a propulsive device (DP) in order to control the relative positions

between the vessels, with DP being required only in the approaching and debouching

manoeuvres. In general a DP system would be not effective since (i) the required

power to control motion caused by first-order wave forces would enormous and (ii)

the characteristic time delay of such systems are of the same order of the periods

involved.

The involved parties in a side-by-side operation are the two participating vessels and

the Service Provider, who provides the STS equipment and the qualified Mooring Master

(Person in Overall Advisory Control, POAC), as reported in OCIMF (2013). There is no

direct contractual relationship among those parties and both masters are responsible for

ensuring safety. For this reason, prudent exercise of due diligence prior to commencement

of the STS operation is the only way that will allow the masters to ensure safety.
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Another example of a side-by-side operation is represented by the replenishment-at-

sea. In that case the hydrodynamics in the gap can be significantly altered as it is possible

to observe in Figures 1.3 and 1.4. In this particular manoeuvre, wave effects under speed

ahead have to be properly accounted for.

Figure 1.3: Replenishment. Source ”http://cne-cna-c6f.dodlive.mil/”.

In STS operating for LNG offloading in open seas, the fact that the tanker has to

operate very close to the FLNG introduces the need to carefully assess the hydrodynamic

interaction between these floating structures, and to accurately calculate the resulting

motions. Specific elements of connection (mooring lines and fenders) must be applied

to control the relative motion between both vessels (Naciri et al. (2007)). The moorings

enable us to control the small differential distancing whereas the fenders are applied

to control the approximation between the bodies. An example of fender used in STS

operation is shown in Fig. 1.5.

Stiffness and pretension values of the moorings, that can be used as initial reference

values, were reported in Naciri et al. (2007) considering mooring lines loaded at 15 tons

in the neutral position in calm water. The safe working load (SWL) of the 44 mm steel

wires was assumed in their analysis to be 681 kN (55 % of MBL). The four pneumatic
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Figure 1.4: Replenishment. Source: www.navaltoday.com.

Figure 1.5: Fender. Source: HI-SEA.

fenders of 4.5 m diameter were selected with a rated load of 4532 kN at 55% compression.

The safe working load of the fenders was assumed to be 2492 kN.
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It is very important to understand the hydrodynamics of a side-by-side configuration

in order to design and plan the offloading operation, select the devices necessary and

establish the limit sea state and transfer downtime (de Wilde et al., 2009) at which it

would be feasible to conduct it. For this reason, the ability to predict the flow and the

relative forces generated by the incident waves on the bodies is needed.

Main issues that need to be predicted are the relative motion between the vessels, the

tension that the mooring lines holding the vessels together are subjected to (Kim et al.

(2003)) and wave elevation in the gap, the latter with the aim of avoiding soaking delicate

components of the cargo transfer systems, nor affecting the safety of the staff involved.

It is also necessary to take into account the study of the approaching and separation

manoeuvres in order to allow for a safe operation (OCIMF, 2013).

The following section is dedicated to provide more insight into the analysis of side-by-

side operations.

1.2 Side-by-Side operations

Due to its complexity and its interest for the planning of open seas liquid cargo trans-

fer operations, the hydrodynamics of the side-by-side configurations has received some

attention in literature in recent years.

Miao et al. (2001) showed that the horizontal wave force on twin bodies with narrow

gap predicted by potential flow solvers is about ten times that on an isolated floating

body. Even though it is true that the forces are larger in the twin bodies configuration,

the ten times increase is an over estimation due to the fact that viscous damping is not

accounted for by the potential flow solvers.

Kashiwagi et al. (2005) provided experimental data, in terms of hydrodynamic variable

(added mass and radiation damping), diffraction and drift forces, for parametric shapes

(a barge and a Wigley hull). In their cases, wide gap values (of the order of one length

between perpendiculares) were used, which makes them of limited interest for practical

side-by-side operations. They considered beam sea condition, doing their experiments

in a towing tank. They compared numerical and experimental first and second order

results with a good agreement between the results. When hydrodynamic interactions

were severe, they found that the first order as well as the second-order steady forces

on each ship become large in both sway and heave. Examples of sway first and second

order force values are represented in Fig. 1.6 and Fig. 1.7 respectively. As numerical
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hydrodynamic interaction, in the figures higher numerical values of the exciting forces are

detected for λ/L values smaller than 1, where λ represents the wave length and L is the

length of the body considered.

Figure 1.6: Wave-exciting force in sway of a modified Wigley model (Ship-A, in the
upwave side) and a rectangular barge model (Ship-B, in the downwave side) in beam
waves, arranged side by side with separation distance in model scale of S = 1.097 m.
Source: Kashiwagi et al. (2005).

As discussed, the hydrodynamics of a floating body changes when another body is

positioned at its side (Berg and Bakke, 2008). Due to the long duration of the offloading

operations (of the order of several hours) their simulation and planning is undertaken

with the aid of potential flow solvers. They efficiently represent most of the physics

involved but can lead to a poor prediction of the hydrodynamics in the gap because

tend to overestimate the wave elevation. The typical resonant behavior observed in this

kind of problem may be due to the onset of longitudinal and transversal sloshing modes

(Lewandowski, 2008; Molin, 2001).

If a time domain simulation is carried out, the equilibrium position of floating off-

shore systems is defined through the balance between waves, moorings, current and wind.

The forces due at wind and current are commonly estimated through aerodynamic and

hydrodynamic coefficients (Perwitasari, 2010).

A fully nonlinear potential theory (FNPT) was presented by Yan et al. (2011). They

investigated numerically the interactions between two floating structures moored in close

proximity and oblique monochromic waves with different wave amplitudes, frequencies
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Figure 1.7: Sway steady force on Ship-B situated in the downwave side of beam wave for
the case of S = 1.097 m. Source: Kashiwagi et al. (2005).

and incident angles. The wave elevation in the gap between two floating barges and the

wave force/moment acting on the barges were investigated. Their results show how the

wave elevation and the wave loads change when the wave direction changes, and also

reveal the importance of the nonlinearities involved. The latter confirms that the high-

order components are considerably large and a fully nonlinear theory may be necessary to

address this issue. However a comparison with experimental results has not carried out

in order to confirm it.

In side-by-side configurations, the second order effects are generally too small to influ-

ence the oscillatory periodic behavior due to the first order effects. However, these effects

are important in order to analyze the drift of a floating artifact in a horizontal plane.

Serván-Camas and Garćıa-Espinosa (2013) developed a time domain solver based on the

finite element method capable of solving multi-body seakeeping problems on unstructured

meshes combining the use of an efficient algorithm for the free surface boundary condi-

tions, the use of deflated conjugate gradients and the use of a graphic processing unit

for speeding up the linear solver (Serván-Camas, 2016). Even though the technique is

promising it has not yet been used to model the hydrodynamics of a side-by-side config-

urations.

An alternative approach to potential flow solvers to handle the problem is, in principle,
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the direct application of numerical tools that solve the Navier-Stokes equations. How-

ever, in spite of its increasingly widespread use in many research and engineering areas,

this approach is still very unpractical for side-by-side hydrodynamics analysis, since it de-

mands high computational efforts and processing time. CFD applications for dealing with

the viscous effects in this resonant problem are certainly envisaged, but, to this moment,

the high computational effort they demand still renders these applications unfeasible for

practical engineering purposes. For this reason, mixed approaches combining the benefits

provided by viscous and potential flow solvers may be considered as a promising alterna-

tive to handle the problem. Kristiansen and Faltinsen (2012) applied this methodology

in a two-dimensional numerical wave tank with a floating body. Elie et al. (2013) pre-

sented numerical results computed with their three-dimensional SWENSE (Spectral Wave

Explicit Navier-Stokes Equations) numerical method for two side-by-side fixed barges in

different regular waves incident angles.

The next section is dedicated to discuss the particularities of the gap flow and the tech-

niques used to account for viscous damping and prevent the onset of numerical resonances

in the gap when flow is computed with potential flow solvers.

1.3 Gap flow

Since the side-by-side hydrodynamic interaction analysis is normally undertaken with

potential flow solvers, the way they model the free surface behavior in the gap (neglecting

viscous effects) may lead to poor predictions of the hydrodynamic forces and consequently

body motions, which are of critical importance in assessing potential accidents associated

to collisions and damages to equipments in general.

Furthermore, the common potential flow codes do not account either for breaking

waves, which also contribute to the unrealistic calculation of wave elevations.

For these reasons, most of the efforts that have been made to deal with the problem

have concentrated on the use of potential flow formulations with suppression methods to

deal with the gap resonant effects.

In potential flow numerical computations of gap flow, resonant effects appear at some

frequency values (see, for example, Molin (2001)). These values are a function of the

gap width and draft values. The peak RAO (Response Amplitude Operators) values

are notably higher than measured values because the potential flow model neglects the

influence of viscous effects due to friction and flow separation at the hull’s sides and bilge.
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To avoid resonant behavior in the gap, Huijsmans et al. (2001) and Buchner et al.

(2011) used a simple method based on the application of a rigid lid along the gap length,

in which a vertical no flux condition is applied. The main drawback of this approach is

that the shape of the wave profile in the gap and the wave propagation properties are

lost.

Newman (2003) improved the lid method allowing wave motion in the gap by applying

generalized wave modes with a set of basis functions of Chebyshev polynomials. In this

method the wave elevation is controlled by imposing damping factors for each generalized

mode. The disadvantage of this method is that a large number of extra user defined

parameters are added to the model (the damping factor of each mode considered).

Chen (2005) reduced the wave elevation in the confined zone applying a suppres-

sion method that introduces a damping force directly into the conventional free surface

boundary conditions. A major advantage of this method is that unlike in Newman (2003)

approach, only one damping factor value is needed. The results in term of vessels’ mo-

tion are not considered in the first analyzed case (barge-barge system). For the second

analyzed case the Kashiwagi et al. (2005) geometries (a wigley hull side-by-side with a

barge, at large distance) were considered. In the latter the vessels are fixed and the gap

flow was not investigated.

Fournier et al. (2006) compared numerical and experimental results of an FSRU and

a LNGC in side-by-side configuration, applying both Newman (2003) Chebyshev poly-

nomials method and the damping lid method (Chen, 2005). They demonstrated that

resonance in the gap not only affects the local wave field but also the first order motion

response and the mean drift forces. An estimation of the frequencies for the resonant

modes were provided.

Naciri et al. (2007) used AQWA (ANSYS), including a damping lid in the gap between

a FSRU and a LNGC in order to attenuate the unrealistic wave oscillations. A time

domain analysis was carried out, with investigating data for designes, but numerical

resonant frequencies were not commented.

Following the same approach, Pauw et al. (2007) applied the damping lid method

comparing their results with experimental measurements in terms of wave elevation in

the gap, first order Response Amplitude Operators (RAOs) and wave drift Quadratic

Transfer Functions (QTFs). They concluded that an unique value of damping term is not

enough to provide a fair agreement with the test data. Furthermore, a slight frequency

shift in wave elevations and vessels motions between the measurements and diffraction
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results were observed.

Kim and Kim (2008) applied a time domain Rankine Panel Method for studying the

motion responses of adjacent vessels in different headings, illustrating the capability of the

method in predicting the frequencies of the resonant modes. Nevertheless, the inclusion

of damping techniques to suppress the resonant effects was not discussed.

Applications of time domain codes including fully nonlinear and second order results

were presented by Yan et al. (2009) and Hong and Nam (2011), respectively. In the latter,

the use of a finite element method for the calculation of sway drift forces for two distinct

gap widths provided a good agreement with experimental data without resorting to any

artificial damping.

Instead of using the conventional rigid lid approach to remove the resonant frequencies,

Bunnik et al. (2009) applied the damping lid not only in the gap, but also inside the vessels.

In this way, the aforementioned frequency shift pointed out by Pauw et al. (2007) was

corrected and the results reached a better agreement with the experimental curves.

Lu and Chen (2012) evaluated (using a CFD code) the energy dissipation when the

wave elevation in the gap between two bodies presents a resonant behavior. They in-

troduced the dissipation in the classical potential method allowing to predict the wave

elevation close to model tests. However, only a 2D analysis was carried out in this work,

considering one transversal section of the multi-body system.

In order to avoid the creation of resonant frequencies, Hong et al. (2013) applied an

improved Green Integral equation associated with a free surface Green function which

is free of irregular frequencies, managing to restrict the resonant behavior exclusively to

the gap. In addition, they applied an artificial damping on the body boundary conditions

imposed on the wetted surfaces, reporting better sway drift forces prediction in comparison

to the results achieved by the application of the damping lid method. Only comparison

of the numerical values and the experimental values of sway drift forces in head seas are

documented. Experimental results in terms of wave elevation in the gap and motion were

not discussed.

Recently, Clauss et al. (2013) compared numerical results obtained with WAMIT

versus experimental data, for a barge and a LNG carrier, moored in side-by-side. A

standard stiffness, c = 2.3E06N/m, for the mooring lines, was considered. Although

resonant numerical peaks were recognized in heave RAOs, surprisingly, the calculations

did not overestimate the surface elevation inside the gap. Considering this, they concluded

that it is not necessary to include a damping scheme in the numerical model. However,
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it is not clear from their analysis, how the viscous damping added to roll motion was

considered.

Pessoa et al. (2015) presented a numerical and experimental study of a multi-body

system composed of a FLNG platform and a tanker in side-by-side configuration excited

by head seas. Their objectives were to investigate the first order relative motions of side-

by-side moored floating structures and the loads on the mooring lines and fenders, as

well as to validate the existing numerical method by comparing to experimental results.

Experimental work was carried out in two offshore wave basins with scaled models sub-

jected to irregular operational sea states. The measured responses included the motions

of the two floating structures and the loads in the mooring lines connecting them. The

numerical method predicted well the measured responses, namely the absolute motions,

the relative motions between the two floating structures and the tensions in the mooring

lines connecting the structures. There was, however, a tendency to overestimate the yaw

motion, and to a lesser degree the sway motion, which led to an overestimation of the

tensions on the breast lines. The overestimation is related to the resonant free surface

motion between the vessels for specific frequencies. Some dynamic amplification of the

sway and yaw motions related to the interior free surface resonant motion were identified

in their regular waves experimental results, with however amplitudes smaller than the

numerical predictions.

Feng and Bai (2015) simulated the wave resonances in the gap between side-by-side

barges and investigated the non-linear effects of free surface in the gap resonances. They

found that the responses of gap free surface elevations in the fully non-linear simulations

are generally convergent to the linear results when incident waves of low steepness are

considered.

T. and Sen (2016) studied the gap resonance phenomena for two-body systems by

comparing the present results with available results in literature. A coupled direct time

domain method is developed in the frame-work of 3D numerical wave tank approach

for studying two body systems interacting with large amplitude nonlinear incident wave.

His numerical model is based on a three-dimensional mixed EulerianLagrangian (MEL)

method under certain simplifying approximations permitting Rankine panel scheme to be

implemented over a time-invariant boundary surface to solve the boundary value problem

for the unknown velocity potentials. A damping lid method originally proposed by Chen

[28] and subsequently used by others, e.g., Watai et al. (2015) has been implemented

through free surface boundary condition in the gap region to suppress the violent free



1.4. EXPERIMENTAL ANALYSIS OF SIDE-BY-SIDE HYDRODYNAMICS 29

surface kinematics. It is found that the adopted lid method performs satisfactorily in

restraining the unrealistically large free-surface motions in the gap occurring at the reso-

nance frequencies. The damping lid method has been found to be effective regardless of

whether the bodies are fixed or freely floating.

Although, as hinted in previous pages, there has been some experimental effort in order

to understand side-by-side configurations, the reproducibility of these experiments and

their use by third-parties is a cumbersome matter. Next section is specifically dedicated

to discuss main previous experimental work conducted to characterize the properties of

the flow in the gap between vessels in sid-by-side arrangement.

1.4 Experimental analysis of side-by-side hydrody-

namics

As previously discussed, when a potential flow solver is used to model the hydrodynamics

of the gap between two floating bodies in side-by-side, a resonant behavior in terms of

motions and wave elevation in the gap is commonly found. Such behavior may occur at

certain sea frequencies that depend on the gap and vessels’ drafts.

These frequency values could fall inside the sea frequency range of an operational

condition. In such case, resonant relative motions and therefore a large relative forces

between the bodies would be predicted.

In order to understand whether these resonant frequencies are physical or just appear

in the potential flow numerical calculations, experiments have been carried out through

the years by different groups and are described in the existing literature.

An example of an experimental aimed at modeling a side-by-side configuration setup

is represented in Fig. 1.8, from Pauw et al. (2007). With this setup, only symmetric

configurations can be analyzed. The advantage is the disposition of a unique model,

whereas the disadvantages would be the impossibility to consider different degrees of

freedom for each model, nor different wave heading, which break the problem symmetry.

It can be concluded that no unique value of damping factor does fully cover the comparison

with measured results for gap values smaller than 25 m. They conclude also that tuning

damping of the lid should be done on the second order wave drift force because the epsilon

parameter has a much greater effect on the drift forces than on the first order quantities,

like for example de wave height.
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As another example, Buchner et al. (2011) (Fig. 1.9) considered two kinds of config-

uration test, the first with the FPSO moored and the tanker connected to the last one

with moorings and fenders (Fig. 1.9). At the right side of the Fig. 1.9, both models are

moored with soft springs in uncoupled set-up configuration. They validated a numerical

time domain model using experimental results and conclude that the quality of the nu-

merical results depends on the use of free surface lid, the use of accurate damping factor

and the complete matrix of retardation functions for the correct prediction of heave and

pitch motions.

Usually a side-by-side experimental campaign is carried out considering the elements

of connection: moorings and fenders or only moorings, between the bodies. For example,

Clauss et al. (2013) (Fig. 1.10) considered a fixed barge and a free floating tanker. In

order to control the relative motion they used springs attached to the bodies and placed

between them.

In all referred experimental campaigns, lateral displacements and roll motion in the

experiments were allowed. This approach implies that:

1. Some gap value variation could arise due to the drift loads and it could be important

in order to compare numerical and experimental gap hydrodynamic behavior.

2. In the numerical model moorings and fenders must be modeled. While for the first ele-

ments, a linear behavior is attributable and a stiffness matrix can be defined in frequency

domain analysis, for the fender a nonlinear behavior model difficult to be included in a

frequency domain code is mandatory.

3. Roll damping, an extremely difficult problem, has to be accounted for in the simula-

tions.

At model scale, the geometries chosen are very similar to the full scale ones, as for

example Pessoa et al. (2015) (Fig. 1.11). This commonly raises confidentiality issues, and

a simple benchmark is not available.

Kashiwagi et al. (2005) (already cited since it was used to validate Chen (2005) gap

flow modeling technique) provided experimental data, in terms of added mass, damping,

diffraction and drift forces for parametric shapes, a barge and a Wigley hull, as repre-

sented in Fig 1.12. The geometries’ characteristics are similar to the models used in this

thesis, but their separation is much wider of one ship length, than a typical side-by-side

separations, making it more similar to a replenishment one.

When hydrodynamic interactions are severe, they found that the second-order steady

forces on each ship become large in both sway and heave. An interesting hydrodynamic
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interaction obtained by the authors is represented by the added mass values in Fig. 1.13.

For all cases shown, hydrodynamic interactions are detected and represented by the peaks

in the curves.

Earlier than the ones already discussed, Hong et al. (2002) realizes a experimental

study on the behavior of tandem and side-by-side moored vessels (Fig. 1.14). They

concluded that numerical calculations using higher order boundary element method gives

generally good prediction of motions and wave drift forces of closely moored structures. In

side-by-side configuration two gap values of 4 m and 1 m were considered. In side-by-side

mooring under head sea condition, overall level of longitudinal wave drift force increases

compared to single body. Lateral drift force is significantly induced in head sea condition

and its magnitude is almost the same as that of beam sea condition. The wave elevation

in the gap was not discussed.
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Figure 1.8: Pauw et al. (2007) Model.
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Figure 1.9: Test set-up and layout of the mooring system in the tests (coupled set-up left
and uncoupled set-up right) (Buchner et al., 2011).

Figure 1.10: Model of trestle-fixed terminal barge and spring-frame-fastened LNGC in
side-by-side configuration in the seakeeping basin (Clauss et al., 2013).
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Figure 1.11: Pessoa et al. (2015) Models.
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Figure 1.12: Kashiwagi et al. (2005) Models.
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Figure 1.13: Added mass and damping coefficients of a modified Wigley model due to
heave motion of a modified Wigley model when a rectangular barge is abreast with sep-
aration distance of Gap = 1.797 m (Kashiwagi et al., 2005).
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Figure 1.14: Tandem and side-by-side configurations (Hong et al., 2002).





Chapter 2

Objectives

In previous chapter, the existing literature on the topics of interest of this thesis has

been presented. These topics refer to the hydrodynamics of floating multi-body system

in side-by-side configuration, focusing on the experimental and numerical analysis of the

gap flow.

A set of open problems were introduced which motivate the present PhD research and

which allow us to enumerate a number of concrete objectives for this PhD thesis:

1. Propose a case study which allows to investigate the gap flow in side-by-side con-

figuration from a numerical and experimental point of view.

2. Design such case study so that it represents typical full scale side-by-side configu-

rations for which the gap flow has Engineering relevance.

3. Design such a case using simplified geometries and eliminating uncertainties due to

the presence of connections and fenders between the bodies, as well as due to the

of onset sway, yaw and roll motions. It has to be remarked that roll damping is a

source of large discrepancies in numerical models, as well as a phenomenon difficult

to characterize at model scale and to extrapolate at full scale.

4. Generate, this way, a new experimental paradigm/benchmark in side-by-side config-

urations, which can be used to validate, in a robust way (reducing the uncertainties),

numerical models.

5. Investigate the gap flow in the proposed case study through numerical analysis,

using state-of-the-art potential flow solvers both in frequency and time-domain, in
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order to identify the range of interest of the variables to be later considered in the

experimental campaign.

6. Investigate the dependence of the gap flow on two crucial parameters: separation

gap and vessels’ draft.

7. Investigate the gap flow in the proposed case study through experiments. To this

aim:

(a) Arrange an experimental matrix campaign which allows to conduct such gap

flow investigation in the available model basin (a towing tank), which implies

a significant challenge due to its narrowness;

(b) Place the models with the proper motion restrictions (sway, yaw and roll) and

set and calibrate the measuring equipment on-site in order to fulfill the specifi-

cations of the experimental campaign. With these restrictions, the comparison

with the numerical results aims at being more robust than previous existing

literature;

(c) Conduct the experiments and collect, post-process and analyze the data.

8. Investigate the numerical and/or physical nature of the resonances in the gap flow

by comparing motions and wave elevation RAOs between the numerical and exper-

imental results.

9. Characterize the frequency ranges for which numerical and physical gap flow reso-

nances appear.

10. Calibrate the damping factor on the numerical beach, defined in the gap, in potential

flow solvers in order to reproduce the physical behavior found in experiments.



Chapter 3

Methodology

In order to pursue the objectives described in previous chapter, the following tasks have

been carried out and are as such documented in the thesis:

1. In Chapter 4, a case study which allows to investigate the topics of interest from a

numerical and experimental point of view is proposed. The geometry and features

of the models used are described. The system is composed of simplified geometries,

namely a barge and a prismatic geosim, whose dimensions are at full-scale similar

to those found in usual FLNG-LNGs side-by-side operations.

Therefore, the choice is justified by its relevance for full-scale operations and val-

idation benchmarking. The simplicity of the tests and model geometries aims at

being helpful for the future reproducibility of these results. Two crucial parameters

(separation gap and vessels’ draft) affecting the gap resonance are considered in the

definition of the case study tests matrix.

2. In Chapter 5, the numerical approaches (potential flow solved with boundary el-

ement methods) are briefly discussed and the simulation tools (frequency domain

and time-domain state-of-the-art solvers) used are also presented.

3. In Chapter 6, the experimental equipment and facilities involved in the tests are de-

scribed. Experimental tests have been carried out at the model basin of CEHINAV-

Technical University of Madrid (UPM). The facility is a towing tank, 100 m long

(including the beach), 3.8 m wide and 2.2 m deep. Its narrowness results in a

challenge from the numerical point of view.
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4. In Chapter 7 numerical and experimental results for seakeeping of a single body,

namely the geosim model, are presented. It is considered convenient to investigate,

prior to the research on the multi-body system, the behaviour of the geosim single

body, in order to assess, for a simple case, the suitability of the experimental setup

and the reliability and accuracy of the numerical tools, as well as to generate refer-

ence data of the geosim model in an isolated condition, that can be later compared

with that obtained in the multi-body configuration.

5. In Chapter 8, the gap flow in the proposed multi-body case study is investigated

through experiments and numerical analysis, using state-of-the-art potential flow

solvers both in frequency and time-domain. Comparisons of numerical and experi-

mental results in terms of motion RAOs and wave amplitude RAOs in the gap are

performed. The measured time series of body motions and wave height in the gap

have been translated into RAOs by obtaining the amplitudes of the records in their

steady state intervals, i.e. disregarding the initial transient period, the influence

of wave reflections at the downstream end of the towing tank and the tank walls

reflections.

6. In Chapter 9 the damping lid method is applied along the gap in the time-domain

RPM and frequency-domain (AQWA) codes in order to mitigate the numerical

resonances found in the gap flow. Based on the dedicated experiments on wave

elevation data, a calibration of the damping lid values is undertaken.

7. Finally, in Chapter 10, conclusions of this research are summarized and future work

lines are suggested.



Chapter 4

Case studies

In this chapter, the case studies selected to investigate the hydrodynamics of side-by-

side configurations are documented. Models used and the configurations analyzed are

described.

4.1 Models

The models considered have been a barge and a geosim, represented in Figs. 4.1 and 4.2

respectively, with the main particulars of the barge and geosim reported in Table 4.1.

Data about the center of gravity, inertia, natural periods and metacentric heights are not

provided for the barge since it has been considerad fixed. The choice of these models is

based on their simple geometries which makes them attractive as a benchmark case for

other researchers. In addition, as will be later described, they can be assimilated to a

multi-body system in side-by-side configuration composed of a typical LNG carrier and

one of the recent FLNG hulls, either the Shell Prelude or the Petronas’ one. The barge is

fully prismatic and the geosim has a prevalent prismatic shape with two knuckles and a

pointed bow. The geosim belongs to a serie of geometrical similar models previously used

to research of scale effects on the roll damping coefficient (Valle-Cabezas, 1998).

The motion of the geosim has been restricted to surge, heave and pitch (only motions

on the vertical plane), whereas the barge has been kept fixed. This implies that value of

the gap remains constant during each test and uncertainties regarding roll damping are

removed.

Implementing these motion restrictions eliminates the need to account for roll damping

in the numerical models, thus allowing a more robust approach to their validation using

43



44 CHAPTER 4. CASE STUDIES

these experiments. This way a new more robust than existing benchmark paradigm is

offered to the hydrodynamic community intested in side-by-side configuration.

Figure 4.1: Barge geometry and main dimensions in meters.

Figure 4.2: Geosim geometry and main dimensions in meters.
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Table 4.1: Main particulars of BARGE and GEOSIM.

Parameter BARGE GEOSIM
Length overall [m] 1.67 2
Breadth [m] 0.665 0.40
Depth [m] 0.205 0.32
Draft (T1) [m] 0.12 0.18
Draft (T2) [m] 0.12 0.18
Draft (T3) [m] 0.08 0.18
Displacement Weight (T1) [kg] 133.26 88.80
Displacement Weight (T3) [kg] 88.84 88.80
CoG above baseline [m] (Exp) - 0.181
GMt [m] - 0.0350
GMl [m] - 1.87
CoG from the stern [m] 0.835 0.802
Pitch radius of gyration [m] - 0.598
Heave Period [s] - 0.95
Pitch Period [s] - 1.26

4.2 Configurations studied

Four different configurations have been tested, as described next:

• Configuration 0 (C0): Single geosim condition;

• Configuration 1 (C1): Multibody condition with gap value S1 = 0.05 m (S1/Bb =

0.0752, Bb being the barge breadth) and barge draft value T1 = 0.12 m (T1/Bb =

0.1805);

• Configuration 2 (C2): Multibody condition with gap value S2 = 0.1 m (S2/Bb =

0.1504), and barge draft value T2 = T1;

• Configuration 3 (C3): Multibody condition with gap value S1 (S1/Bb = 0.0752) and

barge draft value T2 = 0.08 m (T2/Bb = 0.1203).

The barge draft values, Ti are specified in Table 4.1. These gap widths and draft

values were defined with the help of screening numerical simulations aiming at finding

a frequency range leading to gap resonant conditions, identified by observing very high

amplifications in the motions and gap wave elevations RAOs.
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One of the main objectivies of the model tests is to provide benchmark data for valida-

tion of numerical methods. To this aims, the sizes of the models and their geometries were

chosen to make then compatible with the tank dimensions and the equipment available

for the tests.

Although it is for sure tempting to try to extrapolate these dimensions to a full scale

side-by-side operation, one must have in mind that the main objective of the study is

to create appropriate conditions for an adequate validation of numerical methods at the

towing tank scale.

Considering all that has been said, however, one may also notice that some relevant

full-scale information can also be obtained from the tests. As an exercise, if one considers

a 1:150 scale factor, then the length of the geosim in full-scale would be 300 m, which may

be considered a reasonable value for LNG ship vessels and the S1 gap (0.05 m) would be

come 7.5m, similar to the ones reported in literature for full scale operations (Naciri et al.,

2007)). In addition, as will be further presented in this thesis, the computational results

indicated that, for the multibody configurations here studied, the gap resonant frequencies

are expected to occur around 9.0 s (in a 1:150 full scale) which may be considered as a

typical operational peak period for sea waves.

In all configurations, the geosim was positioned in the middle of the tank with its

longitudinal axis coincident with the longitudinal axis of the tank. In the multibody

cases, the barge was positioned at the side of the geosim with the correspondent gap

value as shown in Fig. 4.3. In Fig. 4.4 a 3D sketch of the models and the tank walls is

reported.
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Figure 4.3: Models position with respect to the tank walls. Dimensions in meters.
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Figure 4.4: 3D view of the models respect to the tank walls.



Chapter 5

Theoretical background and

numerical approaches

The gap flow has been investigated using two codes: one based on frequency domain

theory and the other implementing a time domain approach. The objective of this chap-

ter is to provide, synthetically, the theoretical formulation of the hydrodynamic solution

implemented by these codes. An important aspect discussed in this chapter is the nu-

merical approach adopted to take into account the wave reflection due the tank walls,

widely discussed in section 5.3. Since the experiments were conducted in a towing tank,

special care had to be taken in order to minimize the influence of reflected waves from

the tank walls within the frequency range of interest. Another topic treated has been

the damping zone technique used in order to attenuate the resonant phenomenon due

to the narrow gap presence between the bodies, explained in section 5.4. The damping

factor in the hydrodynamic model has been obtained by experiments. The numerical

damping zone adopted to model the gap is an approach, usually implemented in time

domain approach, to suppress the wave reflection on the fluid domain border (also called

”numerical beach”). The theoretical formulation is based on potential flow model, that

implies: irrotational and incompressible flow, inviscid and homogenues fluid. Under these

physical hypothesis the velocity field is defined by the gradient of a scalar field or velocity

potential φ. In sections 5.1 the boundary element method (BEM) theory applied to the

fluid mechanics is briefly reported and commented. BEM is a numerical computational

method which solves linear partial differential equations that have been formulated as

integral equations. BEM is applicable to problems for which Green’s functions can be

calculated. The Green’s function elements connecting pairs of source and field patches
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defined by the mesh form a matrix, which is solved numerically, as explained in the next

sections.

5.1 Frequency Domain

In this section the theoretical and numerical procedure for the frequency domain codes

used (WAMIT and AQWA-ANSYS) is presented. First an introduction of the frequency

domain softwares and then the theoretical formulation implemented are provided. Im-

portant aspects on the numerical procedure will be documented at the final part of the

section.

Two different codes have been used in order to compare results obtained with two packages

implementing the same theoretical formulation:

1. WAMIT has been used in the preliminary analysis in order to study the hydrody-

namic interaction between the bodies and to asses the tank walls effects on the the

resonant gap zone of interest. Numerically WAMIT allows to consider the higher

order method, with the advantage of obtaining a faster convergence that implies

smaller computational time than AQWA solver (as it will be explained in this sec-

tion); mainly when symmetries in the numerical model have been considered in

order to simulate the tank walls (see section 5.3);

2. AQWA implements a numerical model that can attenuate the wave amplitude in

the gap similar in a similar way of another code used in this thesis, Time Domain

RPM (based on time domain theory) discussed in section 5.2.

5.1.1 WAMIT

WAMIT (WAMIT, 2012) is a radiation/diffraction program developed for the analysis of

the interaction of surface waves with offshore structures. WAMIT is based on a three-

dimensional panel method. The flow is assumed to be ideal and time-harmonic. The free-

surface condition is linearized. Mean second-order forces are included in his analysis, since

they can be computed rigorously from the linear solution. WAMIT allows calculations in

both higher order and low order method.
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5.1.2 AQWA

AQWA (ANSYS, 2011) is a 3D panel code developed by ANSYS applied to investigation

of the effects of wave, wind and current on floating and fixed offshore structures. It

is a BEM (Boundary Element Method) code that calculates the seakeeping problem in

frequency and time domain (using the frequency domain output) considering first and

second order effects. In time domain module allows to consider irregular wave, current

effects, wind and mooring dynamics.

5.1.3 Theoretical formulation

WAMIT and AQWA solve separately the radiation and diffraction potential contribu-

tions. They solve the radiation problem due to the oscillations of the floating bodies

and the incident wave diffracted from the bodies. The total unsteady potential φ for

a sinusoidal wave excitation with frequency ω, is composed by the sum of the incident

wave velocity potential φI , the radiated wave velocity potential φ(j) and the diffracted

wave velocity potential φD. The sum of the radiated wave velocity potential φ(j) and the

diffracted velocity potential φD is the scattered velocity potential φS. In the text below,

the theoretical formulation is introduced and the integral equations are presented.

To describe the motion response between two floating bodies in waves, three sets of

right-handed orthogonal coordinate system as considered as shown in Fig. 5.1.

O−XY Z is the space fixed coordinate system. OA−XAYAZA and OB−XBYBZB are

the oscillatory coordinate systems fixed with respect to ship A and ship B, respectively.

The Ship A and Ship B identify respectively the BARGE and the GEOSIM. The O −
XY plane coincides with the undisturbed free surface, the X-axis in the direction of

the stern bodies and the Z-axis vertically upward. The Oscillatory coordinate systems

OA − XAYAZA and OB − XBYBZB are used to describe the body motion in six degrees

of freedom. Just the surge, heave, pitch, for the geosim are considered. The system of

reference is represented in Fig. 5.1.

The total unsteady linear potential for a sinusoidal wave excitation with frequency ω,

can be expressed as:

φ(x, y, z, t) =

[
φI(x, y, z) + φD(x, y, z) +

∑
j=7,9,11

ξjφj

]
e−iωt (5.1)

where φI(x, y, z) is the incident wave potential representing the incident waves; φD(x, y, z)
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Figure 5.1: Coordinate system.

is the diffraction potential representing the disturbance of the incident waves diffracted

from the body; φj(j = 7, 9, 11) represents the radiation potentials due to Geosim in calm

water with unit amplitude. The sum of the diffracted and radiated potentials is called

scattered potential φS.

The incident wave potential, in deep water, is given as:

φI = −igζa
ω
ekzei(kx cosβ+ky sinβ) (5.2)

where:

- ω is the wave frequency;

-ζa is the wave amplitude;

- k = ω2/g is the wave number;
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-β is the wave heading (180 deg for head sea).

The total unsteady potential has to be satisfied in the fluid domain, on the free surface,

on the submerged body surface, on the sea bed and for far-field radiation condition at

infinity; such that the first order boundary value problem (BVP) is given:

1. Laplace equation:

∇2φ = 0 in the fluid domain; (5.3)

2. Linear free surface condition:

− ω2φ+ g
∂φ

∂z
= 0 on z = 0; (5.4)

3. Body boundary condition for diffraction potentials:

∂

∂n
(φI + φD) = 0 on ship A and ship B; (5.5)

4. Body boundary condition for radiation potentials:

∂

∂n
φj = 0 (j = 1, 2, ...., 6) on ship A; (5.6)

∂

∂n
φj = −iωnj (j = 7, 9, 11) on ship B; (5.7)

where:

(n7, n8, n9) = nB, on ship B;

(n10, n11, n12) = rB × nB, on ship B;

with nB the outward unit normal vector on ship B and rB the position vector with

respect to the origin of the reference frame on ship B.

5. Sea bed condition:

∂

∂n
φ = 0 for z → −∞; (5.8)
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6. Radiation condition at infinity:

φS ∝
1√
R
e−ikR ; (5.9)

where:

R = (x2 + y2)1/2 distance from the oscillating body.

When the unsteady potential is known, to calculate fisrt-order hydrodynamic pres-

sure on the two-body hull surface in linearized waves, Bernoulli’s equation can be

used and expressed in the form as follow:

p = iρωφ− ρgz (5.10)

The wave exciting force Fi can be divided into incident wave and diffracted part F
(I+D)
i

and the radiated part F
(j)
i , where the contribution of the incident and diffracted part is

obtained for pressure integration on the bodies surface:

F
(I+D)
i = F I

i + FD
i = −iρω

∫∫
SA+SB

(φI + φD)ni ds for i=1,...,12 (5.11)

whereas the hydrodynamic forces induced by the geosim motion are

F
(j)
i = −iρω

∫∫
SA+SB

∑
j=7,9,11

ξjφjni ds =
∑

j=7,9,11

Tijξj for i=1,...,12 (5.12)

where:

Tij = ω2Aij − iωBij (5.13)

The terms Aij and Bij are the added mass and damping coefficients, respectively.

Aij =
ρ

ω
Im

[∫∫
SA+SB

φjnids

]
(5.14)

Bij = −ρRe
[∫∫

SA+SB

φjnids

]
(5.15)
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Under the assumption that the responses are linear and harmonic, the linear coupled

differential equations of motions can be written (considering the D.O.F. of the system):

∑
j=7,9,11

[−ω2(Mij + Aij)− iωBij + Cij]ξj = Fi for i=7,9,11 (5.16)

where Mij are the terms of the mass matrix, Aij the terms of the added mass matrix,

Bij the terms of the radiation damping matrix and Cij the restoring force matrix, ξj the

complex amplitude of the response motion in each d.o.f. of the bodies, and Fi the complex

amplitude of the wave exciting force for ship A and ship B.

The BVP, above defined, is solved by using Green’s theorem to derive integral equa-

tions for the radiation and diffraction velocity potentials on the body boundary.

The integral equation satisfied by the radiation velocity potentials φj on the body

boundary takes the form:

2πφj(x) +

∫∫
Sa+Sb

φj(ξ)
∂G(ξ;x)

∂nξ
dξ =

∫∫
Sa+Sb

njG(ξ;x) dξ (5.17)

The corresponding equation for the total diffraction velocity potential φD is:

2πφD(x) +

∫∫
Sa+Sb

φD(ξ)
∂G(ξ;x)

∂nξ
dξ = 4πφI(x) (5.18)

where Sa + Sb denotes the wetted surface of the bodies, in its fixed mean position,

below the plane z = 0.

The Green function G(X; ξ) is referred to as the wave source potential. It is the

velocity potential at the point X due to a point source of strength −4π located at the

point ξ. It satisfies the free-surface and radiation conditions, and in infinite water depth

is defined by:

G(X; ξ) =
1

r
+

1

r′
+

2K

π

∫ ∞
0

ek(z+ζ)

k −K
J0(kR) dk (5.19)

r2 = (x− ξ)2 + (y − η)2 + (z − ζ)2

r′2 = (x− ξ)2 + (y − η)2 + (z + ζ)2

where J0(x) is the Bessel function of zero order.
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The wave-source potentials and the spatial derivatives are presented for example in

Newman (1985) and Martin and Wickham (1992).

Two different computational procedures have been used to solve the BVP. AQWA solves

in low order method, whereas with WAMIT a higher order method has been considered,

as discussed further ahead. In low order method the geometric form of the submerged

body surface is defined by plane quadrilateral elements (low-order panels), and the veloc-

ity potential and/or source strength are assumed constant on each panel. The procedure

used to evaluate the body pressure is based on piecewise constant values of the potential

on each panel located at the panel centroides. In order to evaluate the pressure at other

points an interpolation procedure is adopted. An alternative option is the higher-order

panel method based on a continuous B-spline representation for the velocity potential

(WAMIT, 2012). The solution for the velocity potential and pressure is represented by

continuous B-splines on each patch. The velocity potential on the body is represented

by B-splines in a continuous manner, and the fluid velocity on the body is evaluated by

analytical differentiation. In most applications this provides a more accurate solution

compared to the low-order method. This includes the subdivision of the body surface

into patches, the further subdivision of the patches into panels, and the use of B-splines

to develop approximations on these surfaces. It is important to note in this context that

a panel is not restricted to be a flat quadrilateral in physical space, but can be a general

surface in space with continuous curvature to fit the corresponding portion of the body

as precisely needed. The body surface is defined by one or more patches, each of which

is a smooth continuous surface in space.

The low order approach is applied in the Time Domain RPM code, presented in the next

section.

5.2 Time Domain

In this section the theoretical and the numerical procedure for the time domain code used

is presented. In particular the TDRPM code developed by University of Sao Paulo (USP)

is discussed.
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5.2.1 TDRPM

A novel linear TDRPM developed by the Numerical Offshore Tank of the University of

Sao Paulo Watai et al. (2014) has been also applied for calculating the first order geosim

motions and wave elevations in the gap. The code is based on the three-dimensional low

order panel method and applies the Rankine source as Green function. In this version, the

nonlinear effects originated from the presence of unknown free surface and body surface

positions are neglected.

5.2.2 Theoretical formulation

TDRPM solves directly the sum of the radiation and diffraction potential contributions.

In other terms it solves the disturbed velocity representing both the disturbance of the

incident waves diffracted from the bodies and the waves radiated due to the oscillations

of the floating body.

The total velocity potential φ is split into a sum of the incident wave velocity potential

φI and the disturbed velocity potential φ(1), the latter representing both the disturbance of

the incident waves diffracted from the bodies and the waves radiated due to the oscillations

of the geosim.

The incident regular wave field potential φI for infinite waters has been defined in

Eqn. 5.2. The coordinate system is reported in Fig. 5.1.

Upon these considerations, the well known first order boundary value problem may

be summarized as follows:

1. Laplace’s equation (Eqn. 5.3);

2. Kinematic Free Surface Condition:

∂φ(1)

∂z
= −∂η

(1)

∂t
on z = 0; (5.20)

3. Dynamic Free Surface Condition:

η(1) = −1

g

∂φ(1)

∂t
on z = 0; (5.21)
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4. Bodies Boundary Conditions:

∇φ(1) · n̄B =
∂δ

(1)
B

∂t
· n̄B −∇φI · n̄B on S̄B; (5.22)

∇φ(1) · n̄A = −∇φI · n̄A on S̄A; (5.23)

5. Far Field Radiation Condition:

∇φ(1) → 0 at
√
x2 + y2 + z2 →∞; (5.24)

where η(1) is the first order free surface elevation and δ
(1)
B is the time-dependent dis-

placement of the geosim hull.

In equation (5.22), δB reads:

δ
(1)
B (t) = ξ

(1)
TB(t) + ξ

(1)
RB(t)× r̄B (5.25)

in which ξ
(1)
TB(t) and ξ

(1)
RB(t) are the translational and rotational motions of the geosim,

respectively, and r̄B is the zeroth order position vectors of a point on the body surface

relative to its respective body-bound axes coordinate system.

The geosim motions are calculated with the equation of motion presented in (5.26):

MMM3×3
∂2ξ(1)

∂t2
+KKK3×3ξ

(1) =

 F
(1)
XB

F
(1)
ZB

M
(1)
YB

 (5.26)

where MMM and KKK are the inertial and restoring matrices, and the vector ξ(1) contains the

first order motions for the three degrees of freedom here considered.

In order to conclude this Initial Boundary Value Problem (IBVP), an initial condition

must be imposed at the free surface so as to determine the subsequent fluid motions. As

demonstrated by Stoker (1957), for flows beginning from rest we may set the velocity

potential at the initial instant t = 0 s, to:

Φ = 0 on t = 0 s (5.27)
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The first order unsteady hydrodynamic pressure, forces and moments on the body

hulls S̄b are calculated with equations (5.28), (5.29) and (5.30), respectively:

p(1) = −ρ
(
∂φ(1)

∂t
+
∂φI
∂t

)
(5.28)

F(1) =

∫∫
S̄b

−ρ
(
∂φ(1)

∂t
+
∂φI
∂t

)
n̄ dS (5.29)

M
(1)
O =

∫∫
S̄b

−ρ
(
∂φ(1)

∂t
+
∂φI
∂t

)
(r̄× n̄) dS (5.30)

One should notice that special care must be given to the linear pressure calculation,

since there is not an exact equation for the calculation of the potential time-derivative

∂φ(1)/∂t. In this way, the numerical procedures demonstrated in Van Daalen (1993) and

Tanizawa (1995) is applied, in which the pressure is evaluated directly using the first order

acceleration potential (5.31), which also satisfies Laplace’s equation in the fluid domain:

Ψ(1) =
∂φ(1)

∂t
(5.31)

By following this method, a second boundary value problem is written for the accel-

eration potential. The bodies boundary conditions can be defined by derivation in time

of the expressions (5.22) and (5.23), as can be seen in (5.32) and (5.33).

∇Ψ(1) · n̄B =
∂2δ

(1)
B

∂t2
· n̄B −∇

(
∂φI
∂t

)
· n̄B on S̄B (5.32)

∇Ψ(1) · n̄A = −∇
(
∂φI
∂t

)
· n̄A on S̄A (5.33)

In addition, the free surface boundary condition is determined in terms of the dynamic

free surface condition for the velocity potential, as presented in (5.34):

Ψ(1) = −gη(1) on z = 0 (5.34)

The initial condition imposed is presented in (5.35).

Ψ(1) = 0 on t = 0 s (5.35)
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From now on, the superscript (1) denoting the first order quantities of the formulation

will be suppressed in order to simplify the notations.

In order to solve the initial boundary value problems defined for the velocity and

acceleration potentials, the present TDRPM adopts a low order boundary element method

using the Rankine’s source as Green’s function G(X; ξ):

G(X; ξ) =
1√

(x− ξ)2 + (y − η)2 + (z − ζ)2
(5.36)

In this method, the integral equations for the velocity and acceleration potentials,

presented in equations (5.37) and (5.38), are solved at a certain time step, whereas a

Fourth Order Runge-Kutta Method (RK4) time marching scheme is applied to update

the boundary conditions to a new time step.

∫∫
∂Ω′−X

[
φξ

∂G(X;ξ)

∂nξ

−G(X;ξ)
∂φξ

∂nξ

]
d∂Ω′ =


−4πφX if X inside Ω′

−2πφX if X is at ∂Ω′

0 if X is outside Ω′
(5.37)

∫∫
∂Ω′−X

[
Ψξ

∂G(X;ξ)

∂nξ

−G(X;ξ)
∂Ψξ

∂nξ

]
d∂Ω′ =


−4πΨX if X inside Ω′

−2πΨX if X is at ∂Ω′

0 if X is outside Ω′
(5.38)

Aiming at guaranteeing a stable evolution of the solution until the achievement of a

steady-state, the numerical scheme also considers the use of a ramp function fr(t) defined

by:

fr(t) =

{
1
2

[
1− cos( πt

Tr
)
]

if t ≤ Tr

1 if t > Tr
(5.39)

where Tr is the ramp time which is set as a multiple of a characteristic wave period

involved in the simulations.

Moreover, in order to prevent the diffracted and radiated waves reaching the free

surface boundaries and being reflected back to the bodies positions, the numerical damping

zone concept has been used (Zhen et al., 2010):
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∂η

∂t
=
∂φ

∂z
− ν(x, y)η at z = 0 and

√
x2 + y2 > Ldz (5.40)

∂φ

∂t
= −gη − ν(x, y)φ at z = 0 and

√
x2 + y2 > Ldz (5.41)

in which Ldz is the distance from the global coordinate origin until the begining of the

damping region and ν(x, y) is a function that defines the dissipation characteristic of this

region, described by:

ν(x, y) = aω

(√
x2 + y2 − Ldz

bλ

)2

(5.42)

where a defines the intensity of dissipation, b the damping zone length and λ the wave

length. These values must be tuned by preliminary tests in order to avoid the occurrence

of reflected waves which may spoil the solution. In general, we observe that the damping

zone must have a minimum length of one wave length, b = 1, whereas the intensity must

be set in such a way that permits a progressive and smooth dissipation of the waves.

Damping zones with large values of a (i.e a ≥ 3) may behave as a fixed wall. The same

damping zone technique has been applied in order to applied the damping contribution

in the gap and the it will be explained in section 5.4.

5.3 Numerical model with tank walls application

Since the experiments were conducted in a towing tank, special care had to be taken in

order to minimize the influence of reflected waves from the tank walls within the frequency

range of interest (namely, the range where the gap resonant modes are expected to occur).

The code to which we refer in this section is WAMIT, however the same considerations

can be taken for any other similar code. In fact, the distance between the models (side-

by-side configuration) was defined considering previous numerical results calculated by

the software WAMIT, which aimed at evaluating the expected gap resonant frequencies

and as the presence of the tank walls interferes on the hydrodynamic of the gap flow at

these frequencies. As will be demonstrated in the next section, by adopting proper gap

widths and barge’s draft, it was possible to restrict the influence of the tank walls to a

range of frequencies different from the one in which we were interested in.

The higher order WAMIT module has been used with the aim of providing preliminary
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information regarding the characterization of the gap resonant frequency ranges, thus en-

abling the definition of the gap widths and regular wave range to be tested experimentally.

In addition, WAMIT has assisted in the investigation of the influence of the tank walls

on the results.

Since WAMIT is formulated in frequency domain and applies the well known free surface

Green function, which eliminates the necessity of discretizing the free surface, the code is

more suitable to be used for exhaustive variations of important parameters that must be

assessed in the problem, if compared to the TDRPM solver.

Due to the relatively short distance between the tank walls and the models, the

WAMIT numerical models have been set up both considering and neglecting the influence

of the tank walls. This way, it has been possible to separate the effects associated to wave

reflections on the walls that interfered in the geosim motions and wave elevations in the

gap. Since the analysis conducted with WAMIT indicated that no significant wall effects

occurred in the gap resonance range, the walls were not considered in the TDRPM models

because the discretization of the free surface would significantly increase the number of

panels and, consequently, the computational time. In this stage also AQWA solver could

be taken into account. In fact, very similar results would have been obtained, but in sec-

tion 5.1 the reasons to exclude AQWA at this stage, are explained. One of the tank walls

was modelled imposing a symmetry, which generates a body image located at twice the

distance to the wall and the other has been represented by applying a second symmetry

to hull plus its image, resulting in two more images, i.e. original plus three images as

represented in Fig. 5.2.

The numerical models with the tank walls have been computed in WAMIT also in

side-by-side configuration cases by introducing sets of bodies images (barge + geosim)

with respect to the vertical symmetry planes. Moreover, since two tank walls should

be considered and the exact solution of the problem would only be reached by using an

infinite series of images, a convergence analysis was performed in order to determine the

minimum number of images above which the results would not be significantly affected. In

total, 5 sets of body images had to be considered for achieving a reasonable convergence,

resulting in a model composed of 12 bodies, which was than solved by considering 6

bodies plus the symmetry plane. In order to illustrate the models, the symmetries are

represented in Fig. 5.3.

This analysis allowed to study the influence of the tank walls on the observed param-

eters during the test, like motion of the geosim and wave height along the gap. Results
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1.903.80

Figure 5.2: Symmetries applied to the geosim model. Dimensions in meters.
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3.80 1.97 1.90

Figure 5.3: Symmetries applied for the multibody model. Dimensions in meters.

that the experimental setup guarantees that, in the hydrodynamic resonant zone, the

wave reflection due to the tank walls presence is not important for the physical magni-

tudes observed, as it will be presented with more detailed in section 8.4.
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5.4 Damping Zone

We will introduce here the numerical approach to implement the numerical beach, defined

in section 5.2.

Numerical methods based on the potential flow theory are known to have a poor

performance when dealing with multiple bodies arranged in a side-by-side configuration,

tending to provide unrealistically high wave elevations in the gap between the vessels,

which lead to poor estimations of forces and motions. In practice, the wave elevations

would be limited by viscous effects that are not accounted for by potential flow solvers. In

this regard, the application of suppression methods to handle these gap resonant problems

becomes an interesting alternative for a better representation of the physical problem. In

addition to the unrealistic values observed when the mathematical problem is solved in

time domain, a very slow numerical convergence for frequencies near the resonant ones

is also observed. In these cases, a considerable number of wave cycles is necessary to

reach a steady state. In order to deal with these gap resonant effects, in the thesis will

be presented a beach implementation in AQWA and in the TDRPM, in which the free

surface boundary conditions (kinematic and dynamic) are reformulated by means of the

damping lid technique used in frequency domain by Chen (2005), Fournier et al. (2006),

Pauw et al. (2007), Bunnik et al. (2009), Watai (2015), and T. and Sen (2016). In this

method, a constant damping factor ε is included in the free surface boundary conditions,

as presented in Eqs. 5.43 and 5.44:

∂η

∂t
=
∂φ

∂z
− εη on z = 0 in the gap (5.43)

∂φ

∂t
= −ηg − εφ on z = 0 in the gap (5.44)

Through this free surface boundary condition is possible to introduce a damping along

the gap with TDRPM. It is interesting to note the similitude with the equations 5.40 and

5.41 used in order to prevent the diffracted and radiated waves reaching the free surface

boundaries and being reflected back to the bodies positions. In TDRPM the damping

is considered constant (i.e. independent from frequency) which represents a reasonable

assumption because we have a narrow hydrodynamic resonant range of frequencies.

One should notice that the undamped free surface elevation is recovered by setting the

damping factor ε equal to zero. As will be heuristically demonstrated later in the thesis,

the imposition of the damping parameter attenuates the numerical convergence problems,
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stabilizing the solutions much faster (TDRPM). Another characteristic of the method is

that the damping parameter influences the results only in the resonant frequency range.

Moreover, one of the main advantages of this method is that it does not require the

use of additional degrees of freedom in the model, as the technique applied by Newman

(2003). Instead, only one value of damping factor is included in the free surface boundary

conditions. On the other hand, it is important to mention that the ε value is, for the

moment, not defined rationally, but it is merely tuned with the experimental data. Despite

the simplicity of this technique, it will be shown that reasonable results can be obtained

in terms of wave elevations and body motions in most of the cases.

The numerical damped free surface condition on the numerical beach in AQWA solver

is provided by:

∂φ

∂z
+
ω2

g
(α− i)2φ = 0 (5.45)

The damped free surface model in the gap implemented in AQWA is very similar to

the one adopted by TDRPM. In fact substituting η from eqn. 5.44 in eqn. 5.43, and con-

sidering ∂φ/∂t = −iωφ and ∂2φ/∂t2 = −ω2φ the eqn. 5.45 is obtained, considering that

α = ε/ω. It is interesting to observe that AQWA considers a damping value depending

from the wave frequency but the influence is not relevant because the resonant frequency

range is very short (”narrow banded”).

The numerical results with the damping zone applied to model the gap between the bodies,

will be discussed in Chapter 9.



Chapter 6

Experimental setup

6.1 Model Basin

The experimental tests were carried out at the towing tank of the CEHINAV-Technical

University of Madrid (UPM), which has a length of 100 m, a breadth of 3.8 m and a

variable deep between 2 m and 2.25 m for drainage reason (Fig. 6.1). The model basin is

composed by a tank, a towing carriage that moves on railways placed on the lateral tank

walls, a wave generator and a beach of 8.5 m at the tank’s bottom. Figs. 6.1 y 6.2 show

the longitudinal and transversal sections of the tank. In Fig. 6.3 a picture of the model

basin is shown.

Figure 6.1: Tank: longitudinal section.

67
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Figure 6.2: Tank: transversal section.

The wave generator is a device of unidirectional regular and irregular wave generation,

with a single flap. Fig. 6.4 shows the flap and the flap working.
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Figure 6.3: CEHINAV Model Basin.
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Figure 6.4: Wave maker of CEHINAV model basin.



6.2. WAVE PROBES 71

6.2 Wave Probes

The wave probes have been used to record the wave heights. The wave probes are home-

made and belong to the capacitive type. The accuracy during the measurements is around

0.1 mm in a measurement range +/- 250 mm. Fig. 6.5 shows one specimen of the wave

probe used, composed by steel frame and digital sensor. Four wave probes have been

placed in the gap centerline, and another one has been placed away from the model, in

proximity (around 14 m) of the wave generator in order to obtain the generated wave

amplitude.

Figure 6.5: Capacitive wave probe.

Prior to its use, a calibration process is needed for both probes. In Appendix B the

calibration curves are presented.
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6.3 Laser

The system used is a three single point sensor based on triangulation measurement prin-

ciple. Three lasers have been used, where two of them measure the vertical displacement

and pitch angle, whereas the last is been used for the longitudinal displacements. A light

beam emitted by a laser diode is projected onto the object and reflection off the object‘s

surface produces diffusely scattered light. After passing through imaging optics a portion

of the light falls onto a position-sensitive CCD line element. If the object is located exactly

in the focal point of the laser beam (center of measurement range), the reflected light spot

will hit the CCD exactly in the middle. Displacing the object will lead to a change in

angle (in relation to the sensor). As a result, the light spot will hit the CCD more to the

left or more to the right. In turn, the change in position of the light spot will lead to

change in the output of the sensor by the signal processing electronics, which includes a

16-bit micro-controller. An internal feedback loop automatically compensates for differ-

ences in detected light intensity due to the object’s color and texture by varying power to

the laser diode. In Fig. 6.6 the laser device and CCD line element are represented. The

calibration curves of the laser are reported in Appendix B.
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LASER

CCD Element

Figure 6.6: Laser device and CCD line element.
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6.4 Data acquisition system

The data acquisition system used is HBM Catman-Spider. This system is connected

through an USB cable to the computer and allows acquiring the wave probes and laser

measurements. The data acquisition sampling rate is 50 Hz. The user interface of the

system has been the catman software.
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6.5 Geosim Model

In this section the features of the geosim are treated. This model has been used previously

to research of scale effects on the roll damping coefficient (Valle-Cabezas, 1998). The

choices of this model are reported in section 4.1.

6.5.1 Geometry

A sketch of the model is shown in Figs. 6.7 and 6.8.

Figure 6.7: 3D CAD of the geosim. Dimensions in meters.
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Figure 6.8: Geometry of the geosim. Dimensions in meters.
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6.5.2 Center of gravity and transversal metacentric height

The center of gravity has been estimated by the stability test carried out in CEHINAV

model basin of Technical University of Madrid.

The following data have been obtained:

1. Geosim displacement, ∆g= 83.30 kg;

2. Geosim Width, B = 400 mm;

3. Mass applied for the stability test, P = 0.6 kg;

4. Arm of the P couple, d = 0.322 m.

Considering a small inclination:

tan θ =
dz

B
=

0.026 m

0.4 m
= θ (6.1)

where dz is the drop due at the mass P application.

For a small angle we can write:

M = P · d = ρ ∆g GM t θ (6.2)

where M is the momentum, P and d have been previously defined and ρ = 1000 kg/m3

density of the water, such as GM t:

GM t =
P · d

(∆g + 2P ) · tan θ
=

0.6 kg · 0.322 m

(83.30 kg + 1.2 kg) · 0.026 m
0.4 m

= 0.0351 m (6.3)

From 6.3, the CoG (center of gravity) position can be determined:

KG = KB +BM −GM t = (0.1130 + 0.1031− 0.0351) m = 0.181 m (6.4)

where KB = 0.113 m is the center of buoyancy and BM value is determined by eqn.

6.5:

BM =
Ixx

∆g

=
0.00859 m4

0.0833 m3
= 0.1031 m (6.5)

where Ixx is the moment of inertia of the flotation area respect to the longitudinal

axis x.
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Figure 6.10: Floatation area (A) of the geosim.

Take a look at the Figs. 6.9 and 6.10 for the nomenclature.

If we want delete the masses P effect:
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KG
′
=

(∆g + 2P ) ·KG− 2P · zp
∆g

=

=
(83.30 + 1.2) kg · 0.181 m− 1.2 kg · (0.15 + 0.016) m

83.30 kg
= 0.1812 m

(6.6)

where zp is the distance from the keel at the center of gravity of the additional masses

P .

So, we obtain:

GM
′
t = (0.1130 + 0.1031− 0.1812) m = 0.0349 m (6.7)

A very small difference of the transversal metameric height is noticeable when the

influence of the masses P is neglected.

Through numerical calculation carried out with WAMIT we obtain:

GM t = C44/∆g = 0.0029304 tons m/0.0833 m3 = 0.0352 m (6.8)

where C44 is the restoring coefficient obtained with WAMIT.
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6.5.3 Longitudinal metacentric height

The longitudinal metacentric height can be estimated from the eqn. 6.9 with KG value

determined in the previous section 6.5.2:

GM l = KB +BM −KG = 0.1130 m +
0.16

0.0833

m4

m3
− 0.181 m = 1.87 m (6.9)

with:

BM =
Iyy
∆g

(6.10)

where Iyy = inertia of the flotation area respect to the longitudinal axis y.

This value can be double-checked through WAMIT restoring coefficients value:

GM l = C55/∆g = 0.15558 tons m/0.0833 m3 = 1.86 m (6.11)

where C55 is the restoring coefficient obtained with WAMIT.
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6.5.4 Pitch Inertia Evaluation

The inertia in pitch direction has been estimated at the center of gravity of the geosim,

using an ”inertia table”. The test was repeated 6 times. At each test the time for 10

oscillations period was measured. The periods obtained and the average value are reported

in Tab 6.1:

Table 6.1: Periods obtained for the 6 tests.

1 2 3 4 5 6 Average
T[s] 8.87 8.84 8.90 8.43 8.90 8.71 8.78

Considering the average period value and the calibration curve of the ”inertia table”

in Fig. 6.11, the pitch inertia value, translated to the geosim’s center of gravity, has been

obtained:

Iy = 261385 kg cm2 = 26.13 kg m2 =⇒ Ry = 0.56 m (6.12)

y = 6343.5x2 + 1356.8x - 186495
R² = 0.9995
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Figure 6.11: Calibration curve of inertia table.
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6.5.5 Soft spring stiffness assessment

Decay tests in surge direction with guiding arms and soft springs (Springs illustrated in

Fig. 6.12) have been carried out.

Figure 6.12: Soft moorings used to surge drift control.

In Fig. 6.13 three repetitions of surge decay tests are shown.

Considering the decay test in surge direction it is possible to estimate the surge natural

period of the system that is around 6.2 s (T1 = 6.2 s). With the natural period value, it is

possible to determine the stiffness of the system (geosim+soft spring) by the Eqn. 6.13,

with the numerical added mass M11 = 9.79 kg.

ω1 =
√
K/(M +M11) (6.13)

Numerical simulation have been carried out using the numerical code AQWA with a

number of panels equal to 2084, after convergence analysis.

Due to the soft springs introduction the geosim behavior for low frequencies has been

modified, as shown in Fig. 6.14. In particular it is noticeable for bigger frequencies than
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Figure 6.13: Repetitions of decay test in surge direction.

2 rad/s who the springs presence is not relevant. It means that for the frequencies range

considered in this thesis (bigger than 2 rad/s) the geosim’s motion is not affected for the

springs presence.

The spring stiffness K11 obtained is equal 100 N/m (K11 = 100 N/m), which is divided

between the two soft springs (bow and stern). So for each spring the stiffness value is

equal to 50 N/m.

With the decay test it is also possible to asses the viscous damping value in surge direction

adjusting the numerical results respect to experimental results. The assessed value is equal

to 2.65 kg/s, but is very low, therefore is not influent on the hydrodynamic solution.

In Fig. 6.15 the comparison between the numerical (AQWA) and experimental decay test

results is shown.
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Figure 6.14: Numerical RAO in surge direction with and without soft springs. AQWA
results.

For heave and pitch DOFs the radiation damping is very big in comparison with the

viscous damping, so the assessment is negligible.
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Figure 6.15: Decay test in surge direction.
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6.5.6 Main features of the geosim

From the analysis conducted and previously commented the main features of the geosim

are reported in Tab. 6.2.

Table 6.2: Main features GEOSIM.

Parameter Symbol GEOSIM
Length overall [m] LoA 2
Breadth [m] B 0.40
Depth [m] D 0.32
Draft [m] T 0.18
Displacement Weight [kg] ∆g 83.30
CoG above baseline [m] (Exp) CG 0.181
Tnansv. Metacentric Height [m] GMt 0.0350
Long. Metacentric Height [m] GMl 1.87
CoG from the stern [m] 0.802
Pitch radius of gyration [m] ry 0.56
Heave Natural Period [s] T3 0.95
Pitch Natural Period [s] T5 1.20
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6.5.7 Seakeeping guiding arms effects

In order to get an experimental setup with the features defined in Chapter 2, as well as

to get the benefits due to the its use, a seakeeping guiding arms system has been used.

The seakeeping guiding arms system is highlighted in Fig. 6.16:

Figure 6.16: Mechanical guiding arms.

Both arms (bow and stern in Fig. 6.17) have the same mass, M1 = M2 = M = 2.75 kg.

The total mass in dynamic condition results:

Mgeosim +Marms = (83.30 + 5.5) kg ≈ 88.8 kg (6.14)

In order to asses the inertia contribution of the guiding arms, the decay tests with and

without arms application have been carried out. The natural periods obtained are 1.20

s and 1.26 s, without and with guiding arms, respectively. From eqn. 6.15, the added

inertia Ia is estimated with the value around to 29 kg m2, when the guiding arms are not

considered:

ωn =

√
ρgGM l∆

I + Ia
→ Ia =

ρgGM l∆

ω2
n

− I (6.15)

In eqn. 6.15, ρ = 1000 kg/m3, g = 9.81 m/s2, GM l = 1.86 m, ∆ = 0.0833 m3,

ωn = 5.24 rad/s (Tn = 1.20 s) and I = 26.13 kg m2.
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If we consider now the natural period with guiding arms, the total inertia is provided

by the eqn. 6.16:

ωn =

√
ρgGM l∆

I + Ia
→ I =

ρgGM l∆

ω2
− Ia = 31.8 kg m2 (6.16)

It means that the increment of inertia due to the guiding arms application is around

5.7 kg m2.

The main features of the Geosim considering seakeeping arms effects are reported in

Tab. 6.3.

Table 6.3: Main features of the Geosim considering seakeeping arms effects.

Feature GEOSIM
Additional Mass [kg] 5.5
TOT Mass [kg] 88.80
Pitch radius of gyration [m] 0.598
Heave Period [s] 0.95
Pitch Period [s] 1.26
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Figure 6.17: Seakeeping guiding arms.



6.6. BARGE MODEL 89

6.6 Barge Model

The barge model is represented in Fig. 6.18. The main features of the model are reported

in Tab. 6.4. As specified in Chapter 4 the barge is considered fixed in the place.

Figure 6.18: 3D CAD of the barge. Dimensions in meters.

Table 6.4: Main particulars of BARGE.

Parameter BARGE
Length overall [m] 1.67
Breadth [m] 0.665
Depth [m] 0.205
Draft [m] 0.08

In the next Chapter, numerical and experimental results for seakeeping of a single

body, namely the geosim model, are presented. It is considered convenient to investigate,

prior to the research on the multi-body system, the behaviour of the geosim single body,

in order to assess, for a simple case, the suitability of the experimental setup and the

reliability and accuracy of the numerical tools, as well as to generate reference data of the

geosim model in an isolated condition, that can be later compared with that obtained in

the multi-body configuration.





Chapter 7

Seakeeping problem

7.1 Introduction

In this chapter the application of the linear theory to single body case is applied. In

particular the study of the motion in waves of a quasi-prismatic hull is carried out, com-

paring experimental versus numerical results. We will refer to such hull as geosim, since a

series of geometrically similar multiple scale models were built for a previous roll-damping

coefficient research (Valle-Cabezas (1998)).

This case represents the Configuration 0 mentioned in Chapter 4. The same model is

used in a multi-body condition test as shown in the next chapter 8.

7.2 Motion RAOs of a single body

The experiments have been carried out in the towing tank of the CEHINAV model basin

(Technical University of Madrid). The geosim’s motions are restricted to the vertical

plane (surge, heave and pitch) thanks to set of mechanical guiding arms, whereas the

drift in surge direction is controlled by soft springs. This configuration is chosen because

for further numerical comparison in multibody condition, a constant gap is necessary.

Guiding arms and soft springs have been studied in detail (see Chapter 6) in order to

incorporate their effects (restoring and additional mass and inertia) into the numerical

model. Simulations investigation have been comed out, relative to the walls effect on

the geosim’s motion due to the fact that the seakeeping tests have been carried out in a

towing tank (Fig 7.1).

91
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Figure 7.1: General view of the geosim and towing tank.

The higher order WAMIT module has been used with a panel size parameter fixed to

0.05 for after a mesh convergence analysis.

The numerical and experimental geosim motion RAOs in heave and pitch are presented

in Fig. 7.2. The relative test matrix is reported in Appendix A. The presence of the walls

induces a significant influence on the geosim heave motion, specially in the frequency

range between 5 and 7.5 rad/s, which is probably associated to the transversal sloshing

modes of the tank. Anyway, the numerical calculation can reproduce the experimental

results in this range of frequencies as reported in Fig. 7.2.

The walls were not considered in the TDRPM models because the discretization of

the free surface would significantly increase the number of panels and, consequently, the

computational time.
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Figure 7.2: Numerical and experimental motions RAO in heave (top) and pitch (bottom).

Based on the results obtained, the seakeeping of a single body is fine predicted in both

numerical (considering the tank walls presence) and experimental models.





Chapter 8

Study of side-by-side gap flow

8.1 Introduction

In this chapter the numerical and experimental results of a side-by-side model are reported.

The limitations of the potential flow codes for this particular kind of problem are discussed.

The effects of the gap and draft’s vessel values on the gap flow will be studied.

To know the dynamic of the problem it is important for:

1. Mooring design;

2. Maneuvers definition in case of approximation and separation between the artifacts;

3. Operational condition during an offloading process;

4. Damage definition in case of large relative displacements;

5. Collision risk between the artifacts.

In general a gap flow is characterized by:

1. Longitudinal modes of oscillation;

2. Transversal modes of oscillation;

3. Piston mode. It can be considered like the zeroth longitudinal mode. In it the flow

ups and downs as a rigid body. The frequency in which occurs this depends from

the vessels’ drafts as reported in Bunnik et al. (2009). The physical phenomenon is

95
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typical of the moonpool system. The classic piston-mode dynamics in moonpools

is nonlinear; see for instance Pesce et al. (2006) in absence of platform motion. For

small oscillation the linearized equation gives ω =
√
g/T as the piston mode natural

frequency, where T is the draft. In the present case the dynamics is similar but not

quite, as there is flux of momentum in the longitudinal direction as well, through the

front and rear ends of the gap region. Of course, a specified simplified model can be

written as well. Of course, a specific simplified model can be written as well. This

could be based on analytical mechanics methods or in free-surface hydrodynamics

techniques, where resonant modes will appear. In order to consider the geometry

of the gap, Molin (2001) provides an approximated analytical formulation based on

three-dimensional gap flow analysis investigating the natural modes of oscillation of

the inner free surfaces of a moonpool. More detailed about the gap resonant effects

are presented in section 8.7.

8.2 Experimental setup

Figs. 8.1 and 8.2 show two pictures taken during the experiments conducted for Config-

uration 2 (see nomenclature’s configuration in Chapter 4).

The experiments were conceived in a very fundamental setup, in which the barge was

kept fixed and the geosim was attached to a mechanical guiding arm, that allowed the

body motions only in the longitudinal vertical plane (surge, heave and pitch) as has been

discussed in Chapter 7. Despite the fact that the sway drift force in head waves may

influence the body motions (consider in mind it is a non-symmetric setup), by locking

the geosim motions with a vertical plane we can keep the gap width and length in a very

controlled manner during the measurements, which enabled is to provide a convenient

configuration for the numerical modeling. Actually the length of the gap varies in time,

as the geosim model surge; but possibly this is a second-order effect.

Geosim heave and pitch motions as well as wave heights in the gap were measured

during the tests. The motion tracking of the geosim was performed by a laser system,

whereas four wave capacitive wave probes (WP) were positioned in the gap for measuring

of wave elevations. Figure 4.3 illustrates the WP positions (P1, P2, P3 and P4) and Table

8.1 presents the relative positions between the WPs. All the probes were positioned along

the gap centerline. Its worth mentioning that the WP positions were maintained fixed for

the three multi-body tests.
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Figure 8.1: General view CEHINAV model basin setting test for Configuration 2.

Figure 8.2: Setting test for Configuration 2.

A range of 35 and 26 head regular waves, including repetitions, were tested for the

multibody setups Configuration 1 and Configuration 2, respectively. The set of 35 regular

waves in Configuration 1 was defined with the aim of determining the geosim RAOs in a
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Table 8.1: Relatives distances between the wave probes.

L(P1-P2) [m] 0.48
L(P2-P3) [m] 0.475
L(P3-P4) [m] 0.485
L(P4-Stern Geosim) [m] 0.28

wide range of frequencies so as to evaluate the influence of the tank walls and also cali-

brate the numerical models. For Configuration 2, the experimental matrix was reduced

to 26 regular waves, concentrating the analysis to the gap resonance frequency, which was

previously estimated by the WAMIT numerical model. Also for Configuration 3 case a set

of 17 frequencies has been considered concentring the last ones inside the zone of interest

for the resonant gap flow. The relative test matrices are reported in Appendix A.

In any case the wave height (H) for every frequency was determined considering a wave

steepness smaller or equal to H/λ = 3% (limit established for the highest wave frequen-

cies). The maximum allowed wave height value was 0.04 m in order to guarantee a stable

propagation of the waves. The measured time series of body motions and wave height in

the gap were translated into RAOs by obtaining the amplitudes of the records in their

steady state intervals, disregarding the initial transient period, the influence of wave re-

flections at the downstream end of the towing tank and the influence of the wave reflection

at the bow of the body. The side walls reflections have been incorporated into the model.
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8.3 Numerical setup

8.3.1 TDRPM

The barge and geosim hulls have been modeled with 1584 and 1504 quadrangular panels,

respectively. For the free surface meshes, 4797 panels were applied in Configuration 1

and Configuration 3, and 5751 panels in Configuration 2, the difference being associated

exclusively to the number of panels required to model the gap surface (750 panels for

Configuration 1 and 1500 for Configuration 2). The number of elements used is reported

in Tab. 8.2. These values were obtained after a convergence analysis in terms of the

geosim motions and wave elevations. By taking Configuration 1 (gap equal to 0.05 m) as

an example, Figs. 8.3 and 8.4 present the bodies (with the gap) and free surface meshes

used in the TDRPM computations, respectively.

Figure 8.3: Barge, geosim and gap panel meshes for Configuration 1.

Table 8.2: Number of elements in TDRPM

C1 C2 C3
Geosim 1504 1504 1504
Barge 1584 1584 1584
Gap 750 1500 750

Notice that the meshes have been refined towards the body edges, with a larger con-

centration of panels near the gap region in order to improve the numerical convergence.

In addition, the free surface mesh has been designed to allow a smooth transition from

the gap region to the outer free surface. The TDRPM has been run for several regular
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Figure 8.4: Free surface panel mesh for Configuration 1.

wave frequencies within the range of frequencies tested experimentally.

Each simulation has provided a set of time series describing the geosim motions in the

3 D.O.F. (surge, heave and pitch) and the wave elevation at the wave probes locations

(Table 8.1), from which the signal amplitude has been characterized with the root mean

square (rms) from a steady state interval. The time-step of each simulation has been set

to 4t = T/30 s, where T represents the wave period.

The numerical beach has been set with a length equal to b = 2λ and intensity a = 1.5

for all cases, second the equation 5.42.
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8.3.2 AQWA

In AQWA the number of the quadrangular panels of the geometries and gap for each

configuration is reported in Tab. 8.3. These values were obtained after a convergence

analysis in terms of the geosim motions and wave elevations.

Table 8.3: Number of elements in AQWA

C1 C2 C3
Geosim 1042 1042 1065
Barge 1448 1448 1394
Gap 500 1125 500

Fig. 8.5 presents the bodies (with the gap) and free surface meshes used in the AQWA

computations for Configuration 2.

Figure 8.5: Free surface panel mesh for Configuration 2 in AQWA.

To note in Fig. 8.5 that just the submerged part is meshed, typical process of a

diffraction code.
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8.3.3 WAMIT

The higher order WAMIT module was applied such that concerning the bodies meshes,

the panel size parameter was setting to 0.1 for Configurations 1 and 3 whereas to 0.2 for

Configuration 2. These values were defined after a convergence analysis of the mesh. One

should notice that a smaller value of panel size was required for Configuration 1 and 3,

since the gap width was smaller.
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8.4 Results: Tank walls influence

As commented in Chapter 5 the tank walls influence on the hydrodynamic solution can be

numerically considered. The Fig. 8.6 presents a comparison between RAO calculations

with the WAMIT model and the measured data for Configuration 1. The comparison

refers to the geosim heave and pitch RAOs and shows that the heave motion amplifications

observed in the experiment for frequencies between 3.5 and 7.0 rad/s are caused by waves

reflected by the tank walls.

The evidence for this comes from the fact that the WAMIT numerical model with

walls was indeed able to capture the same trends of the experimental curve. Moreover,

one should also notice that the influence of the walls tends to be minimized for higher

frequencies (> 7 rad/s), for which both WAMIT numerical models present similar results.

It is also worth mentioning that the pitch motion is not significantly affected by the

presence of the walls.

The influence of the tank walls on the wave elevations at the gap centerline is investigated

in Fig. 8.7, from which it can be inferred that the wall effects are minor.

Both WAMIT numerical models (with and without walls) present good agreement

with the experimental data for wave frequencies lower than 8 rad/s, in the same range

where the heave motions are significantly influenced by the tank walls. Nonetheless, one

should realize that the numerical results provided by both models (with and without

walls) present significant wave amplifications for a range of frequencies between 8.0 and

9.0 rad/s, which are in general much larger than the observed experimental values.

As aforementioned, potential flow solvers present some difficulties when dealing with

physical problems that contain narrow gaps, tending to provide unrealistic wave elevations

and body motions for the associated gap resonant frequencies, where the potential flow

physics is not enough to represent the hydrodynamic phenomenon.

Analogous results for Configuration 2 are presented in Figs. 8.8 and 8.9.

By analyzing both figures, it is possible to observe that the results present a behavior

similar to the ones obtained for Configuration 1, once again emphasizing that the influence

of the tank walls is more pronounced for wave frequencies lower than 7.0 rad/s. Based

on these analyses, it was possible to conclude that although the experimental data was

obtained in a towing tank with walls relatively close to the model bodies, the influence of

reflected waves was restricted to frequencies below the range of main interest to this study,

where gap resonant effects are caused by the hydrodynamic interaction of the models in
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side-by-side configuration.

Also for the Configuration 3 we have similar results, but for another resonant frequency

range as shown in Figs. 8.10 and 8.11.

Since the analysis conducted with WAMIT did not indicate significant wall effects in

the gap resonant frequencies, the walls have been neglected in the TDRPM and AQWA

simulations, thus reducing significantly the number of panels and, consequently, the total

processing time.
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Figure 8.6: Configuration 1: Comparison between WAMIT numerical data and experi-
mental values in terms of heave (top) and pitch (bottom) RAOs. Gap width = 0.05 m.
Barge draft = 0.12 m.
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Figure 8.7: Configuration 1: Comparison between WAMIT numerical data and experi-
mental values in terms of wave elevations RAOs in different points positioned along the
gap centerline. Gap width = 0.05 m. Barge draft = 0.12 m.
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Figure 8.8: Configuration 2: Comparison between WAMIT numerical data and exper-
imental values in terms of heave (top) and pitch (below) RAOs. Gap width = 0.1 m.
Barge draft = 0.12 m.
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Figure 8.9: Configuration 2: Comparison between WAMIT numerical data and experi-
mental values in terms of wave elevations RAOs in different points positioned along the
gap centerline. Gap width = 0.1 m. Barge draft = 0.12 m.
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Figure 8.10: Configuration 3: Comparison between WAMIT numerical data and exper-
imental values in terms of heave (top) and pitch (below) RAOs. Gap width = 0.05 m.
Barge draft = 0.08 m.
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Figure 8.11: Configuration 3: Comparison between WAMIT numerical data and experi-
mental values in terms of wave elevations RAOs in different points positioned along the
gap centerline. Gap width = 0.1 m. Barge draft = 0.08 m.
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8.5 Results: Gap value influence

In this section the results in terms of motion and wave elevation RAOs are discussed,

looking at the gap value influence on the numerical results.

The comparison between TDRPM, WAMIT and experimental results in terms of

geosim motions and wave elevations for Configuration 1 are presented in Figs. 8.12 and

8.13, whereas for Configuration 2 they are presented in Figs. 8.14 and 8.15.

One should notice that only the WAMIT model without walls is being considered, since

the results are focused exclusively on the range of frequencies in which the influence of tank

walls can be disregarded, as previously commented in section 8.4. The overall agreement

between TDRPM, WAMIT and AQWA results is good for all the RAOs curve. Even

considering the fact that the TDRPM is formulated in time domain, such an agreement

was indeed expected since the boundary value problem solved by both computational

codes is exactly the same. Also, it is clear that the numerical results tend to overestimate,

in both configurations, the experimental data for some frequency intervals.

For Configuration 1 (Fig. 8.12), one should notice that in the frequency range 8 −
9 rad/s there is a numerical resonance, which may be identified by the peaks in the

heave and pitch RAOs at approximately 8.3 and 8.5 rad/s, respectively. The same trends

are observed for the wave elevations RAOs (Fig. 8.13), especially for the measurement

points that are in fact inside the gap between the bodies (P2, P3 and P4). Since the

wave probe P1 was positioned outside the gap, it does not present significant influence

from the resonant effects, resulting in a smoother RAO curve when compared to the

other probes. At this location, a perfect agreement between numerical and experimental

results was observed. The wave modes associated to the resonant frequencies of 8.3 and 8.5

rad/s are presented in Figure 8.16, which illustrates the envelopes of wave elevation inside

the gap in spatial domain calculated by the TDRPM for Configuration 1. The abscissa

axis represents the length of the gap considered and in Figure 8.17 the gap analyzed is

highlighted.

For the resonant wave frequency 8.3 rad/s, it is possible to observe that the wave

elevation in the gap presents a piston type resonant mode, in which the wave behaves

like a column of water moving up and down in the region between the vessels (Molin,

2001). Regarding the resonant frequency 8.5 rad/s, one may realize that instead of a

piston mode, a first longitudinal mode is visualized. It is interesting to observe that this

mode is related to the amplification of the pitch motion at this same frequency (Fig.
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Figure 8.12: Configuration 1: Comparison between WAMIT, TDRPM, AQWA and ex-
perimental values in terms of heave (top) and pitch (bottom) RAOs. Gap width = 0.05
m. Draft Barge = 0.12 m.
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Figure 8.13: Configuration 1: Comparison between WAMIT, TDRPM, AQWA and ex-
perimental values in terms of wave elevations RAOs in different points positioned along
the gap centerline. Gap width = 0.05 m. Draft Barge = 0.12 m.
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Figure 8.14: Configuration 2: Comparison between WAMIT, TDRPM, AQWA and ex-
perimental values in terms of heave (top) and pitch (bottom) RAOs. Gap width = 0.1
m. Draft Barge = 0.12 m.
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Figure 8.15: Configuration 2: Comparison between WAMIT, TDRPM, AQWA and ex-
perimental values in terms of wave elevations RAOs in different points positioned along
the gap centerline. Gap width = 0.1 m. Draft Barge = 0.12 m.
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Figure 8.16: Configuration 1: Gap wave elevation envelopes in spatial domain computed
with TDRPM. Incoming wave frequencies ω = 8.3 rad/s (top) and ω = 8.5 rad/s (bot-
tom). Wave propagates from positive to negative x coordinates. Gap width = 0.05 m.
Draft Barge = 0.12 m.
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Figure 8.17: Gap considered in the longitudinal mode analysis.

8.12). In Figs. 8.18 and 8.19 the free surface elevation around the bodies and in the gap

is represented. It is noticeable the pumping mode (8.3 rad/s) in the gap as well as the

first longitudinal mode (8.5 rad/s).

Fig. 8.20, illustrates the envelopes of wave elevation along the gap for the natural

frequency (5 rad/s) and for the resonance frequency (8.5 rad/s) due to the gap flow, in

geosim’s pitch motion. Notice that the wave amplitude in the gap are much smaller for

the pitch natural period in comparison to the gap resonant one. This numerical behavior

is typical of this kind of multibody system in close proximity, analyzed with radiation-

diffraction codes.
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Figure 8.18: Configuration 1: Free surface elevation. AQWA Results. Gap = 0.05 m,
Barge Draft = 0.12 m. Incoming wave frequencies ω = 8.3 rad/s. Wave amplitude in
meters.

Figure 8.19: Configuration 1: Free surface elevation. AQWA Results. Gap = 0.05 m,
Barge Draft = 0.12 m. Incoming wave frequencies ω = 8.5 rad/s. Wave amplitude in
meters.



8.5. RESULTS: GAP VALUE INFLUENCE 119

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6
0

1

2

3

4

5

6

7

 

 

x [m]

η G
ap

/A
I [

m
/m

]

WAMIT Freq. = 8.5 rad/s
WAMIT Freq. = 5 rad/s

Figure 8.20: Configuration 1: WAMIT wave elevation along the gap. ηGap: wave ampli-
tude in the gap, AI : incident wave amplitude. Gap = 0.05 m and T1 = 0.12 m
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The same qualitative behavior observed for Configuration 1 may be stated for Configu-

ration 2 (Figs. 8.14 and 8.15). In this case, however, since the gap width was increased to

0.10 m, the numerical resonant frequencies are slightly shifted towards lower frequencies

7.5 − 8.5 rad/s. In this configuration, the numerical resonant peaks for heave and pitch

RAOs are approximately 7.7 rad/s and 7.8 rad/s. For P3, for example, the tests measured

a wave elevation of almost four times the incoming wave amplitude. In this case, despite

of a slight frequency shift of the frequency associated to the maximum elevation values

predicted by the numerical models, WAMIT, TDRPM and AQWA provide comparable

magnitudes in relation to the measured data. Once again, these resonant frequencies

coincide with the piston and first longitudinal modes of the gap, respectively, as may be

observed in Fig. 8.21. It is also interesting to observe that, for waves that are outside of

the gap resonant frequency range, the numerical results agree with the experimental data

very well.

In Figs. 8.22 and 8.23 the free surface elevation around the bodies and in the gap is

represented for the Configuration 2. It is noticeable the pumping mode (7.7 rad/s) in the

gap as well as the first longitudinal mode (7.8 rad/s).
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Figure 8.21: Configuration 2: Gap wave elevation envelopes in spatial domain computed
with TDRPM. Incoming wave frequencies ω = 7.7 rad/s (top) and ω = 7.8 rad/s (bot-
tom). Wave propagates from positive to negative x coordinates. Gap width = 0.10 m.
Draft Barge = 0.12 m.
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Figure 8.22: Configuration 2: Free surface elevation. AQWA Results. Gap = 0.1m, Barge
Draft = 0.12 m. Incoming wave frequencies ω = 7.7 rad/s. Wave amplitude in meters.

Figure 8.23: Configuration 2: Free surface elevation. AQWA Results. Gap = 0.1m, Barge
Draft = 0.12 m. Incoming wave frequencies ω = 7.8 rad/s. Wave amplitude in meters.
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8.6 Results: Draft value influence

For Configuration 3, the motion RAOs in terms of motions and free surface elevation in

the gap are presented in Figs. 8.14 and 8.15. Just the interesting range of frequencies

in terms of numerical resonant behavior has been analyzed. In this configuration, the

numerical resonant behavior in the range of frequencies 8.5−9 rad/s is noticeable and the

resonant peak for 8.6 rad/s and 8.85 rad/s is found in heave and pitch motion respectively.

In AQWA analysis the peak in heave direction is noticeable for 8.65 rad/s. It is interesting

to note that the resonant frequencies are larger in comparison to Configuration 1 when the

same gap but a bigger barge draft values were considered. In other words the resonance

frequencies increase when the barges draft decrease, in fact ωn =
√
g/T .
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Figure 8.24: Configuration 3: Comparison between WAMIT, TDRPM, AQWA and ex-
perimental values in terms of heave (top) and pitch (bottom) RAOs. Gap width = 0.05
m, Draft barge 0.08 m.

For P2, P3 and P4 (Fig. 8.25) significant wave amplitude are obtained in the range of

frequencies between 8.5 and 10 rad/s, both in experimental and numerical case, but the
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Figure 8.25: Configuration 3: Comparison between WAMIT, TDRPM, AQWA and ex-
perimental values in terms of wave elevations RAOs in different points positioned along
the gap centerline. Gap width = 0.05 m, Draft barge = 0.08 m.
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numerical values are larger than the experimental ones.

Figure 8.26 represents the comparison between two numerical results wave elevation

along the gap in Configuration 3. Around 8.6 rad/s it is possible to observe that a piston

type resonant mode is formed, that corresponds to vertical motion of the column of water,

as reported in Molin (2001). The abscissa axis represents the length of the gap considered

and in Fig. 8.17 the gap analyzed is highlighted. For 8.85 rad/s a first longitudinal mode

is obtained. In this frequency a resonant behavior in pitch direction of the geosim was

observed. It implies that the second longitudinal mode is associated to the pitch resonant

motion. It is interesting to note as the two numerical codes are in agreement.
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Figure 8.26: Configuration 3: WAMIT and TDRPM wave elevation along the gap. Wave
frequency 8.6 rad/s (top) and 8.85 rad/s (bottom). ηGap: wave amplitude in the gap, AI :
wave amplitude. Gap = 0.05 m and Barge draft = 0.08 m.

In Figs. 8.27 and 8.28 the free surface elevation determined by AQWA around the

bodies and in the gap is represented. It is noticeable the pumping mode in the gap as

well as the first longitudinal mode.
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Figure 8.27: Configuration 3: Free surface elevation. AQWA Results. Gap = 0.05 m,
Barge Draft = 0.08 m. Incoming wave frequencies ω = 8.65 rad/s. Wave amplitude in
meters.

Figure 8.28: Configuration 3: Free surface elevation. AQWA Results. Gap = 0.05 m,
Barge Draft = 0.08 m. Incoming wave frequencies ω = 8.85 rad/s. Wave amplitude in
meters.

In the next section the study of the gap flow is carried out trying asses the numerical

resonant frequency found, through the approximated formulation present in the literature.
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8.7 Gap resonant effects

As mentioned in Molin (2001), Lewandowski (2008) and Pauw et al. (2007), different

resonant modes might appear in the gap between two vessels in a side-by-side arrangement.

The most basic ones are longitudinal and transversal sloshing modes. Lewandowski (2008)

states that the frequencies ωtn of the transversal sloshing modes correspond closely to those

associated with standing waves in the gap, being calculated by the following expression:

ωtn =

√
nπg

S
, n = 1, 2, ... (8.1)

where n is associated with the nth mode, S is the gap width and g is the gravity

acceleration. This expression is valid only for deep water condition. Regarding the piston

mode, a simple estimation is proposed in Bunnik et al. (2009), by assuming the 2-D

situation of a column of water moving up and down. A limitation of this approach is

that the gap width is not taken into account. Under these assumptions the piston mode

frequency may be estimated with the following expression:

ω0 ≈
√
g

T
(8.2)

where T is the draft and the g is the gravity acceleration. The same expression has

been derived in Pesce et al. (2006), for the piston-like mode in a moonpool case. Since the

geosim and the barge present different drafts, we consider a range of frequencies defined

in terms of both drafts, in which we expect that the piston mode frequency is within

inside. In Tab. 8.4 the approximated piston mode and sloshing mode frequencies, for

Configuration 1, Configuration 2 and Configuration 3, are reported. One should note

that the first transversal sloshing modes for both gap widths occurs in frequencies much

higher than the ones considered in this work and, therefore, their occurrence may be

disregarded. It is interesting to realize that the range of the approximate piston mode

frequencies is very close to the resonant frequencies verified for the motion and wave

elevation RAOs afore presented for all configuration analyzed.

In Tab. 8.4, TB represents the barge‘s draft, TG the geosim‘s draft, ω0 the piston mode

frequency and ωt1 the first transversal sloshing mode frequency.

Due to the small distances considered in the configurations studied, these resonant

waves should be related to longitudinal wave modes in the gap. In Fig. 8.29 the piston

and longitudinal modes established for Configuration 1, are noticeable for high frequencies.
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Table 8.4: Piston and transversal sloshing frequencies.

Config. S [m] TB [m] TG [m] ω0 [rad/s] ωt1 [rad/s]
C1 0.05 0.12 0.18 7.38-9.04 24.83
C2 0.1 0.12 0.18 7.38-9.04 17.56
C3 0.05 0.08 0.18 7.38-11.07 24.83

In order to consider the geometry of the gap, Molin (2001) provides an analytical

formulation based on three-dimensional gap flow analysis investigating the natural modes

of oscillation of the inner free surfaces of a moonpool, under the assumption of infinite

water depth and infinite length and beam of the motionless barge that contains the

moonpools. The equation below represents the analytical formulation in order to calculate

the piston and longitudinal sloshing mode frequencies, respectively:

ω0 ≈
√

g

T + Sf3(S/l)
(8.3)

f3 =
1

π

{
sinh− 1

(
l

S

)
+
l

S
sinh− 1

(
S

l

)
+

1

3

(
S

l
+
l2

S2

)
− 1

3

(
1 +

l2

S2

)√
S2

l2
+ 1

}
(8.4)

ω2
ln ≈ gλn

1 + Jn tanhλnT

Jn + tanhλnT
(8.5)

Jn =
2

nπ2r

{∫ 1

0

r2

u2
√
u2 + r2

[
1 + (u− 1) cos(nπu)− sin(nπu)

nπ

]
du+

1

sin θ0 − 1

}
(8.6)

where r = S/l, tan θ0 = r−1, l the gap length and λn = nπ/l.

This formulation has been applied to estimate the piston mode, like the zeroth longi-

tudinal sloshing mode simulating the water inside the gap as a solid body, as well as, the

longitudinal sloshing modes of the free surface in-between two rectangular barges, fixed

in the place, as reported in Molin et al. (2009).

The system studied in this thesis does not fit with the theory’s hypothesis because

one body is moving in a vertical plane and different models’ drafts are considered for

each body, such that some discrepancies between numerical and analytical frequency
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(a) - Piston mode (b) - First mode

(c) - Second mode (d) - Third mode

Figure 8.29: Configuration 1: Wave amplitude in meters, Head Sea. AQWA Results. Gap
= 0.05 m, Barge Draft = 0.12 m. ω = 8.3 rad/s (a), ω = 8.5 rad/s (b), ω = 9 rad/s (c),
ω = 9.65 rad/s (d).

are to be expected. Regardless, the formulation can be used in order to estimates an

approximated piston and longitudinal sloshing mode of the gap. In this way two frequency

values for each mode have been calculated and reported in Table 8.5. In Configuration

1 and Configuration 2 the resonant frequencies are underestimated in comparison with
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the numerical one, which values have been reported in Tab. 8.6, but in Configuration 3

the numerical frequencies fall inside the estimated range. Maybe it is due to the regular

volume of water confined between the bodies when the barge’e draft is equal to the

wetted vertical wall of the geosim (see Fig. 8.30) making it closer to the hypothesis of

the analytical formation. Another reason could be found looking at the geosim‘s motion

that is very small around the resonant gap flow modes; hence the geosim’s geometry can

be the responsable of these differences.

Table 8.5: Piston and longitudinal sloshing frequencies by Molin (2001) analytical formu-
lation.

Config. S
[m]

TB
[m]

TG
[m]

l [m] ω0 [rad/s] ωl1 [rad/s] ωl2 [rad/s] ωl3 [rad/s]

C1 0.05 0.12 0.18 1.5 6.22-7.12 6.72-7.67 7.44-8.23 8.34-8.93
C2 0.1 0.12 0.18 1.5 5.67-6.32 6.36-7.09 7.21-7.80 8.21-8.63
C3 0.05 0.08 0.18 1.5 6.22-8.66 6.72-9.16 7.44-9.74 8.34-10.38

Table 8.6: Piston and longitudinal sloshing frequencies by AQWA calculation.

Config. S
[m]

TB
[m]

TG
[m]

l [m] ω0 [rad/s] ωl1 [rad/s] ωl2 [rad/s] ωl3 [rad/s]

C1 0.05 0.12 0.18 1.5 8.3 8.5 9 9.65
C2 0.1 0.12 0.18 1.5 7.7 7.8 8.5 9.1
C3 0.05 0.08 0.18 1.5 8.65 8.85 9.37 9.97

Figure 8.30: Configuration 3: Volume of water confined by the bodies.



Chapter 9

Damping zone: Frequency and Time

Domain

In this chapter the comparison between numerical and experimental results is discussed

and the numerical damping zone along the gap has been modeled through two codes. The

numerical codes have been AQWA (frequency domain solver) and TDRPM (time domain

solver). The numerical damping zone features have been treated in Chapter 5. Different

calculation, varying the damping factor, have been carried out in order to obtain a good

agreement between numerical and experimental results. A good agreement between the

numerical codes results, as well as, with experimental results has been found.

9.1 AQWA and TDRPM models with damping lid

As an attempt to improve the numerical results for the geosim motions and wave elevations

within the resonant ranges, the results obtained with the TDRPM and AQWA codes with

the damping lid model are presented in this section. For comparison purposes only three

different damping factors have been used ε = (0.0, 0.0625, 0.125)1/s in TDRPM and

α = (0.0, 0.25, 0.5) in AQWA. As discussed in Chapter 5, the damping factor in AQWA

depends from the frequency of the incident wave. The influence of the damping factors

on the motion RAOs is presented in Figs. 9.1, 9.2 and 9.3 for Configurations 1, 2 and 3

respectively.

In general, the damping factor decreases the resonant values in the frequency range of

interest, eliminating the spurious characteristic of the curves. Nevertheless, in all cases,
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AQWA α=0
AQWA α=0.25
AQWA α=0.5

Figure 9.1: Configuration 1: AQWA, TDRPM and experimental comparisons in terms
of heave (top) and pitch (bottom) motions RAOs for different values of damping factors.
Gap width = 0.05 m. Barge draft = 0.12 m.

the numerical results of heave motion present different trends when compared to the

experimental data. Regarding the pitch motions, the inclusion of the damping coefficient

improves the matching with the test data, recovering the trends of the RAOs.

For the wave elevations RAOs in the gap, presented in Figs. 9.4, 9.5 and 9.6 the use

of the damping factor also improved the predicted wave amplitudes in comparison to the

measured data, eliminating most of the irregular oscillations observed for ε equal to zero.

In Configuration 1 and Configuration 2, for probes P2 and P4, the application of the

method enabled to recover the wave amplitudes inside the gap reasonably well. Concern-
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Figure 9.2: Configuration 2: AQWA, TDRPM and experimental comparisons in terms
of heave (top) and pitch (bottom) motions RAOs for different values of damping factors.
Gap width = 0.10 m. Barge draft = 0.12 m.

ing P3, a larger discrepancy between the results is observed, since the experimental data

presented higher elevations in comparison with TDRPM and AQWA even without the

inclusion of a damping factor. It is also noticeable that all the TDRPM results, as well

as the AQWA results, tend to the same asymptotic value when the waves are outside of

the resonant frequency range. In addition, it is possible to observe that the inclusion of

different damping values did not modify the resonant frequencies.

One should notice, however, that although the damping lid method applied does not

intend to capture the physics of the flow in the gap, the use of this simplified technique,
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Figure 9.3: Configuration 3: AQWA, TDRPM and experiemntal motion RAOs with
different viscous damping values. X3g: heave displacement, X5g: pitch displacement, ζa:
wave amplitude. Gap width = 0.05 m. Barge draft = 0.08 m.

which incorporates damping factors independent on the wave amplitudes and frequencies,

has provided reasonable numerical results with a fair agreement with the experimental

data for most of the cases.

In general, the resonance values in the range of interest are reduced, reproducing more

accurately the experimental data. For Configuration 1 the damping factor of ε = 0.125

1/s or, α = 0.5 if one consider AQWA code, improved the predicted wave elevations in

comparison to measured data. This improvement is less noticeable for motions. In all

configurations probably an unique value of the damping factor might not be sufficient to

fully cover the different measurements of the model tests as reported also in Pauw et al.

(2007). Regarding Configuration 3, the results in terms of motion and wave elevation are

very good and also in this case the ε = 0.125 1/s (or α = 0.5 if one consider AQWA code)

seems to reproduce better the experimental results. Overall, in terms of the motions and

wave elevations, the value of damping of ε = 0.125 1/s (TDRPM) or α = 0.5 (AQWA)
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has provided the best agreement with the test results in general.

In Figs. 9.7 and 9.8, the comparison between the numerical and experimental wave

elevation along the gap in Configuration 1 and Configuration 3 cases respectively, are

presented varying the damping lid factor. Also observing these comparisons it is noticeable

that the damping lid factors chosen allow to obtain a numerical results closer to the reality.

In Figs. 9.9 and 9.10 the wave elevation for the pumping mode and for the first

longitudinal mode cases varying the damping factor in Configuration 1, are represented.

The results presented are obtained through AQWA solver. Similar results are obtained for

Configuration 2 and 3 in the respective resonant frequencies, but have not been presented.
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Figure 9.4: Configuration 1: AQWA, TDRPM and experimental comparisons of wave
elevations in the gap for different values of damping factors ε. Gap width = 0.05 m.
Barge draft = 0.12 m.
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Figure 9.5: Configuration 2: AQWA, TDRPM and experimental comparisons in terms of
heave (top) and pitch (bottom) motions RAOs for different values of damping factors ε.
Gap width = 0.10 m. Barge draft = 0.12 m.
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Figure 9.6: Configuration 3: AQWA, TDRPM and experimental comparisons in terms of
heave (top) and pitch (bottom) motions RAOs for different values of damping factors ε.
Gap width = 0.05 m. Barge draft = 0.08 m.
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Figure 9.7: Configuration 1: Numerical envelopes and experimental wave elevation along
the gap. Wave frequency 8.3 rad/s (top) and 8.5 rad/s (bottom). ζa,Gap: wave amplitude
in the gap, ζa: wave amplitude. Gap = 0.05m and Barge draft = 0.12m.
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Figure 9.8: Configuration 3: Numerical envelopes and experimental wave elevation along
the gap. Wave frequency 8.6 rad/s (top) and 8.85 rad/s (bottom). ζa,Gap: wave amplitude
in the gap, ζa: wave amplitude. Gap = 0.05 m and Barge Draft =0.08 m.
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Figure 9.9: Configuration 1: Wave amplitude in meters at ω = 8.3 rad/s, Head Sea.
AQWA Results. Gap = 0.05 m, Barge Draft = 0.12 m. α = 0 (top), α = 0.25 (center),
α = 0.5 (bottom).
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Figure 9.10: Configuration 1: Wave amplitude in meters at ω = 8.5 rad/s, Head Sea.
AQWA Results. Gap = 0.05m, Barge Draft = 0.12 m. α = 0 (top), α = 0.25 (center),
α = 0.5 (bottom).
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9.2 Sensitivity analysis with damping lid in TDRPM

A sensitivity analysis concerning the behavior of the time series of motions and wave

elevations with respect to the varying damping factor ε is presented. Considering as an

example the results for Configuration 1, Figs. 9.11 and 9.12, from Watai et al. (2015)

display the histories for heave and pitch motions considering waves with frequencies 8.3

and 8.5 rad/s, which correspond to piston and first gap natural frequencies, respectively.

The results show that the imposition of a damping factor on the gap is effective in re-

ducing the amplitudes of heave and pitch motions at their respective resonant frequencies.

Notice that, for the wave frequency of 8.3 rad/s (piston mode frequency), the amplitudes

of the pitch motions are not affected by the variation of ε values, while the opposite occurs

for the heave motion when the wave frequency of 8.5 rad/s (first longitudinal resonant

gap frequency) is considered. The time series of wave elevations at points P2, P3 and P4

are presented in Figs. 9.13 and 9.14 for the wave frequencies 8.3 and 8.5 rad/s, respec-

tively. As for the geosim motions, the use of the damping lid technique reduces the wave

amplitudes in the gap, which is a good indication that the method may be used in order

to more closely emulate the wave behavior observed in the experiments.

One should also realize that the inclusion of the damping factor in the formulation

clearly favors the convergence of the time series (Figs. 9.13 and 9.14). It is possible to

observe that the time series obtained with non-zero ε values reached a steady state much

faster than the cases with zero ε. In fact, with zero ε more than 150 wave cycles in the

simulation were necessary to stabilize the motions and wave elevations.
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Figure 9.11: Configuration 1: Heave (top) and pitch (bottom) motions time series, com-
puted with TDRPM, for different values of damping factor ε. Incoming wave frequency
ω = 8.3 rad/s. Gap width = 0.05 m. Barge Draft = 0.12 m.
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Figure 9.12: Configuration 1: Heave (top) and pitch (bottom) motions time series, com-
puted with TDRPM, for different values of damping factor ε. Incoming wave frequency
ω = 8.5 rad/s. Gap width = 0.05 m. Barge Draft = 0.12 m.
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Figure 9.13: Configuration 1: Wave elevation time series, computed with TDRPM, at P2
(top), P3 (middle) and P4 (bottom) for different values of damping factors ε. Incoming
wave frequency ω = 8.3 rad/s. Gap width = 0.05 m. Barge Draft 0.12 m.
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Figure 9.14: Configuration 1: Wave elevation time series, computed with TDRPM, at P2
(top), P3 (middle) and P4 (bottom) for different values of damping factors ε. Incoming
wave frequency ω = 8.5 rad/s. Gap width = 0.05 m. Barge Draft = 0.12 m.





Chapter 10

Conclusions

10.1 Conclusions

The gap flow that occurs when floating bodies are placed in side-by-side configuration

and subjected to head seas has been investigated in this thesis from the experimental

and numerical points of view. In order to conduct this research, a simplified geometry

composed by a barge and a prismatic geosim has been selected as reference case study.

The following tasks have been carried out and subsequent conclusions drawn:

1. Preliminary screening numerical analysis has been conducted with the frequency

domain software WAMIT. Since the experimental tests were going to be carried

out in a towing tank in head sea condition, special care was taken in order to

prevent the influence of the tank walls on the numerical results, especially in the

range of frequencies where gap resonant modes were expected to occur. Based on

these analyses, it has been possible to conclude that although the experimental data

was obtained in a towing tank with walls relatively close to the model bodies, the

influence of reflected waves was restricted to frequencies below the range of main

interest to this study, this being where significant gap resonant effects are caused

by the hydrodynamic interaction of the models in side-by-side configuration.

2. From numerical calculations, resonant behavior in certain intervals of frequencies

has been detected. The intervals have been found to depend on the separation gap

between the vessels as well as on the vessels’ drafts.

3. The tests have been planned considering a fixed barge and a geosim moving just

149
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on a longitudinal vertical plane. Restricting motions to the vertical plane has been

achieved with the use of bascular guiding arms which are routinely used for resistance

tests. This setup has eliminated the need to account for the mechanical behavior

of connection elements between the bodies (moorings and fenders) in the numerical

model and it has guaranteed a constant gap value during the tests.

4. Prior to the research on the multi-body system, the hydrodynamic behaviour of

the geosim single body (configuration 0) has been investigated in order to asses,

with a simple case, the suitability of the experimental setup and the reliability and

accuracy of the numerical tools. In addition this single vessel results have been used

as reference for comparisons with the multiple body configurations.

5. It has been found that the presence of the walls induces a significant influence on

the geosim heave motion, specially in the frequency range between 5 and 7.5 rad/s

which is probably associated to the transversal sloshing modes of the tank as well

as to the natural periods in both heave and pitch. It has been provide to accurately

reproduce the experimental results in terms of motion RAOs with the numerical

calculations. The numerical geosim heave motion has been captured accurately

when the tank walls effects are considered. The tank walls are less important with

regards to the pitch motion.

6. Tests have been carried out in multi-body condition capturing the geosim motion

and wave elevation in the gap. Three multi-body configurations have been selected:

(a) Configuration 1 (C1): Multibody condition with gap value S1 = 0.05 m (S1/Bb =

0.0752, Bb being the barge breadth) and barge draft value T1 = 0.12 m (T1/Bb =

0.1805);

(b) Configuration 2 (C2): Multibody condition with gap value S2 = 0.1 m (S2/Bb =

0.1504), and barge draft value T2 = T1;

(c) Configuration 3 (C3): Multibody condition with gap value S1 (S1/Bb = 0.0752)

and barge draft value T2 = 0.08 m (T2/Bb = 0.1203).

7. After data postprocessing, a comparison between numerical and experimental results

has been performed. Discrepancies have been found with larger numerical values for

wave elevations and geosim’s heave and pitch motion for the range of frequencies of

interest.
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8. The repeatability of experimental results has been found satisfactory.

9. The gap flow in the proposed multi-body cases studied has been investigated through

experiments and numerical analysis using the potential flow solvers both in fre-

quency and time-domain. Comparisons of numerical and experimental results in

terms of wave amplitude RAOs in the gap and motion RAOs have been considered.

For the different configurations it has been possible to conclude that:

(a) Configuration 1: in the frequency range 8-9 rad/s numerical resonances have

been detected, which may be identified by the peaks in the heave and pitch

RAOs at approximately 8.3 and 8.5 rad/s, respectively. The same trends have

been observed for the wave elevation RAOs. For the resonant wave frequency

8.3 rad/s, a piston type resonant mode has been detected. Regarding the

resonant frequency 8.5 rad/s, instead of a piston mode, a first longitudinal

mode has been visualized. This mode is related to the motion amplification of

the pitch motion at this same frequency;

(b) Configuration 2: in this case the gap width has been increased to 0.10 m and the

numerical resonant frequencies are slightly shifted towards lower frequencies.

In this configuration, the numerical resonant peaks for heave and pitch RAOs

are approximately 7.7 rad/s and 7.8 rad/s. These resonant frequencies coincide

with the piston and first longitudinal modes of the gap, respectively;

(c) Configuration 3: in this configuration a swallower barge draft has been con-

sidered (T1/Bb = 0.18 versus T3/Bb = 0.12 in configuration 1). A numerical

resonant behavior in the range of frequencies 8.5-9 rad/s has been found with

resonant peaks in heave at 8.6 rad/s, due to the pumping mode gap flow, and

pitch at 8.85 rad/s, due to the first longitudinal sloshing mode gap flow. The

resonant frequencies are larger in comparison to configuration 1, whit the same

gap. Also in this case we can conclude that the first resonant frequency is due

to the piston or pumping mode, whereas the second is relative to the first

longitudinal mode.

10. Numerical and experimental results have shown that the resonant frequencies were

lower for the system with the largest gap width. Varying the barge draft the resonant

frequencies are larger when a small barge draft is considered. The range of the

approximated piston mode frequencies (evaluated by Bunnik et al. (2009), Pesce
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et al. (2006) and Molin (2001) formulations) as well as the longitudinal sloshing

mode (Molin (2001)) are is in fair agreement with the resonant frequencies found in

the motion and wave elevation RAOs.

11. In order to reproduce the experimental behavior, a numerical technique to model a

numerical beach has been used in-between the floating bodies. Frequency domain

(AQWA-Ansys) and time domain (TDRPM - Time Doman Rankine Panel Method,

by Watai et al. (2014)) numerical codes have been used. The numerical approach

of the beach in both codes is the same. After this implementation, the numeri-

cal behavior improved in the zone of interest. The beach is modeled considering

a damping factor in the free surface boundary condition. The damping value is

calibrated considering the experimental results.

12. Using TDRPM, the motions and wave elevations time series showed a long transient

period, attesting the numerical problems to reach the steady state. This problem

has been solved by the application of a damping zone, i.e. a damping factor at

the surface boundary condition in the gap. By considering this method, the time

series reaches the steady state much faster. In addition, despite the simplicity of

the damping model, the use of the damping lid technique has also improved the

numerical results, reducing the discrepancies observed with the experimental data.

10.2 Future work

A number of future research ideas spring from the present work:

1. Investigate the gap flow problem applying viscous CFD numerical tools in order

to have a better insight on the physics of the problem, especially regarding the

influence of different bilge geometries, which are known to be important parameters

for the flow in the gap. In fact, this approach might also be envisaged with the

purpose of calibration of the present damping lid method, which, nowadays, must

be adjusted based on results obtained in scaled model tests.

2. Conduct another set of experiments:

(a) Investigate other relevant model headings (beam and quartering waves) with

such experiments;
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(b) Conduct a more systematic study on the influence of important parameters as

models draft, gap widths and bilge radius;

(c) Conduct free surface measurement in the gap with a larger number of wave

probes in order to track the wave profile and wave propagation inside the gap;

(d) Measure first order and second order mean and slow drift forces.

3. There is a plan to carry out tests at the ocean basin of the TPN-USP. In this facility

the reflection on tank walls effects are not expected to be an issue as it was the case

with the UPM towing tank used in present research.

4. Conduct numerical calculation in AQWA-ANSYS Time Domain module applying

the numerical beach, as it was done in the AQWA-ANSYS frequency domain one.

5. Investigate the relationship between the zone damping factor implemented in AQWA-

ANSYS and TDRPM.

6. Investigate side-by-side multi-body system hydrodynamics with a time domain code

conceived with a different philosophy such as Seafem (Serván-Camas, 2016) which

solves potential flow but with the finite element instead of boundary element method.

7. Investigate seakeeping-sloshing coupling effects on the side-bi-side hydrodynamic

interaction.

8. Carry out CFD simulations in order to investigate the scale factor on the problem

and how it is possible extrapolate, at full scale, the numerical results with the

damping zone application.
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Ingenieŕıa y Sistemas.

6. Dinoi, P., Souto-Iglesias, A. Report on experimental Campaign in Model Basin of

an Oscillating Water Column System and a Moored Vessel, P1508140032 (2014).

Financing Entity: SENER Ingenieŕıa y Sistemas.
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Table A.1: Test matrix for single geosim Configuration 0. 26 frequencies.

Frequency [rad/s] Wave Height [m] Ramp Time [s]
4.00 0.04 5
4.25 0.04 5
4.50 0.04 5
5.00 0.04 5
5.00 0.04 5
5.00 0.04 5
5.25 0.04 5
5.50 0.04 5
5.75 0.04 5
6.00 0.04 5
6.20 0.04 5
6.40 0.04 5
6.60 0.04 5
6.60 0.04 5
6.60 0.04 5
6.80 0.04 5
7.00 0.038 5
7.20 0.036 5
7.40 0.034 5
7.60 0.032 5
7.80 0.03 5
8.00 0.029 5
8.25 0.027 5
8.50 0.026 5
8.75 0.024 5
9.00 0.023 5
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Table A.2: Test matrix for Configuration 1. Gap value 0.05 m and barge draft 0.12 m.
35 frequencies.

Frequency [rad/s] Wave Height [m] Ramp Time [s]
4.00 0.040 5
4.25 0.040 5
4.50 0.040 5
4.75 0.040 5
5.00 0.040 5
5.00 0.040 5
5.00 0.040 5
5.25 0.040 5
5.40 0.040 5
5.50 0.040 5
5.50 0.040 5
5.60 0.040 5
5.75 0.040 5
6.00 0.040 5
6.20 0.040 5
6.40 0.040 5
6.60 0.040 5
6.60 0.040 5
6.60 0.040 5
6.80 0.040 5
7.00 0.038 5
7.20 0.036 5
7.40 0.034 5
7.60 0.032 5
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Table A.3: Test matrix for Configuration 1. Gap value 0.05 m and barge draft 0.12 m.
Continuation of Tab. A.2.

Frequency [rad/s] Wave Height [m] Ramp Time [s]
7.700 0.031 5
7.800 0.030 5
7.800 0.030 5
7.800 0.030 5
7.900 0.02963 5
8.000 0.029 5
8.125 0.028 5
8.250 0.027 5
8.375 0.026 5
8.500 0.026 5
8.625 0.025 5
8.750 0.024 5
8.875 0.023 5
9.000 0.023 5
9.250 0.022 5
9.250 0.022 5
9.500 0.020 5
9.750 0.019 5
10.000 0.0180 5
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Table A.4: Test matrix for Configuration 2. Gap value 0.1 m and barge draft 0.12 m. 26
frequencies.

Frequency [rad/s] Wave Height [m] Ramp Time [s]
4.000 0.040 5
4.500 0.040 5
5.000 0.040 5
5.000 0.040 5
5.000 0.040 5
5.500 0.040 5
6.000 0.040 5
6.500 0.040 5
6.750 0.040 5
7.000 0.038 5
7.000 0.038 5
7.000 0.038 5
7.125 0.036 5
7.250 0.035 5
7.375 0.034 5
7.500 0.033 5
7.625 0.032 5
7.625 0.032 5
7.625 0.032 5
7.750 0.031 5
7.875 0.030 5
8.000 0.029 5
8.125 0.028 5
8.250 0.027 5
8.375 0.026 5
8.500 0.026 5
8.750 0.024 5
9.000 0.023 5
9.250 0.022 5
9.500 0.020 5
9.750 0.019 5
10.000 0.018 5
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Table A.5: Test matrix for Configuration 3. Gap value 0.05 m and barge draft 0.08 m.
17 frequencies.

Frequency [rad/s] Wave Height [m] Ramp Time [s]
4.000 0.040 5
5.000 0.040 5
6.000 0.040 5
7.000 0.038 5
7.000 0.038 5
7.000 0.038 5
8.000 0.029 5
8.125 0.028 5
8.250 0.027 5
8.375 0.026 5
8.500 0.026 5
8.625 0.025 5
8.750 0.024 5
8.750 0.024 5
8.750 0.024 5
8.875 0.023 5
9.000 0.023 5
9.250 0.022 5
9.500 0.020 5
9.750 0.019 5
10.00 0.018 5
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CALIBRATION CURVES OF THE CAPACITIVE WAVE PROBES
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Figure B.1: Calibration curve WP1.
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Figure B.2: Calibration curve WP2.
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Figure B.3: Calibration curve WP3.
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Figure B.4: Calibration curve WP4.



172 APPENDIX B. CALIBRATION CURVES OF THE MEASUREMENT DEVICES

CALIBRATION CURVE OF RESISTIVE WAVE PROBE
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Figure B.5: Calibration curve resistive WP.
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CALIBRATION CURVES OF THE LASER
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Figure B.6: Calibration curve laser bow.
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Figure B.7: Calibration curve laser stern.
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Figure B.8: Calibration curve laser longitudinal.
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