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Abstract

Abstract

A study was performed of the hydrodynamic inteactbetween a tug and a tanker ship
model, using Computational Fluid Dynamics (CFD) edd calculate the hydrodynamic

interaction force coefficients and the associatagderpattern generated by the two vessels.

The study was conducted for two velocities (fulale) of 4.0 and 6.0kn and depth-
draught ratio 1.1 and 1.51, respectively. Two $ataniables were considered, which are the
longitudinal offset, and the lateral distance. Ansiation of the Tug sailing freely was

conducted to determine the pure interaction loaitts v without deformable free surface.

Several CFD models were carried out using vis@ngsinviscid fluid flow, with and
without taking into account the free surface. Fmicous fluid flow the use of a zone with
turbulent properties was simulated. Two turbulenoedels were used: The Shear Stress
Transport, for computations with rigid free surfaoed the Standard Spartar Allarmar for the
other case. The appropriate mesh size and time w&p estimated based on previous
sensitivity study of the mesh. Subsequently toiobtg these numerical results, the data were

validated with experimental results.

The comparison between the numerical and expetahanalysis showed in general
good agreement. Two main aspects were found fofatieeal distance variable by the CFD
model evaluation. First, the free surface influemcenuch more important than viscosity,
when the tug is close to the other ship, and sdgpad extremely fine was required mesh for
the interaction ship zone.

Key words: Computational Fluid Dynamics, Hydrodynamics, Intti@ between Ships,
Free Surface Flow, Turbulence model



Resumo

Resumo

Realizou-se um estudo da interaccdo hidrodinammtee exm rebocador e um modelo de
navio-tanque, utilizando Dinamica dos Fluidos Catapional (CFD) para calcular os
coeficientes das forcas de interacgédo hidrodinamiogpadrao das ondas geradas pelos dois
navios. O estudo foi realizado para duas velocslade 4.0 e 6.0Kn e a relacdo de
profundidade e imersdo de 1,1 e 1,51, respectivien@onsideraram-se dois conjuntos de
variaveis que sdo o deslocamento longitudinal eistamtia lateral. Realizou-se uma

simulacdo da navegacao livre do rebocador paralealas forcas puras de interaccao.

Realizaram-se véarios modelos CFD utilizando esepémviscoso e inviscido, com e
sem superficie livre. Para 0 escoamento viscosolsiyse a utilizacdo de uma zona com
propriedades turbulentas. Utilizaram-se dois madelie turbuléncia: o “Shear Stress
Transport”, para os modelos sem superficie liveeStandard Spartar Allarmar para o outro
caso. A dimensao da malha e o passo de tempo fesamado com base nos resultados de
um estudo de sensibilidade da malha. Posteriormestedados foram validados com
resultados experimentais. A comparagcdo entre dsanalmérica e experimental mostrou
uma boa concordancia em geral. Da avaliacdo do lm@feD obtiveram-se duas conclusdes
principais relacionadas com a variavel distandieréd Em primeiro lugar, a superficie livre é
muito mais importante do que a viscosidade, quandebocador fica perto do outro navio,
sendo necessaria uma malha muito fina para a zomdaetaccao.

Palabra chave:Dinamica dos Fluidos Computacional (CFD), Hidrodmé@a, Interagcéo entre
duas Embarcacoes, Superficie Livre, Modelos de Ulartia.
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Chapter 1- Introduction

CHAPTER 1 Introduction

1.1 General

Many problems that interfere with navigation are do the manoeuvres of ships, and one of
these problems is the hydrodynamic interaction betwships, which occur frequently due to
increase in the ship traffic density. AccordinddtNCATD (2003) the maritime transportation
represents more than 90% of the world fleet, aedwtbrld fleet in 2002 becomes more than
800 million Dwt. In 2008 the merchant vessels highean 100 GT were 99.741 ships
completing 830.7 million GT between them (Fairplaprid Fleet Statistics, 2008).

The interaction problem in navigation is usualipguced when the ships are moving
in restricted waterways, such as harbours or cafirsy, 1977). The encounter of two
vessels can fall into one of two main categorieghe first case, a ship passing another one at
a close distance, which commonly happens whemagaili narrow channels. In the second
case, a ship manoeuvring very close to anotherdaoresome routine operation, like the tug
assistant. In the interaction problem the flow abihe ship hulls is modified, generating
additional forces in the horizontal plane on thépsh(surge and sway forces, and yaw

moment). Some examples are show in Fig 1.1.

The interaction phenomenon is also influenced eagsed by the two navigation
boundaries which are: the bottom, and the latecaindaries of the navigation area. The
former, is usually given by introducing depth degemt hydrodynamic coefficients. The
latter is limited by bank or quay walls, causing 8o-called bank effect to a ship navigating
in parallel course thus, producing the hydrodynaimieraction forces on a ship in a channel
towards or away from the nearby obstacles (Ch"'861,11993). Some examples can be seen
in Fig 1.1.

In restricted water, the shallow water conditibas a strong influence in the
hydrodynamic interaction forces (Fortson, 1969)shiallow water, the average depth is about
10 to 20 m, which is usually smaller that the skdpgth (50 to 100 m). Here, the wave
generated by the ship has a larger length tham#we generated in deep waters at the same
velocity. Thus, the magnitude of the wave lengtlgeneral may be considered similar to the
ship length and also the wave can show an anomalaus height. The generated ship waves
are hardly dissipated when interacting with thersles, affecting the water conditions of
the navigationin case of interaction, the effect on each veseebase, either in a moored or

the sailing vessel.
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Figure 1.1 Interaction between ships and their damy1 a) A vessel is assisted by a tug near
the harbour; b) Two ships sailing in a river in hi@counter; c) Manoeuvring of overtaking
between two ships in calm water; ¢) Ship sailing imarrow canal.

The phenomenon produced in the interaction probtam cause serious accidents,
when it is not considered. Chatterton (1994) contsiéhe famous accident of Queen
Elizabeth Il. Chatterton describes that the vesss sailing at high speed in shallow waters
and then the suction force between the bottom badhip caused the Queen Elizabeth 1l to
run aground off the Cutty Hunk Island.

The Marine Accident Investigation Branch (MAIB)pets the maritime accidents
yearly. In their reports the accidents due to theeraction between ships are the most
common ones. A collision reported by MAIB, betwadXd Asch and MV Dutch Aquamarine
in the South West lane of the Dover Strait TSShlie loss of one life and which, occurred
in October of 2001. They found that the cause efdbllision was because the two vessels
were on coincident tracks and travelling at différepeeds. The interaction between the ships
was described as follow: “The two vessels becanmg else it was apparent from witness
observations that Dutch Aquamarine’s track wadaat, a few meters to starboard of Ash’s.
As Dutch Aquamarine’s bow approached Ash’s sterm@nstarboard quarter, hydrodynamic

interaction caused Ash’s heading to alter to stamboThe flare on the port side of Dutch
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Aquamarine’s bow first made contact with the extestarboard quarter of Ash’s bridge
deck, causing damage to railings, the lifeboatiemdavit arm.”

When the differences in the ship dimensions agelathe effect produced during the
interaction between ships increases and the riscaflent is higher for the smaller ship. A
typical situation which involves differences in ghidimensions is the ship-tug assistance.
When a tug assists a ship, the position of thewiiy respect to the assisted ship and the
lateral distance, can be constantly changing. Tdvesecutive positions of a tug when is
approaching to assist a ship, are shown in Fig. 1.2

Figure 1.2 Different position of the Tug assistthg merchant ship in a harbour

When the tug is near the stern of the ship (pmsili), an increase in its velocity may
occur due to the flow velocity from the aft of thleip. In close proximity to the ship hull, a
low pressure starts moving the tug in the shipfeation. For ships in ballast condition, or
ships having particular overhanging stern, theday easily go to the position 2, generating
damages to its hull or superstructure.

Going forward and near the hull (position 3), thg is in under action of an important
suction force in the direction of the ship hull,danegative yaw moment (according with
right-handed Cartesian frame of reference) is duhé¢ accumulated water in the tug bow.
When the tug is attracted by the ship, it is inggahdifficult to recover its course. When the
tug is in position 4 (side of the bow) she entemsaocea of high-pressure the negative yaw
moment is growing, and must be compensated by pipeopriate use of the rudder and
propeller to avoid the risk of accident.
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In position 5 when the tug is near the bow, argjra negative sway force acting on
the stern brings the tug to the front and underbibe with the risk of capsizing. Then,
proper operational condition must be applied

The study of the interference when a tug is opggatear to another ship is important
to define the prediction of the manoeuvring chamastics of the tug and is useful to optimize
the waterway operation. Therefore, developing aehablle to predict the interaction forces
with accuracy and considering restricted waterd,@urse keeping of ships is necessary. The
hydrodynamic interaction prediction of a ship istreeted waters has been investigated for
several decades, as is described in the followaagian. Trough, it is necessary to perform

more detailed studies.
1.2 Objectives

The main objective of this work is to develop nuiter simulations of manoeuvring
operations of a tug interacting with a ship in khal water. The Computational Fluid
Dynamics (CFD) software is used for the computatiamich is able to predict the
hydrodynamic interaction forces, moment, and thbabk®ur of the free surface, in the

general situation of interacting ships.

This thesis presents general observations on eksteed models considering the
hydrodynamic interaction between two ships in moemThe hull forms tested are a typical
tanker ship and a typical tug vessel. Special esipha set in the range of the side distance

between ships, and the relative heading angleeotipply vessel.

The ship manoeuvres that were selected to be sieaulla the present study are the simulation
of the flow around both ship hulls in a parallelicge sailing at the same velocity. Two cases
of tug position along the length of the tanker &wd cases of velocity are studied. Several
variations of side distances are considered toimlte favourable case considering the

interaction forces.

The obtained results are useful to determine tieracteristics of the interaction
phenomenon, and to obtain a practical solutionnb@raction between ships, providing data

for validation of numerical fluid dynamic simulatio

Another aim of this dissertation is to show théeptial of CFD to solve manoeuvring
problems in naval architecture and marine engingeniith accuracy and short resources and

time. Thus, the CFD code can be presented as iaregfftool in the ship hull design.
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1.3 Organization of the thesis
The present thesis consists of four main chapters:

Chapter 1lintroduction Here it is presented the motive, objectives, gederal
presentation of the interaction problem, providihg state of the art of the hydrodynamics

interaction forces necessary for carrying out.

Chapter ZProblem Statementhis chapter describes the theoretical backgranta
review of the method used to solve the hydrodynamieraction problem, explaining the

basic principles of the governing equation andnilverical method to solve.

Chapter 3Application of the numerical method’he problems under study are
presented. Defined are all parameters used in gmepQtational Fluid Dynamics simulation,
including general criteria, boundary conditiong tonfiguration of the mesh and the volume

domain.

Chapterd Analysis of the numerical resultSinally, the results are summarized and
discussed giving the most important conclusionthisf study and proposing further improved

work.
1.4 State of the art: Ships hydrodynamics interaction

The phenomenon of hydrodynamic interaction betwsdeps is a subject of several research
works. The interest to study the interaction problgtarted around the 1900°s, considering
primarily experimental efforts dealing with the eraction force and moments developed
between ships in proximity. One of the first expents performed and reported on the
interaction between ships was conducted by DavisT@ylor (1909), who explained the
suction that tends to bring ships together whely @re passing close to one another. His
investigation was focused on the quantitative mesasant, and was carried out for two
models. The first test was with a relativity navrmodels, with the following dimensions for
each ship: Ship (A): length = 20.512m, breath 29fhgGdraft = 1.26m; Ship (B): length =
20.512m, breath = 3.50m, draft = 1.20m. The sedest was with fuller models, whose
dimensions were: Ship (A): length = 20.512m, breatB.59m, draft = 0.96m; Ship (B):
length=20.512m, breath = 2.78m, draft = 1.24m.|diagtated that the models were tested at
speeds between 2.0 and 3.0Kn. The total forcee@mbdels were determineg adding the

measured forces at each end of model. He also eotsnthat the results may have
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inaccuracies due to problems encountered in theelmaih a parallel course and stated that

the results for the thinner models were less ctersis

After the test of Taylor, several experimental k#gohave been carried out with more
accuracy, describing the hydrodynamic interactameds. Newton (1960) based on the studies
of Taylor, investigated the interaction effectsidgrovertaking manoeuvres by experiments
between two ship models in deep water, The testsluiaied include an experiment with
scaled models of the battleship H.M.S. KING GEOR##E the R.F.A. OLNA. (Ship (A) and
Ship (B) respectively) the characteristic of thekg were: ship (A): length = 4.51m, breath =
0.63m, draft = 0.18nCg = 0.61; ship (B): length = 3.46m, breath = 0.48maft = 0.18mCsg
= 0.71. The experimental tests were carried outgueely propelled and controllable models
to study the behaviour during manoeuvring alongsate breaking away. Newton also

conducted experiment at sea with real ships, givaigable data in this respect.

Later the experimental tests were performed tdysthe influence of the restricted
water on hydrodynamic interaction forces Muller@IPstudied the overtaking and encounter
of ships in a narrow canal. New variables were whamed by Remrey (1974) investigating the

effect of the size passing vessel and the separaétween the passing and moored vessel.

In parallel with the experimental tests, two nuicedrmethods based in the slender-
body and the potential theory were developed, toutate the interaction sway forces and
yaw moment. These methods have been used extgnfvehany authors giving important

information, to understand the behaviour of therbgiginamics interaction between ships.

Newman (1965) used the slender-body theory to ldpva code that can solve the
hydrodynamics interaction problem. Newman suppdnisdvork assuming that the fluid flow
is ideal, incompressible, and unbounded excephbywall and the body. He also assumed
that the body is axisymmetric and slenderlif<< 1, and the body is in proximity to the wall
if z/L<<1, (here is the radius of the bodl,is the body length, ardlis the distance from the
centerline of the body to the obstacle). The agranhic theory used the source distribution
to calculate inside the body. For allowing the pree of the wall, the source distribution was
offset from the body axis. The body was considdcee fixed in space, with a free stream
flowing past in the opposite direction to the bodlggally’s theorem (1953) was used to
calculate the force and moment. The results of Namwrhave been extensively used for

evaluating the result of other methods.
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Tuck (1966) extended the slender-body method talystthe problem of the
hydrodynamic interaction in shallow water flow pagsa fixed slender obstacle in a stream.
He provided a model for the behaviour of ships mgwvin still water with restrictions in
depth, which was subsequently applied to a vaonéfroblems involving shallow water, such
as river flow past obstacles. Tuck (1967) alsormdee his earlier method and introduced the
concept of effective width in order to deal withpskdynamics in shallow water of restricted
width.

Yeung (1978) used the shallow-water sources, duetuthe effect of circulation, to
calculate sway forces and yaw moments on each Baipis and Geer (1982) developed an
alternative method for calculating the slender-bedsy forces and yaw moments, based on

an asymptotic analysis.

King (1977) developed a technique for the unsteagigrodynamics interaction
between two ships moving along parallel paths iallstv water using the slender-body
theory. The problem was analogous to that for twoops airfoils passing each other. A
system of singular integral equations was derivetisolved numerically. The sway force and
yaw moment were calculated for each ship. Forngstiis model and numerical procedure, a
comparisons was made with publishes experimentltheoretical results for the far field

obtaining good agreement.

In the other hand, Fortson (1969) developed a oaketh calculate the sway forces and
yaw moment, assuming that, when ships are closetlieg the potential field is the main
source of the interaction force. The flow arounel $hips was represented using half bodies of
revolution generated with axial singularity distrilons. Axial distributions of doublets were
included to correct for cross flow and thus maimtiie rigid body boundary condition. The
main result of Fortson was a computerized modebrexdict forces resulting from steady
parallel motion of bodies of revolution moving in mfinite ideal fluid. The code was capable
of handling ship geometries in rectilinear motioftswas found that the theoretical model
produced similar results when compared with moelti tonducted by Taylor (1909). Fortson

concluded that is necessary to obtain a set of vedreé empirical data.

Ashe (1975) continued the work of Fortson assurttiad) interaction forces arise only
from disturbance and therefore, a rigid free s@wfean exist, and the fluid flow is ideal and
infinite therefore, potential theory is applicables well as with Fortson (1969), Ashe used an

axial distribution of dipoles to take into accotdmé¢ wall effects. As in the previous methods,
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Ashe also uses Legally’s theorem to calculate tmees and moments on the body, but he
includes the unsteady terms. Here the steady-fstate is due to interaction effects as shown
by D’Alembert paradox. Ashe extended the theornggmted by Fortson and included the
unsteady effects associated with the acceleratienical velocities, and rotational velocities

in a quasi-steady state.

Beck et al. (1975) extended the analysis of inteza between ships including the
case of a ship operating in a dredged channel wudexl on both sides by shallow water.
Beck (1977) examined the case of a ship travelpagallel to, but displaced from, the

centreline of a shallow channel.

Chatterton (1994) presented an evaluation of theimity codes. These codes were
developed to predict the interaction force momemeeenced by an Unmanned Underwater
Vehicle when is in proximity with an obstacle. Ttmeory used a potential flow model of a
body operating in an ideal fluid based in the Ag§h@75) theory. The codes were extended
including unsteady motion, inclined bottom, andoaudtic convergence. The validation of
these codes involved performing model testing atNtassachusetts Institute of Technology
(MIT) towing tank as well as collecting previouglyblished data examining the theoretical
trends. A theoretical database was compiled to eethe trends associated with changes in

vehicles shape and orientation.

In order to improve the accuracy of the predictodrinteraction forces and moments
between ships, a semi-empirical method was develtyeBrix (1993), estimating the time
histories of the forces and moments in the horaoplane due to interaction with another
ship as a function of geometry speed and envirotehgrarameters based on his previous
work (Brix, 1979). The method to estimate the feraad moments acting on a ship during an
overtaking manoeuvre was presented in the ManasgviTechnical Manual. Here
approximations were formulated for the maximum ealof the longitudinal and transverse
forces and for the yawing moment. The method wdagested to some restrictions: it was
only valid for overtaking manoeuvres. Thus, thduefce of water depth was not taken into
account, and also the ratio of ships' lengthsnmtdid. Brix states: "Besides some theoretical
approaches and experimental results no reliablaltsesre available except of a semi-

empirical nature.”

Varyani et al. (1999) presented empirical formufae predicting the peaks of the
lateral force and the yawing moment during intecas between two ships. Here the validity
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of the method was also restricted being: the c&@ses 0 orVo = 0 were not covered, the

length ratio was limited, and the method was omllydvfor encountering manoeuvres.

Vantorre et al. (2002) reported results from aédaseries of ship-ship interaction
model experiments using an empirical method toutale the extreme peaks in typical time
traces of interaction forces. The investigation wasied out for four ship models in shallow
water towing tank, covering a large variety of paeters such as overtaking/overtaken,
speeds, distances, and water depths. In the wak shggested that it is an impossible
develop a full empirical method taking into accoahtthe possible parameters that influence
the interaction forces between two ships passich ether.

The mooring forces on a container ship inducedabpassing bulk carrier were
reported by Varyani et al. (2003). The mooring sgsivas modelled as linear and the results
were obtained using an empirical method for cateutaof ship-ship interaction forces acting
on a ship at zero speed. Similar works have beesepted by Krishnankutty and Varyani
(2003, 2004).

Recently, new experimental tests have provideghfreaformation, about of the
parameters and variables that influence the intieraqgghenomenon. Kyulevcheliev et al.
(2003) presented a general overview and initiadlifigs of a set of model experiments on
hydrodynamic impact of a moving ship on a statigname in restricted water. They found
that the wave effects increase drastically the pedikes of the interaction loads and change

substantially their time histories.

Taggart et al. (2003) examined experimentallyrt@rodynamic interactions between
ships that can influence seakeeping during opersititn the experiments a semi captive
model was used, and the numerical code was modibeohclude restraining forces for
specific modes. The numerical predictions and #tpeements showed that the presence of a
larger ship can significantly influence the motiarfigshe smaller ship in close proximity.

Kriebel (2005) carried out an experimental measerg of the loads on a moored ship
resulting from a passing ship moving in paralletie moored vessel. Variations in the model
tests were included which consider changes in #sipg vessel speed, vessel displacement,
water depth, and separation between the two ships.experimental data were analyzed in
two manners. First, the empirical equations weneeldgped, describing variation in the peak
mooring loads with changes in the parameters. Skdmo existing models were evaluated in

blind test to determine their ability to predicetimeasured mooring loads.

9
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With the new information and mathematical techeguthe numerical solvers have
been improved, expanding their application andwatig performance of other situation, such
as seakeeping during the interaction phenomenost bfdhese codes follow the trend of the
modern hydrodynamic research works, which are bas#tk potential theory and solved by
the panel method. Chen and Fang (2001) used a 3Bl maethod based on the source
distribution technique to analyze the hydrodynaimieraction problem between two moving
ship in waves. The numerical solution was evaluatedpplying the method to two pairs of
models and compared with experimental data andttigetheory. From the comparisons the
result showed that the hydrodynamics interactiofcutated by 3D method is more

reasonable. However, it is not so significant ushey2D method.

Varyani et al. (2002) developed a potential theosthod for calculation of ship-ship
interaction forces. The method was validated agassults of Dand (1981) and Yasukawa
(1990). The results were presented for two ancethsleips meeting in channel.

The three-dimensional (3D) panel method basebarpbtential theory was developed
by Yasukawa (2003) to calculate the ship-ship adgon forces between two ships in an
overtaking situation. The motions were simulatethgisoupled equations of motion and the
3D panel method provided hydrodynamics interactoyoes and added masses as function of

the ships relative positions.

Sutulo and Guedes Soares (2009) created a modiude nmanoeuvring simulating
system using potential forces based on the HesSaniith panel method aiming to calculating
the hydrodynamics interaction forces. The compasatiomputations of the added masses,
surge and sway interaction forces and yaw intewacthoments with varying number of
surface computational panels showed that on a dipiwodern computer, an acceptable
accuracy in terms of the integrated loads can behexd with a relatively small number of
panels allowing real-time simulations with the deped algorithm in the loop. Comparisons
with available experimental data and with an eroplriinteraction prediction method
demonstrated that the code works adequately andearonsidered as validated, although
disagreements with the experimental data were véden the cases when the viscous effects

were significant.

Other methods have been applied in the interagble@nomenon, obtaining good
result, e.g. the Wave Equation Model (WEM) devetbjpy Jiankang et al. (2001), which

solve the shallow water equations with moving stefpressure. The model was applied to a

10
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numerical investigation of two moving ships Ser&s with aCg = 0.6. The ships have
streamline-stern or blunt-stern moving in parallBhe 3D wave interaction patterns were

investigated, finding that the wave interactionwsamainly behind the ships.

A higher-order boundary element method (HOBEM) borad with generalized mode
approach was applied by Hong et al. (2005) to aealyof motion and drift forces of side-by-
side moored multiple vessels (LNG FPSO, LNGC angttkh tankers). The models were

compared with experimental result finding good agrent between the methods.

The oldest method of Newman has been updated dplications in new ships
interaction situation. Gourlay (2009) investigated sinkage and trim of two moving ships
when they pass each other, either from opposieciiims, or when one ship overtaking the
other. The work was simplified to open water ofliva constant depth. The investigation
was carried out using linear superposition of skerzbdy shallow-water flow solutions. It
was shown that even for head-on encounters, ascifldneave and pitch effects are small.
Also it was found that the sinkage and trim carcdleulated using hydrostatic balancing. The
results were compared with available experimeragd,don a container ship and a bulk carrier

in a head-on or overtaking encounter.

The recent advances in hydrodynamic theories angpatation capacity have been
developed of high level Computational Fluid Dynasni¢CFD) simulators for design
applications, which allow the use of this tool tdve some manoeuvring problems. Wnek et
al. (2009, 2010) presented the results of a CFDysisaof the wind forces acting on a LNG
ship and a barge model. The comparisons betweeamnutherical and experimental result were

in good agreement.

Burg and Marcum (2003) developed a nonlinear sehbased on Farhat’s algorithm
to calculate the free surface elevation for unste&gynolds-Averaged Navier-Stokes
(RANS) code. The results for a DTMB Model 5415 madl drift angles, constant turning
radius and a prescribed manoeuvre although faiolydg were not mesh independent and

showed that more work is needed on the turbulersmeia and grid deformation rate.

Lee, et al (2003) used both experimental and adgtd)RANS approach to obtain
guantitatively the hydrodynamics forces under #terl motion, and a view to generalize the
obtained hydrodynamics forces that in a practicsd. urhe water depth was an important

factor to exercise the influence on the inertiaté&s and transitional lateral forces acting on

11
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ship hull. They concluded that using a concepti@utation is effective to express the lateral

drag coefficient qualitatively.

Some authors have been used the CFD codes to gwvproblem of interaction
between ships. Chen et al. (2003) present ship-shgraction forces calculated from an
unsteady RANS code comparing the ship-ship intenaainodel test results performed by
Dand (1981). Good agreement was found between aloellations and the measurements.

They concluded that the free surface is importantte interaction between the two ships.

Huang and Chen (2003) presented potential hatangsssels moored at nearby piers.
A Chimera RANS code was used to explore the flativaies induced by passing ships and
their impacts to moored vessels at a complex watdrinext to a navigation channel. This
model captured details of ship-ship and ship-paeractions evolving the time, and taking
into full account the viscous flow physics, exagaffoor bathymetry and basin boundaries, as
well as nonlinear couplings between moored ship jpied. The results of the simulation
clearly show that the significance of site specifictors to the dynamics of moored vessels

induced by passing ships.

12
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CHAPTER 2 Problem statement

In the previous chapter, the interaction phenomem@s presented, showing typical
conditions in which the encounter of ships can octhe effect of interaction between ships
Is based on reviewing previous research work, ptesga series of methods that can be used
to solve the interaction problem, accurately. Imsntioned that a numerical solution to the
Navier-Stokes equation can be applied to solve maayoeuvring problems. Thus, the
hydrodynamic interaction between ships can be dobyea Computational Fluid Dynamics

(CFD) code, even though a considerable computdtaws is involved.

In the present chapter, the theoretical backgroohdCFD for solving three-
dimensional (3D) fluid flow problems is introducélthe CFD code is extended from different

solver techniques, discussing influences and ingpactthe fluid flow simulation.

The chapter is divided in three main sections. Tingt one is an outline of
mathematical equations and the boundary conditidescribing the fluid flow. The second
section discusses various turbulence models, wptcial emphasis to the mathematical
formulation of the Reynolds-Averaged Navier—Stod@ANS) method. The third section is a
review of the numerical methods and solvers desxgyithe characteristic of CFD in the fluid
flow study; the section also summarizes the thexaebackground for Finite Volume (FV)
method

2.1 Governing equations

The continuity equation for the mass conservatind the Navier—Stokes equations, for the
momentum transport, govern the 3D motion of themgressible and viscous fluid. These

equations are expressed in terms the set of pditiatential equation as follows:

Ju.
0X;
o(pu;) , olpuyu;) _ oz, g 2.2)
ot oX. ox. 0x I

J J
where p is the density,p is the pressurey; is the velocity in the stream direction, is
stress tensor, angd is the component of the gravitational acceleratgprn the direction of
the Cartesian coordinate . In the case of constant density and gravity,téme pg can be

written as graﬁpg [r), wherer is the position vecton;, = x,,i; (usually, gravity is assumed
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to act in the negative z-direction, ige= gz, g, being negative; in this cager = gz,).
Then — pgz, is the hydrostatic pressure, and it is convenientnumerical solution more
efficient to definep = p — pgz, as the head and use it in place of the pressueetefim pg,
then disappears from the above equation. If theahg@iressure is needed, one has only to add
P9z top.

The homogenous multiphase Eulerian fluid approadizeg the Volume of Fluid
method (VOF) to describe the free surface flow fwbmathematically. The VOF method

developed by Hirt and Nichols (198ik) a fixed mesh technique designed for two or more

fluids, where in each cell of a mesh it is necgssaruse only one value for each dependent

variable defining the fluid state. The variables ¢@ndefined by a functiomr, (where g

represents the fraction of volumg;=12...).The value of this variable is one at any point

occupied by the fluid and is zero in other casebignvriting as:

Zn:aq =1 (2.3)

the average value ofr in a cell represents the position of the interfatehe fluid. In
particular, a unity value ofr corresponds to a cell full of fluid, while a zeralue indicates
that the cell is empty, so the cells with values between zero and one must contain a free
surface. The tracking of the interface is obtaingdsblving the continuity equation of the

volume fraction. For the liquid, troughs of the density as follow:

p= Z Polq (2.4)
For a Newtonian fluid the viscous stress tensarlmexpressed as:
-~ du,
T, = %+_J—ggij % = 2\/(3] —1' ! %] (2.5)
ox, ox 3 °0x 3 " du,

where s; is the strain-rate tensor and is the dynamic viscosity. For an incompressible

fluid, Equation 2.5 reduces to:

the Navier-Stokes equations are a highly non-lisatem. The strong non-linearity of the
equations produces high frequency oscillations wthenReynolds number is increased, and

the flow becomes unstable and turbulent. It is cataonally very expensive to solve the
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equations directly, which makes that presentlyy amivery simple geometry configurations it
is possible to solve the Navier-Stokes equatioriagudirect methods (DNS). The most
common approach at the moment in hydraulic engingeractice is to solve the Reynolds
Averaged Navier-Stokes.

2.1.1 Reynolds Averaged Navier-Stokes equations

The Reynolds Averaged Navier-Stokes (RANS) equatiawve been developed based on the
concept that a velocity and a length scale arecserfit to describe the effect of turbulence in a
flow. For instance, eddy viscosity model, estimdtesvelocity and length scales of the flow
from the local mean flow quantities, which is ddnerelating the turbulent viscosity to the
mean velocity gradient of the flow. However, the & model may fail to simulate more

complex flow (Liaw, 2005).
In a statistically steady flow, every variable da@ written as the sum of a time-

averaged valuéU) and a fluctuatioru’) about that value:

U=uU+u' (2.7)

where the time-averaging velocity component isrefias:
— 1=
Uu=— j Udt (2.8)
T 0

where T is the averaging interval. This interval must begdéacompared to the typical time
scale of the fluctuations. Thus, T is large enough(G) does not depend on the time at

which the averaging is started.

If the flow is unsteady, time averaging cannotused and it must be replaced by
ensemble averaging described by Ferziger (200®)idgfas follow:
_ N
Uu==>U (2.9)
where N is the number of members of the ensemlalerarst be large enough to eliminate the
effects of the fluctuations. This type of averagiran be applied to any flow. The term

Reynolds averaging is used to refer to any of treas¥aging processes; applying it to the
Navier-Stokes equations yields the Reynolds-averdigerier-Stokes (RANS) equations.

Averaged continuity and the momentum equations, ¢an incompressible flows

without body forces, be written in tensor notatesrd Cartesian coordinates as:
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ou, , ou ruy,) __110p, 07, (2.10)
ot 0X; p\ 0% 0X;
o _ (2.11)
0X;

which is the correlation between the fluctuatingoe#y components and is known as the
Reynolds stress term. The existence of the Reyrgileéss means that there is no longer a
closed set of equations, that is to say, they aonteore variables than there are equations.
Closure requires use of some approximations, whsthally take the form of prescribing the

Reynolds stress tensor and turbulent scalar fluxeesms of the mean quantities.
2.2  Fluid dynamic models

The turbulent flow is highly unsteady and irregulaging necessary high computational
resources for representing all the turbulence ftbm smallest scale corresponding to the
dissipative motions to the largest dimension resjid@ for the majority of the moment

transport in high speed. The turbulence models weweloped as alternatives to describing

the turbulence based on simplified assumptionsigbiiese models summarized as follow:
2.2.1 Direct Numerical Simulation

In the Direct Numerical Simulation (DNS) the Navi&okes equations are solved without
averaging or approximation to describe the turbz#eronly using numerical discretization,
thus the errors can be estimated and controllec Mi@ians that the governing equations are
solved directly. In the DNS simulation, all of theotions in the flow are solved capturing
small scale turbulence. With the use of this metttwel computed flow field obtained is
equivalent to a single realization of a flow or daconsidered as short-duration laboratory

experiment Tremblay (2001).

In order to capture all the flow motion, in the D$ethod the domain in which the
computation is performed must be at least as lasgide physical domain to be considered or
the largest turbulent eddy. Blazek (200fbund thatthe number of nodes in 3D is

proportional to Re”*and the time step is related with the mesh siz&imgahe cost of the

required computer time proportional f3€’, Blazek agreed with Frolich et al (1998) who
studied the required resolution for DNS. Thus, istifl not practical to solve accurateiye
non-linear nature and three dimensional charatiesisf turbulence at high speed flow using

DNS, since the number of grid points to be uselimged by the computational resources.
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The DNS it possible to use only for flows at relativlow Reynolds numbers and in

geometrically simple domains, being not practicaémgineering problems.
2.2.2 Large Eddy Simulation

The Large Eddy Simulation (LES) is just an approacth ianclassified as a space filtering
method in CFD. The LES directly computes large-sdaldulent structures which are
responsible for the transfer of energy and momentuanflow, modelling the smaller scale of

dissipative and isotropic structures.

For distinguishing between large and small scad#ter function is used in LES. A
filter function dictates which eddies are largeittyoducing a length scale, usually denoted as
A in LES, in the characteristic filter width of tharailation. All eddies larger thaA are
resolved directly, while those smaller are apprated (Feguizer, 2002).

The simulations by LES method are three dimensidima¢ dependent and expensive,
but cheaper than DNS at the same flow. LES is teéepmed method for flows in which the

Reynolds number is high or the geometry is compdeadlow application of DNS.

The main problem of LES is the simulation of thameall region. Close to the walls
the size of the turbulent structures becomes vaallsin order to have a well resolved LES it
is necessary to have a very fine mesh in the nedlrregion in order to be able to capture
those structures. This makes that in pradtieenear wall grid size should be almost as small
as in DNS. This requirement precludes the use &f flES for industrial applications at the
present time. Spalart (2000) estimates that weti@rithan 2050 the computer's power will not
be enough to apply fully LES and DNS techniquesytdrddynamics industrial applications.
A common solution is to solve the RANS equationarrtbe wall and the LES equations far
away from the wall. This approach is called Detackeldly Simulation (DES), and it is
presently more commonly used than LES.

2.2.3 Detached Eddy Simulation
Detached Eddy Simulation (DES) is an hybrid model domnbines the RANS model near to

the wall and the LES model in the wake region dba/f being unsteady and irregular motion

of flow is usually found. Basically, the DES modsks a turbulent length scale, to select

the approach to use during a simulation. The DESsstdath the RANSE model at the inlet
boundary, the formulation is the same as the stdnd&o equations model without
consideration of the length scale used in the plidgin rate computation, being replaced by
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local grid spacing. If the turbulent length scategreater than the grid spacing, which is
common in regions with large eddies and chaotiw fhature, the LES is activated in the DES

formulation (Liaw, 2005).
2.2.4 RANS turbulence models

The most commonly used approach in engineeringipeagbwadays is to solve the Reynolds
Averaged Navier-Stokes equations coupled with bulence model. Here, all the turbulent
structures occurring in the flow are modelled. Th&NS turbulence models are usually
derived for fully turbulent flow and their constardre obtained from experimental data on
boundary layers or other simple shear flows. Wtfike turbulence models used in LES are
only responsible for modelling the sub mesh scalesRANS they are responsible for

modelling the whole turbulence spectrum.

Several kinds of RANS turbulence models exist. st used in practise are the
linear eddy viscosity models, in which the Boussiassumption is used to compute the
Reynolds stresses from the mean velocity gradsats linear relation. There are also non-
linear eddy viscosity models, in which the Reyndtiesses and the mean velocity gradients
are linked by a non-linear relation. None of thalyediscosity models can be considered
clearly superior to the other ones. The most poRREXS model is th&k — & model of Jones
and Launder (1975) (with all its low-Reynolds vers), which was proposed in the early

seventies, and it is still widely used in all flldginamics areas.

Other popular models are tBhear Stress Transpai$ST) model, th&k —« and the
Spalart-Allmarasmodels (Spalart and Allamaras, 1994), which ar@enlypaised in the ship
hydrodynamics area. New versions of the modelssalteappearing, and much work is still
being done in order to improve the existing modatsoducing correction terms which
account for specific flow conditions (near wall tex, curvature and rotation corrections,
anisotropy effects). The fact of the originlak & model being one of the most commonly
used two-equation models shows that there hasetappeared any clearly superior model.
A possible reason for the similar results giventbg different models under some flow
conditions was pointed out by Hunt (1990), who cders that the influence of the turbulence
model may be smeared in regions where the time séahe mean flow distortions is smaller

than the characteristic turbulent time scale.

In the Reynolds Stress Turbulence Mod@®kSTM), instead of using the Boussinesq

assumption, a transport equation is solved for éd&ynolds stress. The fact of solving one
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equation for each Reynolds stress allows accouritingurvature effects and anisotropy. In
the Algebraic Stress ModelASM) the Reynolds stresses are approximated motilinear
algebraic expressions. The ASM can be thoughttbéeas a simplification of the RSTM or
as an extension of Boussinesq eddy viscosity moblieigertheless, the fact that the equations
for the Reynolds stresses still contain modellethse and the higher complexity of RSTM
compared with eddy viscosity models, make thed&ttemore commonly used in engineering

practise.
2.2.5 Unsteady RANS turbulence model

The purpose of unsteady RANS (URANS) is to simullagelargest eddies present in the flow
and their non-linear interaction. Therefore, URANBuBons are unsteady in time even with
steady boundary conditions. Durbin (1995) found tha Reynolds stresses created behind a
bluff body by time averaging of URANS are largearththose given by the turbulence model,

removing in such a way much responsibility from thedel.

In principle, URANS is an intermediate approaclwaen steady RANS and LES.
The main difference between URANS and LES is thdtES the eddy viscosity of the sub
mesh model depends explicitly on the grid size,levkiRANS is mesh independent by
definition. Nonetheless, there are many facts abBvVANS simulations that are still not clear,

which makes LES/DES a more common approach at tisemréme.

A 3D-URANS computation is able to produce 3D solu$ over 2D geometries, like
LES, but they appear to be much more dependenteogpidin wise size of the domain, which
is chosen arbitrarily in the computations (Spal2fip0). In addition, the accuracy of the
results depends on the kind of flow, and the sohgihave been found to be quite sensitive to
the turbulence model (Travin et al, 2004). AlthoudRANS solutions should be mesh
independent by definition, there are some recditisnulations (Menter et al, 2003) which
reduce the value of the eddy viscosity in someoregjiof the flow in order to be able to
resolve smaller turbulent structures, obtaininguch a way an LES-like behaviour. These
facts show that there is not yet a complete undedsng of the results given by URANS

simulations (Travein et al, 2004).
2.3 Linear eddy viscosity turbulence models

The Boussinesq assumption is the base of all thg edtosity models. It relates the

Reynolds stresses with the mean velocity gradigatthe eddy viscosity as:
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U, = -2, (sﬁ -:1% S0, j +§ 3, (2.12)

where u; is the fluctuating velocityy, is the eddy visc:ositysiIj is the mean strain-rate

)

uu
tensor, andk is the turbulent kinematic energy defined k‘ﬁ%. The evaluation of the

eddy viscosity, which is assumed to be isotrogdeft to the turbulence model. For a long
time simple turbulence models based on algebraimodtations have been used due to their
simplicity and robustness. More sophisticated n®eélst, which solve one or more transport
equations for different turbulent quantities, as tarbulent kinetic energy or the dissipation
rate.

2.3.1 Standard Spalart Allmaras model

The Standard Spalart Allmarasnodel is one-equation turbulence model availale t

calculate the turbulence in unsteady state flow eh@douzeaux, 2002). This model involves

an eddy-viscosity variabig, related to the eddy-viscosity by:

v, =f, v (2.13)

where:
fo X y=V 214
vl_X3+CVl3’ Vt ( . )

The transport equation fof is:

2
2
¥4, DDV=cb1‘S'V+1[a[(vt +7) % J]+Cb2[a‘"’J —Cuf. Y (215
ot d?

o Oxj Oxj o (9Xj

whered is the short distance to the wall akds the Von-Karman constant. The constants of

the model are given in the set of constant beloere the functionf, is given by:

1
- 1+C°, |¢ (2.16)
® g 96 +C6
w3
with:
_ 6_.). v
g=r+C,[r°-r): r = AT (2.17)
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g can take relatively high values, so it is prefégdb computef,, as:

@

1
_|1+Cg, |° (2.18)
1+C2,

the production term, the first term of the rightilaside of equation(2.15) involve the

quantityS , which is a function of the magnitude of vortici8/and is given by:

S=s+ U, fp=1- (2.19)
k*d 1+xf,
where:
S=./2Q(u;)Q2(uy) ; ‘Q(uij) ZELOXL:I _Zl::j (2.20)
and finally the constant are:
C,, =0.1335C,, = 0.622 0 = 0.667,C,, = 7.1;k = 041,
Cu = igl +1Jfb2;cw2 =03C, =20 (2.21)

2.3.2 Two-equation turbulence modet € e and k —«)

The two-equation models, which are less demandingomputer resources than the other
turbulence models, are an alternative to solveRIABIS equations. These models involve the
effect of the transport of turbulence quantitiescbysidering the transfer energy in the flow.
The calculation of an empirical length scale froseaond transport equation is also involved
in the calculation of these turbulence method<Cdmputational Fluid Dynamic¥k — ¢ and

k —a turbulence model are the most widely used modetBis category.

The standardk — ¢ turbulence model solves the flow based on the aghfroduction
and dissipation of turbulent flows which are in mbalance in the transfer energy. The

dissipation rateg of the energy is written as:

k3/ 2

L

e (2.22)

where k is the kinetic energy of the flow andis the length scale involved. THe—¢ is

related to the turbulent viscosity, based on the Prandtl mixing length model:
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2
= 4C, K (2.23)
&

where C, is an empirical constant and is the density the flow. Applying this constant to

the equations governing fluid flow, tHe equation of the standaid— & model is written as:

U a(pUjk): 0 [v ok i, ou, [ U, +6Ui oU; — pe (2.24)
0x; 0x; | o, 0X ox; | 0x;  0x; | OX;
and theg equation:
2
u O(pUJS) _ 0 Ve Os +C Ey e GU GU, + aUJ —pcng— (2.25)
0X; 0x; | o, 0X; k' ox; ( 0X;  OX “k

and based on extensive examination of a wide rasfgéurbulent flows, the constant

parameters used in the equations take the followathges:

C, =009 C, =144 C, =192, ¢, =10; 0, =13 (2.26)
The Shear Stress Transpof8ST) k —« model was developed as an alternative to

cover the deficiencies of the standdeet € model at the walls. The SSH—« is similar in

structure to thek —¢ model, but the variable is replaced by the dissipation rate per unit

kinetic energy. . The k equations in the SST model are written as:

a(pu ) _ - (vt ak] 4, U (aui +0U1J0Ui ~ pkes (2.27)
X

xj o. OX axj axj axj axj

and thea equation:

a(pU 8) 0 [ w 0w +q2y oy, an+an ~ Bpe? (2.28)
ax o, ax ox;  0x;

kax

i

where:

= /’5 (2.29)

Although the two equations model& £ £ andk —« ) provide a good compromise

between complexity and accuracy among RANS mode¢sapplications are restricted to a
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steady state flow. Thus, solution is sought to aehiboth computational efficiency and

capability of predicting the irregular nature advil such as vortex shedding.
2.4 Boundary conditions

For the equations described in section 2.1.1s ih@cessary to indicate a series of
Boundary Conditions (BC), for defining the physipabblem of the fluid flow. The BC in the
present work are described below and are applitdaldaudy the interaction phenomenon.

The physical BC deal with the wall of the domamgicating the type of fluid, which
can be a viscous fluid or assumed as an invisdiid,flusing the No-Slip or slip condition

respectively (Anderson, 1995).

The No-Slip BC on a surface assumes zero relatecity between the surface and
the fluid flow immediately at the surface. If therface is stationary, with the fluid moving

and passing through, the condition is writing d¥:

l4wa|| =0 (2.30)

where u.

iwall

is the tangential velocity at the surfaces.

The Slip BC for ideal flow considers that therens friction interacting with the
surface boundaries. Hence, the normal velocityhefwall is set to zero and the tangential
velocity is a finite non-zero valu#.n is a unit normal vector at the point on theface, the

wall boundary condition is given as:

uh=0 (2.31)

and the term of stress tensor is:
. =0 (2.32)

The governing equation requires that the boundimysf be expressed in terms of
known quantities and interior values. It is necgssa indicate the inlet and outlet condition
of the flow and the calculation can be simplifiedthwva symmetry condition is possible
(Ferziger, 2002).

In the inlet BC, the magnitude of the velocity denspecified in the normal direction
to the boundary. The direction constraint requitest the flow direction is parallel to the

boundary surface normal, which is calculated at shface on the inlet boundary. The
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boundary velocity components are specified, withoa-zero resultant into the domain in

Cartesian way and can be written as:
uinlet= l"spc (233)

whereu., is the specified velocity

iesp

In the outlet BC, in general relative static pugssis specified over the outlet
boundary by:

(2.34)

pstacnutlet: pspe'
being in general thep,.. equal to the hydrostatics pressure.
The symmetry plane boundary condition imposes caims$s which mirror of the flow

on either side. For example, the normal velocitsnponent at the symmetry plane boundary

is set to zero:

uh=0 (2.35)
and the scalar variable gradients normal to thentlary are also set to zero:
9%_, (2.36)

where ¢ is a general scalar variable.

2.5 Computational Fluid Dynamics solver

When the fluid flow problems are numerically solyéte surfaces, BC and spaces around the
boundaries of the computational domain are distadtito be used in Computational Fluid
Dynamics (CFD) code. Typical CFD software contathsee main modules: the pre-

processor, the solver and the post-processor.

Pre-processor: In the pre-processor are inclutlechaables that define the problem
setup. In the region of fluid to be analysed it trhes defined the properties of the fluid acting
on the domain, including external constraints ounrmary conditions, such as pressure and

velocity to implement realistic situations.

Solver: Here the solution to a CFD problem is cated. The governing equations are
solved iteratively to compute the flow parametdrthe fluid as the time lapses. Convergence

Is important to produce an accurate solution ofpiaial differential equations.
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Post-processor: This module is used to procesviandlize the results obtained from

the solver.

To obtain an approximate solution of the goverreggations, a discretized method is
used, reviewed in the next section, which approi@si¢he original differential equations with
a system of algebraic equations, solved by the €bfvare. Discretization in space and time
must be defined. The accuracy of numerical solutidepends on the quality of the

discretization used.

Spatial discretization divides the computatior@indin into small sub-domains where
the mesh is generated. The fluid flow is descritmedhematically by specifying its velocity at
all points in space and time. Meshes in CFD compnigdes at which flow parameters are
resolved. The three main types of meshes commady in computational modelling are:
structured (Hexahedral mesh), Unstructured (Tetnathedesh), and multi-block structured
mesh. The former is used in general for simple gégnseich as square or rectangular section
shape. The unstructured mesh is used to complex wtatignal boundaries or geometries,
thus being discretized, even though require a higbmputational cost. The later multi-block
mesh is more complicated than the previous one.edewcombines the advantage of both,
structured and unstructured, obtaining a betteraggh of the space (Liaw, 2005).

The discretization of the time is represented lsgrdite time steps in the continuous
flow. In time-dependent formulations (unsteadyestathere is an additional time variable t in
the governing equations compared to the steadg staalysis. This leads to a system of
partial differential equations in time, which conggr unknown terms in the governing
equation, at a given time as a function of the aldés of the previous time step. Thus,
unsteady simulation normally requires longer coraponal time compared to a steady case

due to the smaller time step used to solve de emsat

Either explicit or implicit method can be used fansteady time-dependent

calculation. In an explicit calculation, a forwaddference in time is taken when calculating

the following timet™ by using the previous time step value (enotes state at timeand
n+1 at timet + At) (Stoesser, 2001). The explicit method is straighwvard, but each time

step has to be keptinimum to maintain computation stability and corgence. On the other

t n+l

hand, the implicit method computes values of theetstep at the same time level in a

simulation at different nodes based on a backwdference method. This results in a larger
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system of linear equations where unknown valuegina¢ stept™ have to be solved

simultaneously.

The principal advantage of implicit schemes conmghare explicit ones is that
significantly larger time steps can be used, whitdintaining the stability of the time
integration process (Blazek, 2001). A smaller tigtep At in an explicit method implies

longer computational running time but it is morewate.

One important aspect to consider in the calculasahe residual of the solutions. The
equations describing fluid flow are solved iterativ obtaining residual values give the
accuracy of the result. In engineering applicateomesidual value is usually situated between
four to six orders of magnitude of the actual valugtangroom, 2001) to achieve
convergence of the solution to an acceptable level.

2.6  Numerical methods

In CFD, equation discretization is usually perfodri®y using the following three methods
independently: Finite Difference (FD) method, theité Element (FE) method and the Finite
Volume (FV) method.

2.6.1 Finite Difference method

The Finite Difference (FD) method is the oldest dh&as first developed by Euler in 1768,
and is used to obtain numerical solutions to déiféial equations with simple geometries that
cannot be solved analytically. In the method, aheaode point of the mesh the Reynolds-
averaged Navier—Stokes (RANS) equation is approddhaby replacing the partial
derivatives by finite difference in terms of thedabvalues of the functions (The Taylor series
expansions or polynomial fitting is used to obt#me first and second derivative of the
variable, see Stroud 1996). The result is one adgelmquation per mesh node, where the
variable value at that and a certain number ofhi@gr nodes appear as unknowns (Feguizer,
2002).

The FD method is the simplest method to apply, feguires a high degree of
regularity of the mesh. The method can be usedrigmesh type, but in general is used for a
structured mesh, because of its simplicity andcéiffeness. The node points should form an
array in three dimensions, allowing the finite eiffnce approximations to be formed from

local and, easily addressed locations.
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2.6.2 Finite Element method

The Finite Element (FE) method was developed injtiabk a procedure for constructing
matrix solutions for stress and displacement catoads in structural analysis and later has
been adapted in CFD solver. Here the domain isdddiinto a set of discrete volumes or
finite elements that are generally unstructured2ih are used triangles or quadrilaterals,
whereas in 3D are most often used tetrahedralxatteziral mesh.

The FE method uses simple piecewise polynomial fomston local elements to
describe the variations of the unknown flow vargblWhen these approximate functions are
substituted into the governing equation, the conhadpresidual values is introduced to
measure the errors. These residuals values are im@udrhby multiplying by a set of weighting
functions and then integrating. This results in adfealgebraic equations for the unknown
terms of the approximating functions of each nodlé laence the flow solution can be found
(Feguizer, 2002).

The methods are not used extensively in CFD, afthothere are a number of
commercial and research based codes availabledf@in classes of flow FE methods bring
a high degree of formalized accuracy to the nurakmeodelling process. However, it has
generally been found that FE methods require greaierputational resources effort than

equivalent Finite Volume methods.
2.6.3 Finite Volume method

The Finite Volume (FV) method is similar to the FEthoel described above. The FV uses
the integral form of the conservation equationgsastarting point and the solution domain is
subdivided into a finite number of contiguous cohtrolumes. The governing equations of
fluid flow are integrated and solved iterativelysbd on the conservation laws on each control
volume. The discretization process results in ao$atlgebraic equations that resolve the
variables at a specified finite number of pointdwm the control volumes using an integration
method. Through the integration on the control vadanthe flow around the domain can be
fully modelled. The FV method can be used both ler gtructured and unstructured meshes.
Since this method involves direct integration,sitnnore efficient and easier to program in
terms of CFD codes. Hence, FV method has been negently used in CFD applications
than the FE or FD method.

The conservation equations described in sectidncan be discretized using an

element-based finite volume method. The mesh maysisbrof tetrahedral, prismatic,
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pyramid, and hexahedral elements. Integration pmiaintities, such as pressure and velocity
gradients, are obtained from node values usingefielement shape functions, with the
exception of advected variables, which are obtaingidg an upwind-based discretization
described by Pertila and Trif (2005).

Hence, the discretization of the conservation Hqoat(2.1) and (2.2at each control
volume can consider which is fully conservative amglicit. The conservation equations are
integrated over each control volume, and the voluntegrals are converted to surface
integrals using Gauss’ divergence theorem (seatalj 1990). The discrete representation of
Equation (2.1) evaluated with the volume fractign

n+tl __
Z(pquiA,ip) (aq,ip) =0 (2.37)
p ip
where, A’ip is the area vector of a sub face correspondingntangegration point, the

superscriptsn+1 and n mean that the quantity is evaluated at the newadaidime step,

respectively, in a time intervalit .

The advection scheme used to evalugjg in terms of contiguous vertex values must

give solutions which are both bounded and accufdtese expressions are written:

do, -
a, . :aq,ip +,8X7|:R (238)

q.ip
J

where a;, is the upwind vertex value anR is the vector from the upwind vertex to the

integration point. A bounded high-resolution scherag be obtained by making as close

to one as possible, but reducing it where necegsapyevent overshoots and undershoots.

The calculation procedure is similar to that desatiby Barth and Jespersen (1989).

This high-resolution scheme described by Pertila dmif (2005), gives good
advection accuracy when modelling most flows. Hosvevor free surface applications it is

still overly diffusive when applied tar,;, in Equation (2.37). In this situation a compressive

p

scheme isntroduced by allowings > 1, but boundedness is still maintained by redudirasi

much as necessary to prevent overshoots and uadérdtine bounding algorithm is the same
as that for the high-resolution scheme describexv@bThe compressiveness of this scheme

arises from the fact that it is antidiffusive @ 1. It should be that this scheme does not rely

on small time steps to obtain its compressiverass s therefore equally applicable to steady
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state and transient problems. Examples of its cosspre characteristics are described by
Zwart (2005).

The mass flows must be discretized in a carefulmaamo avoid pressure—velocity
decoupling. This is performed by generalizing tHenpolation scheme proposed by Rhie and

Chow (1983)for the unstructured mesh-based method used here.t®that, the equation

(2.37) is fully implicit, and therefore it involveke product of implicit variables, and a,, at

time leveln +1. This implicit product is linearized as follows:

+1
(U-OC jn :(u.)n+1an+(u.)nan'f'l_(u.)nan (239)
iq i qa “1°q > q

The discrete representation of eq. (2.2) is:

pA\t/ ((Ui )" - )n)+ Z (PUi A )n+1(Ui )™= _Z Py A +p" gV + Z ((Tij )M A ) (2.40)

whereV represent the volume of control.

As with the volume fraction equation, a first-ordensient scheme is used as a means
of under-relaxing the solution in a physical manrer time-accurate simulations, a second
order scheme is used instead. For the advecteditygla standard second-order or higher
solution scheme is used. Note also that the bugytrm is fully implicit and, therefore, it

introduces coefficients on the volume fractionhe toupled matrix system.

For the volume continuity constraint, the discreteresentation of Eq. (2.3) is:

N

3t =1 (2.41)
g=1

The set of algebraic equations (2.38), (2.39), ghdl) represent equations for the
volume fraction, velocity, and pressure fields pexgively. With two phases, these equations
form a 6 x 6-coupled system of equations at eadrabvolume. These equations are solved
simultaneously, leading to a fully coupled algamthRetaining the variable coupling is a key
component of a scalable solution algorithm. “Sciafalmeans that the solution cost increases
linearly with grid size. It must be noted that adhal transport equations, such as turbulence,
are not implicitly coupled with the mass and morensystem, because they involve weaker

inter-equation couplings.
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CHAPTER 3  Application of the numerical method

In the previous chapters the hydrodynamic inteoacbetween ships and the Computational
Fluid Dynamics (CFD) method were described to daefihe appropriate conditions and

numerical method to apply in the governing equatiosed in the present work.

Definition of the problem to be analyzed by CFpiesented in this chapter. Different
parameters that have influence on the calculatfothe interaction forces and moments are
specified as well as the characterisbEshe ships model establishing the configuratibthe
mesh and the computational criteria and boundanglitions that are applied in the all CFD

simulation software.
3.1 Study of the sensitivity of results to the mesh redution

Due to computational resource limitations compaeatomputations were carried out using
different mesh size on the ship hull and free s@fan order to explore the influence of

different mesh size and local refinement on theeplesd accuracy of the results.
3.1.1 Hull form

The ship model used for this study is a series @0 blbck coefficient,C, of 0.6, which is a
single-propeller merchant type ship and is a stahétar ship hydrodynamics research, and
widely used in ITTC research program. The charactesisif based hull in model scale used
for the experimental and computational test aremiellow, and the longitudinal profile of

the 3D model is shown in Figure 3.1.

Length between perpendicular L, 7.000 (m)

Breadth B 0.933 (m)
Draft T 0.373 (m)
Displacement O 1.462 (m)
Wetted Surface Area S 8.349 (M)

L .

Figure 3.1 Longitudinal profile of the 3D model.
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3.1.2 Experimental set up

To compare and validate the numerical results, aseébeen made of the experimental results
presented by the ITTC Cooperative Experiment on &eS&® Model, at the Ship Research

Institute in the study “Flow Measurement and Resis¢ Test” (Takeshi et al. 1987).

In the experiments, the resistance test was daotig under free condition. The range
of Froude numberFn was 0.07 to 0.34 and its step is 0.01. The resistdarce was
measured by a resistance dynamometer of the gjmige type which has the capacity of
20kg and a tolerance of 0.05% of the full scale. Wage profiles along the hull surface were
measured by photographs at values-af of 0.18; 0.22; 0.25; 0.28; 0.30; 0.32 and 0.34. The
horizontal and vertical scales were drawn on thedehasurface for this purpose. The

photographs were taken by the three 35mm cameras.

The viscous flow field was measured using 5-hotetRube, which is the NPL type
(apex angle is 100deg.) and its diameter is 5mm. skg model was fixed to the towing
carriage in order to assure the accuracy of maagosition. The Froude number was set to

0.18, for calibration. The water conditions in tbeving tank are shown in Table 3.1.

Table 3.1 Environment condition measured in the Toweamdy.

T°| 2150 °C
o 997 Kg/nr
v 10.96310° | m’s

The obtained experimental results are shown belogether with the results of

computations.
3.1.3 Criteria for selecting the mesh

In CFD analyses the flow domain is subdivided iatarge number of computational cells.
The number of cells in the mesh should be suffitydatge for an adequate representation of

the geometry and the phenomena in the flow domain.

A mesh of quality is essential for performing &af@de CFD analysis. Thus, previous
analyses of the mesh for large and complex CFDystud necessary. Most of the mesh
generators and CFD solvers check the mesh on samanpters, such as the aspect ratio,
internal angle, face warpage, right handiness, thega/olumes, cracks, and tetrahedral
qguality (ANSYS, 2004). Some recommendations fod ggeneration are summarized as

follow:
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a) Avoid high grid stretching ratios: Aspect ratiseould be between 20 to 50 in regions
away of the boundary. Aspect ratios may be largan t50 in unimportant regions. Aspect
ratios should not be larger than 20 in the boundmygrs. For well resolved boundary layers

at high Re numbers, the near-wall aspect ratios can be afrtier of 16710°
b) Avoid jumps in grid density: Growth factors skibbe smaller than 1.3.

C) Use a finer and more regular mesh in criticglams, e.g. regions with high gradients
of pressure or large changes of the velocity flow.

d) Avoid the arbitrary grid interfaces, meshes ffire changes in the type element in
critical regions. An arbitrary grid interface ocswhen there is no one-to-one correspondence

between the cell faces on both sides of a commenfate, or between adjacent mesh parts.

e) If possible, determine the size of the cellsaegpt to wall boundaries in case of

turbulence models and before the grid generation.

f) Numerical diffusion is high when computationalls are not orthogonal to the fluid

flow. Thus, they must be avoid

s)] The quality of the mesh should be checked by rtiesh generator (aspect ratio,
internal angle, face warpage, right handiness, thegasolumes, cracks, and tetrahedral
quality).

h) In general CFD methods allow the applicationgofl adaptation procedures, where
the grid is refined in critical regions (high tration errors, large solution gradients, et
cetera). Thus, the selection of appropriate indrcfatactions for the adaptation is essential for
the success of the simulations. They should be basdte most important flow features to

be computed.

)] As a general rule, any important shear layethim model should be resolved with at
least 10 nodes normal to the layer. This is a requént that requires the use of grids aligned

with the shear layers.
3.1.4 Mesh analysis

The geometry of the hull and the volume of contriolh@ grid were obtained in appropriate
external software, and the modelled offsets of tila@sverse section of the model were
obtained from the polynomial definition of the csosection for series 60. The modelled
surface of the hull was compared with the origioaé; the difference was only 0.2%, and

thus it was considered that the surface was matielpgropriately by the generated mesh.
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The volume of control was chosen to be of box sh@pe height of the computational

domain is 025L ,,and its width is taken to be df5L ,, due to the symmetry of the problem.
The domain inlet boundary is at a distanceldL ,, ahead of the ship, while the outlet

boundary is located a.6L ,, from the ship stern.

The meshes were generated in ICEM CFD using therofiiv transition to refine the
mesh gradually in the zone of interest until a rempone of the domain. Unstructured
tetrahedral grid was chosen in the domain and wéidls free surface and hull surface a
prismatic layer mesh (inflation mesh) was appliethvan exponential increment between
layers. The initial height and the number of layeese determined by the follow parameters.
In the free surface total layer height in the ifstee zone was twice the draft of the hull, and
the total thickness around to hull approximatelyado one quarter of draft. The mesh size
for the hull and free surface are summarized indsB.2 and 3.3 and the mesh generated are
shown in Figs 3.2 and 3.3.

Table 3.2 Different size meshes used in the hullfesesurface (F.S.).

Mesh N° Hull Size| F.S. Siz¢ Domain N° Node
Mesh N°1 | 2%L 2%L 425,940

Mesh N°2 | 05%L,, | 2%L,, 596,313

Mesh N°3 | 0.3%L 1%L, 1,874,160
Mesh N°4 | 023%L , | 1%L, 2,391,549

Table 3.3 Parameters for prism layer mesh appli¢derhull and free surface.

Item | N° Layers| Initial height
Hull 20 0.035
F. S. 20 0.001

T e e

AN B AV RPN G (N g NN
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Figure 3.2 Computational mesh on Series 60 surtdddifferent size mesh.
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Figure 3.3 Computational grid on water surface ado8eries 60 ship model, at different size
mesh.

The boundary conditions used are summarised asyvoRor free surface calculations,
the air and water flow around the series 60 shiplghasing Volume of Fluid (VOF) model
available in CFX (ANSYS, 2004). The standakd- & and shear stress transpdt a
turbulent model were employed in the CFD simulaianth the standard coefficients. Both
turbulence models are widely used in the maringdgyghamics application and these models
have a good performance for high accuracy bounteygr simulations. A velocity inlet
boundary condition was used upstream; the flowcmlavas considered equal to the velocity
experimental. A hydrostatic pressure outlet boupdamdition was used downstream; the
hydrostatic pressure at the outlet was calculategslraing an undisturbed free surface.
Smooth walls with a free-slip condition were assdrf@ the top, floor and the side wall,
only half of the model was considered in the simaoikes by using a symmetry plane condition

atY =0. Smooth walls with a non-slip conditioru,, w=0) were assumed in the entire

hull. The sink and trim of the hull was not takeiiaccount, thus it was considered that the

hull was fixed.

The results obtained for different mesh are shawhigs. 3.4 to 3.7. It was observed
that the use of prismatic mesh improves the priediaif the turbulent boundary layer, where
the SST model was the best approximation. In higherude Number, the predicted
resistance is more exact, defining a velocity ramgere the CFD code gives accurate results
without requiring a great computational cost. Far bbwer Froude Number it is necessary to
use a fine mesh capable to consider small diffeenc the gradient of pressure and free
surface deformation. The fine mesh in the interfaiciine fluid permits a good approximation
of the wave pattern by the ship. However the firessimin the hull improves the prediction of
the resistance better than the fine mesh in tleedueface.
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Figure 3.4 Total coefficients at mesh N°1 and N¥2Ke- ¢ and k — w turbulent model, for
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Figure 3.7 Predicted wave contour for mesh N°3Mt atFn =0.32.
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3.2 Problem Statement: Hydrodynamic interaction betwea ships

The numerical study was organized to match expetimh@ata on interaction between two
ships, a tug and a tanker. Ships are interactindifigrent positionssailing at the same
velocity and in parallel course. Different casesengtudied for the ship interaction, the set of

velocity are summarized in Table 3.4, whéme =0.32 is definedas

U
Fn=——= (3.1)
gL(ug

and Reis definedas:

L U
Re=— (3.2)

1%

Additional simulations with the tug model sailifigely were performed, being the
interaction force obtained as the difference betwée values in presence and absence of the
tanker model, the interaction forces and momentg wbtained by the following expressions:

X, =X, = X, (3.3)
Y =Y,-Y, (3.4)
N, =N,-N, (3.5)

where X, ,, Y., and N, , are the horizontal component of the proper hydradyios inertial

forces on the tug whit the presence and the absgnite tanker, respectively, and,, Y,

and N; are the pure interaction forces.

Table 3.4 Set of the velocity

U (Kn) Fn Re
4 0.121 | 4.82 E+7
6 0.181 | 7.22 E+7

During the numerical study varied were the sidstattice/7 and the longitudinal offset
¢ of the tug with respect to the tanker, and the maakvalues for all parameters are given

in Tables 3.5, and 3.6. The following non-dimensigpalameters are used to represent the

results:
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X
X = 3.6
L[arker ( )
2
= (3.7)
y aanker

For the force coefficients the expressions are:

2Xi

X' :W (3.8)
Y = piﬁz (3.9)
N’ = ,)AZL::LJZ (3.10)
where:
A=310000 nker (3.11)

The studies are performed for two shallow watettltedenoted by Depth 1 and Depth
2. The Depth 1 and Depth 2 correspond to the deathetit ratio,H /T of 1.19 and 1.51,

respectively.

Table 3.5 Set of longitudinal distance

Fn 0.121| 0.181
¢ (m) 1.3 | 58.7

Table 3.6 Set of lateral distance

Fn n (m)
0.121 21.5| 22.11 22% 232 - 3112 36.2
0.181 215| 221 - 23.2 26.2 31|2 -

3.3 Ships Model

The vessels used for the simulation were modelledatoiral scale (1:1) using Rhinoceros
V4.0 (Tutorial Rhinoceros). The main dimensions ahdpg coefficients are summarized

belowand the hulls forms are sketched in Fig. 3.8 a@d 3.
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tug tanker
Length between perpendicular Lo, 26.60 (m) 186.0 (m)
Breadth B 11.00 (m) 31.6 (m)
Draft T 460 (m) 10.3 (m)
Displacement O  650.0 (M) 49197 (m)
Block Coefficent Cs 043 () 081 ()

Profile view

Figure 3.8 Hull form of the tug vessel.

Profile wiev Transversal view

e ©

Figure 3.9 Hull form of the tanker vessel.
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3.4 Simulation Setup

The numerical investigations were carried out by twmain CFD models, these models
depended on the type of flow (viscous or an indidtiid flow), which were performed by

two codes. First CFX (ANSYS, 2004) was used, whéee simulations were carried out
without free surface (Fig. 3.10). After STAR CCM+¥&dapco, 2007) was used taking into
a count the free surface deformation (Fig. 3.11).

Figure 3.10 Simulation in CFX with waveless.

Figure 3.11 Simulation in STAR CCM+ with wave making

The computations were carried out assuming the fl@s unsteady through settling
STAR CCM+. To the steady state CFX was chosen fdr fisicous and inviscid model. For
simulating the inviscid Flow in STAR CCM+ was chogba ideal flow option, while in CFX

the viscous of the flow was indicated with the ey = 0to simulate the ideal flow.

The Standard Spalart Allmaratirbulence model was use in STAR CCM+, while the

Shear Stress Transpokt— « model was applied in CFX computation.
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The water condition was modelled as fresh wateR1a6°C, p = 999kg/ni, vt=
1.137E-3kg*s/m). The air was assumed compressibtecfmputational stability reason) and
was modelled with a molecular mass of 28.96kg/kmandel avt = 1.80E-5kg*s/m. The
buoyancy forces due to fluid density difference eveanodelled in the STAR CCM+

simulation.

The total time of the simulation was fixed in STARK+ and equal to 30s using a
time step equal to 0.05s with 10 iterations forheatep. In CFX the maximum number of
iterations was equal to 500 using a time step etjudl.1 seconds. However, if the CFX
convergence criteria described below were reacloedall residuals, the simulation was
stopped before reaching 500 iterations. For mosirotilations, convergence of all residuals

forces and monitoring points was achieved in ardd®@literations.

In both programs, the convergence was assesseulobing the flow parameters
against the iteration number these were: residoalsiass, momentum and turbulence (target

criteria = 10%), surge and sway force, and yaw moment.
3.5 Definition of the mesh and Computational Domain

In both simulations, the Volume Control was choasra Box Shape, and the dimension was

estimated using the proposed Bgnfach and Guedes Soares (2009). The height odithe

phase was taken equal @29, ., (the computation with rigid free surface the dinpe was
not considered), the domain inlet boundary is aistance of1l5L,,. ahead of the ship,
while the outlet boundary is located 26L,,,., from the ship stern, and its width is taken to

be of 15L_,.,. Finally the height of the water phase was theewdepth defined in section

3.1 for each case.

In the computation ith rigid free surface the mesh generator ICEM CF&s wsed for
meshing the computational domain with unstructuetthhedral grid. Here, only the water
phase was meshed. For meshing the volume domaicamagdered the hulls surface (tug and

tanker) with a valuel.0%L,, and0.5%L,,. , using low transition for refining the mesh

tug
gradually in the volume around the ships. For mesline free surface it was considered like
the boundary wall without parameter for fine meBbr simulating the viscous flow, a

prismatic layer mesh was applied in the surfaghettug hull, and thus the height of the layer
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was determined based in the previous mesh sehgsividy. The values of the mesh sizes are

given in Table 3.7 and the generated meshes arensindwgs. 3.13 to 3.16.

Table 3.7 Mesh size for simulation with rigid fraeface

Tug Hull | Tanker Hull | Other wall Prims
Part

(m) (m) (m) layers (m)
CFX
Inviscid Model 02 1.00 5.00 )
CFX
Viscous Model 0.2 1.00 5.00 0.01

Figure 3.12 Computational mesh on tug hull surfacsimulations without wave.

/ﬂg

Tanlzer

Figure 3.13 Mesh section of the CFX domain For =0.121atx/Ltug = 0.15.

Ta

Tanlrer

Figure 3.14 Mesh section of the CFX domain For = 0.181atx/Ltug = 0.15.
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A

o) A

Tuz

Tanker
P

Figure 3.15 Mesh section of the CFX domain and zoothe prism layer mesh for
Fn =0.181atx/Ltug = -0.15.

The hexahedral mesh used in the other simulatichgeaerated in STAR CCM+. It
should be noticed that in the rigid free surfacetted computation for the viscous flow
simulation, the prismatic layer mesh was appliezbiad the hull of the tug. The mesh size
was determined using the previous mesh sensitwiglysis. The meshes of the hulls and free
surface were determined as a percentage of théhlehdghe ship, which gave good result for

a large range of Fn. For meshing the surface ofufenull a mesh size equal @@25%L,,,

was used, whereas for the tanker a mesh sid€086L was used.

tanker

For the interphase of the water and air a blockpshwas used to refine the free
surface zone, and the box height was equal to wdmarez is 0.5m and -0.5m in each fluid,
respectively. Three different zones were considerethe free surface for the decrease of the
mesh. One of them is the total dimension of thezbotal plane of the volume domain (far

away from the both hull) considering a mesh sizeaé@o0.5%L Other is half of the

tanker *

width and the total longitudinal dimension of thexk(near of the tanker ship) considering a

mesh size equal 1©25%L Finally using the dimension of the recommendagmen by

tanker *

Fonfach and Guedes Soares (2010), taking the larigtie tug based for the determined the

zone near the tug, and using a mesh size eq@al26%L In Star CCM+ a growing

tanker *
factor value equal to 1 was fixed for a smoothdiigon between the different cell sizes. The

meshes are shown in Figs. 3.17 to 3.20 and the siest are summarized in Tables 3.8.

Table 3.8 Mesh size for simulation with deformalkefsurface (F.S.)

Part Tug Hull | Tanker Hull F.S. Other Prism
(m) (m) (m) wall (m) | layers (m)
STAR CCM+ 0.0725 1 1| 05025 5 ;
Inviscid Model
STAR CCM+ 0.0725 1 1| 05025 5 0.01
Viscose Model
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Figure 3.19 Mesh section of the STAR CCM+ domain zoaim in the prism layer mesh for
Fn =0.181atx/Ltug = 0.15.
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3.6 Computational Boundary Conditions

The non-zero flow velocity condition was considered t=0 (the value of velocity
corresponds to each case simulated), with a refergmessure of to 101,325Pa in all
simulations. In STAR CCM+ the free surface was ader&d initially as plane surface,
defining a hydrostatic pressure for the water vaurfor free surface calculations, the air and
water flow around the tug and the tanker modelsrewsimulated using the standard
homogenous Volume of Fluid (VOF) model (or freeface model which is available in
STAR CCM+ for both inviscid and viscous flow simudat). In the VOF model, a single
moment equation is shared by the fluid volume fosctof each of the fluids in each
computational cell and is tracked throughout thedim. The surface tension was not applied
in the models. The coupled volume fraction was useidnprove the convergence. The free
surface in CFX was considered as a rigid wall withfoiction for both ideal and viscous flow

simulation

The boundary condition was employed to simulageetkperimental condition on the
towing tank. An initial velocity boundary conditiomas used at the beginning of the flow

domain in both CFD codes; the flow velocity wassidered according to each case studied.

In STAR CCM+ the hydrostatic pressure outlet boupdandition was used at the
end of the flow domain; the hydrostatic pressure¢hat outlet was calculated assuming an

undisturbed free surface. While in CFX the outhadrostatic pressure was consideped 0.

Smooth walls with a free-slip condition were assdnfior the top, floor and the side
wall. Only half of the tank model was consideredthe simulations by using a symmetry
plane condition & =0, in the other hand the tug was full model. Smaosdiis with a non-

slip condition U,v,w =0) were assumed in both ship hulls in the viscoo #imulation.
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CHAPTER 4  Analysis of the numerical results

Results of the numerical analysis carried out usivegformulation and techniques described

above will be present here.

The description of the interaction coefficientsafge and sway force components and
the interaction coefficient of yaw moment acting the tug are analysed. Comparison

between several numerical result and experimeiatal were also performed.

The summarized the qualitative analysis of the GbDulation are analysed. This
analysis considers the interaction of the waveepatjenerated by both ships, the pressure on

the tug, and comparison of the velocity aroundaagisections of the tug.

Concerning the tug position with respect to thakés and the water depth, a

distinction is made between:

Case | : Ship to ship navigationldt,, Fn of 0.121 andx’ of +0.014

Case ll : Ship to ship navigation Ht,, Fn of 0.181 andx’ of +0.61

Additional analyses of the isolated tug were eakrout calculating the forces and
moments in each case above, to obtain finally thre jmteraction forces.

4.1 Isolated tug

The main objective in the calculation of the hydnaaiyic coefficient of the isolated tug is to
calculate the pure hydrodynamic coefficients foe tGases | and IlI, considering their

respectiveFn .

The hydrodynamic coefficients in Table 4.1 are sunmed for Fn =0121and
compared with the experimental result. The surgsfioient show good agreement between
the computed and the experimental data. Here, tmelaions were carried out with
deformable free surface to have a better accuradytference of 3.3% for inviscid fluid and
4.5% for the viscous fluid, respect to the experitabwas considered. On the other hand, the
computations with rigid free surface were less eat®) having a difference of 25% for
inviscid fluid and 7% for viscous fluid when compdrwith the experimental result. In case
of the sway coefficient, the computed coefficientse near to zero value, as must be because

of the symmetry. Similar analysis for the yaw motmean be adopted.
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For Fn =0181the numerical coefficients are summarized in tah The surge
coefficient can be observed to converge. The swalyyaw coefficients are close to zero

value were due for the residual value in the comioart.

Table 4.1 Hydrodynamics coefficients fbn =0.121

Item Numerical Experimental
Coefficient| Inviscid Fs| Inviscid Sf§ Viscous As Viscous $fs alot

X' 0.0106 0.0087 0.0110 0.0119 0.01095

Y' 0.0003 0.0007 0.0002 0.0009 0.00363

N’ 0.0001 0.0000 0.0000 0.0000 0.00071

Table 4.2 Hydrodynamics coefficients fén =0.181

ltem Numerical Experimenta|
Coefficient| Inviscid Fs| Inviscid Sf§ Viscous Hs Viscous $fs alot

X' 0.0245 0.0256 0.258 0.262 -

Y’ 0.0000 0.0002 0.0030 0.0088 -

N’ 0.0000 0.0000 0.0013 0.0001 -

The properties of the wave pattern around thedfuhe tug and the effects of shallow
water on the generated wave fah of 0.121 and 0.181 can be seen from the predicted
numerical results in Fig. 4.1. It is observed tihat generated wave patterns for b&tn have
similar distribution. A crest at the bow of the tiadjowed by a valley at the forward side and
a pronounced crest of the wave at the mid of thg ginoduce a lager valley in the stern side.
However, differences are observed between Bothin the first case ofFn of 0.121, the
length of the valley is smooth at the forward sifiehe tug whereas in the other case~of
of 0.181 the valley is pronounced. Hen of 0.181 the peak of the crest at the mid-seation
the tug is higher at the lowétn of 0.181 reaching almost the double high. The yailiethe

wave at the stern side is deeper and short forehkgh.

The deformation of the free surface at the sterthefship for bothFn, shows an
elevation of the water, being for the first one aémthe same at the bow of the tug, whereas
the second=n the height is higher in stern. This situation isisumal and is due to the shallow
water effect. A wake in the flow at the stern of thg can be noticed due to the robust shape
of the hull.
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Figure 4.1 Predicted wave patterns by the tug ameweuts aty/L,,, of 0.19 and -0.19: a)
Free surface foFn of 0.121; b) Free surface fém of 0.181.

The distribution of pressure on the Tug hull athbéin of 0.121 and 0.181 and
calculated by ANSYS CFX and STAR CCM+ are shown ig. B.2 and 4.3. Differences
were found in the distribution of the pressure lestw the model without waves and with
wave making (Fig. 4.2). It is noted that the dlsttion of the pressure on the tug hull is only
the hydrodynamic pressure in computation withouvesa(Fig 4.2a). In computation with
wave making the distribution of the pressure on lth#é is dominated by the hydrostatic

pressure, and the hydrodynamic pressure is snigig#.2b).

The same analysis can be adoptedRar of 0.181 (Fig 4.3). The distribution of the

pressure on the hull computed without waves ardlainfor both Fn. High pressure is

observed at the bow of the tug which decreaseseaetw/L,,, between -0.5 to -0.25. Low
pressure is produced in the mid of the tug increpbetweenx/L,,, between -0.5 to -0.85,
and a high pressure is distributed at the stetheohip.

The distribution of pressure on the hull computdathwleformable free surface for
both Fn shows a similar patter with the maximum high puessn the keel which decrease
going up to the free surface. However, differenaes observed, due to the position of the

generated wave at the free surface. Forof 0.121 the pressure on the hull is almost constan
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due to the small deformation of the free surfaceenehs for theFn of 0.181 the high
pressure is produced in the bow and is followed lmecreasing when the flow enters in the

gap between the ships and is increased again atitheection of the tug reaching a constant

magnitude close to the stern.

-HEYZ 5996 5099 4203 3307 24110 -1514 0 -618 278 1174 2071
1 ] | | 1 1

[Pa]

A17178. 51408,

7/ L g

T T
-0.5 -0.25 0.0 Q.25 Q.5 =01 Q.0 0.1

b) 5 /'ng ¥ /an.g

Figure 4.2 Distribution of the pressure on theludf surface at-n of 0.121: a) Pressure
distribution without wave making; b) Pressure dlsttion with wave making.
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Figure 4.3 Distribution of the pressure on theludf surface at-n of 0.181: a) Pressure
distribution without wave making; b) Pressure dlisttion with wave making.
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The velocity flow around the tug is plotted in Figs4 to 4.5. It is observed that both
models, with and without wave making show agreemmtti the predicted velocity for the
flow. In Froude numbers of 0.121 and 0.181, ithserved that the velocity decrease around
the bow section. However, the velocity increasethatmid-section of the tug reaching the
maximum value. The maximum velocity flow was founidhee bilges of the tug ship where it
was noticed an increment in the velocity. The véjooemains constant at the bilges in the
stern zone. The velocity is the same that in theshid section of the tug. Below the bottom,

the velocity flow decrease to a minimum value (elts zero).
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Figure 4.4 Flow velocities distribution around tsaarsal sections of the tug’s hull fen of
0.121: a) Velocity without waves; b) Velocity wittave making.
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Figure 4.5 Flow velocities distribution around tsaarsal sections of the tug’s hull fen of
0.181: a) Velocity without waves; b) Velocity wiitave making
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4.2 Interaction between the ships
4.2.1 Casel Fnof0.121)

The pure interaction force and moment coefficientih ithe dimensionless lateral distance
between the ships are shown in Fig. 4.6. It is olesk that the magnitude of the surge
coefficients increases in the negative directionsimall gaps. The sway coefficient shows a
variation in the direction of the lateral clearan€he tug experiences a repulsion sway force
at small gaps between the ships, changing to sutbi@e when the tug vessel increases the
lateral distance (between positioys 1.34 to 1.38). For the remaining the lateral diséss,
the sway coefficients are in negative directiorinehe tug attracted by the tanker vessel.
The yaw moment coefficients have important variatjomhen the ships are widely separated

(y'>19) the coefficients are near to zero. On the othamdh for small gaps, the yaw

moment coefficients experience large increments.

In computations without waves, when the free sigria modelled with a rigid wall all
coefficients (without free surface) show good agreet with the experimental results for
relative large side clearance. When the tug is etrge the tanker this model loses accuracy.
This disagreement is critical in the calculatiortred sway coefficient at small lateral distance.

The yaw moment is smaller than the experimentaltsesThis is noticed clearly ay' = 1.34

where the yaw moment is near to zero.

The simulations carried out with accurate boundanydition on free surface followed
the trend of the experimental results. Howevernethes model presented not very accurate
results for the three hydrodynamic coefficientsyabf 1.34 and 1.38. The analysis indicates
that for small distances, the accuracy can be img@taising an appropriate discretization in
the free surface region. It is observed for thgdaigaps, both with rigid and deformable free

surface are able for predicting the interactionffoccient.

Figs. 4.7 to 4.9 illustrate the computed inte@ttwave pattern for each lateral
distance and along the two planes which is betw8et® and 0.19m away of the plane of
symmetry. In Fig. 4.7a\{ = 1.34) it is possible to observe a pronounced asymnatfice
surface. The waves generated on the interactionasel@listributed above the design water
line of the tug, while on the free side the waves @oduced below the water line. Fig. 4.7b

(y' = 1.38) shows the generated wave with the tanker suct@n the tug, that means, at the
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mid-section of the tug a valleyz(L,,,) of -0.018 is produced between the interactingshi

while at the free side, the valley is of -0.006.
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Figure 4.6 Interaction force and moment coeffigantshallow water as functions of
dimensionless lateral displacement with dimensgmlengitudinal shift +0.014:
a) Surge force coefficient; b) Sway force coefintiec) Yaw moment coefficient.
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Figs. 4.8a and 4.8b show the free surfacesyforl.41 and 1.46, respectively. It is
observed that both lateral distances are closejuping similar wave patterns, as was
commented for the lateral gap of 1.38. The intepackietween the ships generated a valley at

mid-section of the tug in both cases 1.41 and 1.46, However, foy' of 1.41 the peak
value of the valley are different in both sidestlué tug, whereas thg' of 1.46 the wave is

almost symmetrical in both sides along of the tull h

Here, in these cases of lateral distances theteffiethe tanker in the wave pattern
produced by the tug can be observed clearly, b#irgwave patterns generated evidently
differently than in the free navigation. In Figld.can be seen the free surface yorof 1.95
(Fig 4.9a) and 2.26 (Fig 4.19b). In these two Htelistances the ships produce symmetric
wave patterns because the tug is relatively faryafn@n the tanker, here the valley in the
interaction side is less pronounced than in theipus cases, and the amplitude for bgth
have the same value in the free side. Considenagases of lateral distances 1.38 to 2.26,
the wave patterns generated by the ships haveasictiaracteristics. It is observed that the
wave generated in the bow is slightly higher whaa $hips interact, and also in the valley

generated in the mid-ship section of the tug.
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Figure 4.7 Predicted interaction wave patter bysthies forFn of 0.121 with dimensionless
longitudinal shift +0.014 and wave cut wtL._of 0.19 and -0.19: a) Free surface fgrof

tug

1.34; b) Free surface foy' of 1.38.
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Figure 4.8 Predicted interaction wave patter bysthips forFn of 0.121 with dimensionless
longitudinal shift +0.0014 and wave cut gt of 0.19 and -0.19: a) Free surface frof

1.41; b) Free surface foy' of 1.46.
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Figure 4.9 Predicted interaction wave patter bysthips forFn of 0.121 with dimensionless
longitudinal shift +0.014 and wave cut L of 0.19 and -0.19: a) Free surface fgrof
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1.95; b) Free surface foy' of 2.26.
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Wheny' = 134, both solutions (with and without deformable freerface) show
differences in the distribution of pressure ontiod, as shown in Fig. 4.10. Fig. 4.10a shows

high pressure at the bow that decrease betwe€ln,, -0.5 to 0.25. A low pressure is

observed near to the mid-ship of the tug (betw&éh,, -0.25 to 0) producing that the tug

tug

ship is suctioned by the tanker ship. In the posgibetweerx/L, . 0.25 to 0.5 the pressure

tug
is increased but is smaller than the pressurearbtiw. These distributions of the pressure
suggest that the position of the sway forces isvdod of the mid-ship. In the body view is

noted the asymmetric pressure, which is highdnetriteraction than at the free side.

The surge force is positioned in the interactiatesit is noticed that the resultant yaw
moment on the tug ships is the difference betwden moments produced by the two
component forces, which is observed in the yaw fmeiits (Fig 4.6c¢). In the Fig. 4.10b
(with deformable free surface) is shown the incretvté the generated pressure at the bow,
compared with the isolated tug. This effect is du¢he stationary water in the zone of the

curvature of the bow of the tug and at the sidéheftanker (betweenx/L,, -0.5 to 0.25).

tug

This is followed of the small gap between the sHipstweenx/L, -0.25 to 0.5)

tug
where an increment of the pressure generating @siep sway forces can be noted. The
small distance between the ships is different ef ctbmputation with the rigid free surface.
However, this phenomenon is in agreement with tkgeemental as can be seen in the

experimental sway coefficient.

When y' is 1.38 to 2.26 (Figs. 4.10 to 4.15) the distiimutof the hull pressure is
almost the same in both simulations, the high piresis observed at the bow of the tug. In the
body view is observed that the distribution of gressure is higher at the interaction than at
the free side. The pressure decreased in the afttidin until the mid-section of the ship. The
low pressure generated on the tug hull producestos sway force. Similar toy’ of 1.34,
the interaction yaw moment is produced by the teffiee of the forces due to the sway force,

which is forward to the mid ship section whereasgtrge force is at the interaction side.

The flow velocities around the transverse sectminthe tug hull are shown in Figs.
4.16 to 4.21 where it is observed the influenceheflateral gap along of the tug. Whgh of
1.34 (Fig. 4.16), differences between the compaat{with and without free deformable free
surface) were found at the mid-section going todtezn of the tug. In the calculation with

rigid free surface, is observed an increment oflecity flow in the interaction side. In the
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calculation with deformable free surface, the vieyoftow decreased flow to zero in the gap
between the ships.
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Figure 4.10 Distribution of the pressure on thehuly surface forFn of 0.121 with
dimensionless longitudinal shift +0.014 and dimenkass lateral shift +1.34: a) Pressure
distribution without waves; b) Pressure distribntigith wave making.
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Figure 4.11 Distribution of the pressure on thehulj surface forFn of 0.121 with
dimensionless longitudinal shift +0.014 and dimenkass lateral shift +1.38: a) Pressure
distribution without waves; b) Pressure distribntigith wave making.
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Figure 4.12 Distribution of the pressure on thehuly surface forFn of 0.121 with
dimensionless longitudinal shift +0.0014 and dimemiess lateral shift +1.41: a) Pressure
distribution without waves; b) Pressure distribntigith wave making.
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Figure 4.13 Distribution of the pressure on thehulj surface forFn of 0.121 with
dimensionless longitudinal shift +0.014 and dimenkass lateral shift +1.46: a) Pressure
distribution without waves; b) Pressure distribntwith wave making.
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Figure 4.14 Distribution of the pressure on thehulj surface forFn of 0.121 with
dimensionless longitudinal shift +0.014 and dimenkass lateral shift +1.95: a) Pressure
distribution without waves; b) Pressure distribntigith wave making.
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Figure 4.15 Distribution of the pressure on thehuly surface forFn of 0.121 with
dimensionless longitudinal shift +0.014 and dimenkass lateral shift +2.26: a) Pressure
distribution without waves; b) Pressure distribntwith wave making
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On the stern of the ship, the differences betwbhermodels persist. In the simulation
without deformable free surface, the velocity daseein the gap between the ships. However,
in the free bilge the velocity increases and isolrd a low velocity below the bottom. In the
other simulation with deformable free surface,tblocity decrease to zero between the ships.
In the rest of the sections the velocity has a oridistribution. In both computations, the
velocity of the flow at the keel is asymmetricaiffeting with the isolated tug. In the

interaction between the ships, the velocity inceea®re at the side with interaction than in

the free side. In the bow of the tug (betweehL -0.15 and -0.44) both computation

tug

(with and without deformable free surface) shovinalar predicted velocity.

In the first section a stationary flow can be samund the section and in de second an

increment of the velocity in the space of betwdanships. Betweery' 1.38 and 1.46 (Figs

17 to 19) both computations (with a without freeface) are in agreement with the predicted
velocity flow, being the flow pattern similar fdnis range of lateral distances. The velocity at
the bow decreases to zero near to the section whereelocity increase highly between the

space of the ships going to mid of the ship. Thi®aiy remains constant increasing until

x/L,, of 0.44. As in the previous lateral distance, tbtcity in the keel is modified in the

tug

interaction side only.

The flow at the stern is slightly affected by thaker and the velocity decreases while
in the free side the velocity increases in theebigg in the isolated tug case. In the cases
where the ships have more separation (Figs. 202andthe distribution of flow velocity
distribution around the sections is the same olesknv the cases of the tug sailing freely (Fig.
4.5).
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Figure 4.16 Flow velocities distribution aroundt@nsversal sections of the tug hull fén
of 0.121 with dimensionless longitudinal shift +D40and dimensionless lateral shift +1.34:
a) Velocity without waves; b) Velocity with wave kiag.
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Figure 4.17 Flow velocities distribution aroundti@nsversal sections of the tug hull fen
of 0.121 with dimensionless longitudinal shift +D40and dimensionless lateral shift +1.38: a)
Velocity without waves; b) Velocity with wave makjn
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Figure 4.18 Flow velocities distribution aroundti@nsversal sections of the tug hull fen
of 0.121 with dimensionless longitudinal shift +D40and dimensionless lateral shift +1.41:
a) Velocity without waves; b) Velocity with wave kiag.
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Figure 4.19 Flow velocities distribution aroundtainsversal sections of the tug hull fén
of 0.121 with dimensionless longitudinal shift +D40and dimensionless lateral shift +1.46:
a) Velocity without waves; b) Velocity with wave kiag.
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Figure 4.20Flow velocities distribution around k&#rtsversal sections of the tug hull fen
of 0.121 with dimensionless longitudinal shift +D40and dimensionless lateral shift +1.95:
a) Velocity without waves; b) Velocity with wave kiag.
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Figure 4.21 Flow velocities distribution aroundt@nsversal sections of the tug hull fen
of 0.121 with dimensionless longitudinal shift +D40and dimensionless lateral shift +2.26:
a) Velocity without waves; b) Velocity with wave kiag.

4.2.2 Casell Fnof 0.181)

The hydrodynamic interaction coefficients with tlagekal distances are plotted in Fig. 4.22.
The coefficients have a distribution similar to tiathe previousFn of 0.121. However at
y' of 1.95 the magnitude of the surge coefficienteéases with respect to the lateral distance
at y' of 1.64. Thus, the interaction surge coefficiantsease the ship resistant in all lateral
distances.

The sway coefficient shows a variation in the dimetof the lateral clearance where
the tug experiences repulsion at small gaps betweeships, however this force is less than

in the previous case changing to suction force wtientug vessel increases the lateral

distance, As in the other case the yaw moment icteits have important variations, when
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the ships are widely separated the coefficientsnaee to zero. On the other hand, for small
gaps, the yaw moment coefficients experience largeements. The numerical coefficients
computed with wave making improved accuracy ofititeraction forces for small distances
although the yaw coefficienty( = 1.34) was highly underestimated at the same distance
when compared with the experiments. The numericafficeents without wave making gave

similar results than in the previous case improvhegtrend of the curve.
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Figure 4.22 Interaction force and moment coeffitsen shallow water as functions of
dimensionless lateral displacement with dimensigmlengitudinal shift +0.61:
a) Surge force coefficient; b) Sway force coefintiec) Yaw moment coefficient.
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The free surface interactions and their cross estare illustrated in Figs. 4.23 to
4.25. At the lateral gap of 1.34, the effect of theker on the tug is asymmetric. In the gap
between the ships, the wave has a short lengthhwgtier amplitude than in the free side of
the tug. It is noted in the curvature of the bowevaumulated at the interaction side. Near
the stern it is noted that the generated wave bethia tug is affected by the tanker, being

irregular and asymmetrical.

Fig. 4.24a and 4.24b show the free surface inldteral distances of 1.46 and 1.64,
respectively. Lateral distances of 1.46 and 1.6 lasimilar wave pattern than the observed
in the previousFn. In the gap between the ships, a valley at miti@meof the tug is
generated. The valley generated at the free sidg-¢gttion of the tug) is smaller than in the
interaction side. In Fig. 4.25 can be seen the fredace fory' of 1.95. In this lateral
distance, the tug is producing a symmetrical waattepns because the tug is far away from
the tanker, and thus the valley in the interactme has the same peak value than in the free

side (z/ L, 0f -0.0140).
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Figure 4.23 Predicted interaction wave patter leydhips forFn of 0.181 with
dimensionless longitudinal shift +0.61 and waveatuy/L, of 0.19 and -0.19: a) Free

surface fory' of 1.34; b) Free surface foy' of 1.38.
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Figure 4.24 Predicted interaction wave patter leydhips forFn of 0.181 with
dimensionless longitudinal shift +0.61 and waveatuy/L, of 0.19 and -0.19: a) Free

surface fory' of 1.41; b) Free surface foy' of 1.64.
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Figure 4.25 Predicted interaction wave patter leydhips forFn of 0.181 with

dimensionless longitudinal shift +0.61 and waveatuy/L, of 0.19 and -0.19: a) Free
surface fory' of 1.95.
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The distribution of the pressure is shown in Fig&64to 4.30. The pressure has a similar
patter than in the previousn analysed. At the lateral distance of 1.34 (withdeformable

free surface) Fig. 4.26a shows a high pressurbeabow, which decrease in de region of

curvature of the bow (betweex/ L, -0.5 to 0.125). The low pressure in the mid-shighef

tug is producing suction in the tug due to the @nes of the tanker. In the positions between

x/L,,of 0.125 to 0.5, the pressure increase. Howeveés,simaller than in the bow pressure.

tug
In Fig. 4.26b (with deformable free surface), anrément of the pressure is noted in the
interaction side between the ships at the mid-secRepulsion sway forces accrued-at of
0.121 where the lateral distance is the same. Tdtegnessure in the bow is generated by the
accumulated water. Near the stern, the pressuctose to the initial hydrostatic pressure
(when the free surface is non-deformed). In treeai y' between 1.38 and 1.95 (Fig. 27 to

30) the pattern of the distribution of the pressomethe hull is the same in both simulation,
being the high pressure at the bow of the tugs show in the body view that this distribution
of the pressure is higher in the interaction si@tthe in free side.

The pressure decreases in the bow betwréh,  -0.5 to -0.125. For the stern

tug

betweenx/L,, -0.125 to 0.125 the low pressure is generatedhentug hull, producing

tug

suction on the tug hull. The distribution of the gmare increases betweeti L, 0.125 to

tug

0.5 and is constant going to the stern.

-17072 -14880 -12688 -10495 8303 -6111 3918 -1726 466 2659 4851
1 1 1 1 1

e

-1398.8 P208.8 19814 S0424. 41031. S163%.

Figure 4.26 Distribution of the pressure on thehuty surface forFn of 0.181 with
dimensionless longitudinal shift +0.61 and dimenkass lateral shift +1.34: a) Pressure
distribution without waves; b) Pressure distribotigith wave making.
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Figure 4.27 Distribution of the pressure on thehuly surface forFn of 0.181 with
dimensionless longitudinal shift +0.61 and dimenkass lateral shift +1.38: a) Pressure
distribution without waves; b) Pressure distribntigith wave making.
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Figure 4.28 Distribution of the pressure on thehulj surface forFn of 0.181 with
dimensionless longitudinal shift +0.61 and dimenkass lateral shift +1.41: a) Pressure
distribution without waves; b) Pressure distribntiwith wave making.
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Figure 4.29 Distribution of the pressure on thehuly surface forFn of 0.181 with
dimensionless longitudinal shift +0.61 and dimenkses lateral shift +1.64: a) Pressure
distribution without waves; b) Pressure distribntwith wave making.
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Figure 4.30 Distribution of the pressure on thehulj surface forFn of 0.181 with
dimensionless longitudinal shift +0.61 and dimenkass lateral shift +1.95: a) Pressure
distribution without waves; b) Pressure distribntiwith wave making.
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The flow velocities around the tug are shown in. Big1 to 4.35, where the velocity
of flow represents similar qualitative charactécstas in the previous Froude number
calculated. At the lateral gap of 1.34 (Fig 31)hwiigid free surface the velocity between the
ships in the mid-section increments, while in thigeo computation is near to zero.

In the remaining lateral distances (Fig 32 to 3&)th models predicted similar
velocities. In the bow, the flow round the sectisnstationary whereas going to the mid-
section is produced an increment of the velocitiwben the ships. In stern zone, the flow

decreased the velocity at the interaction sideenbiincreased in the free side.
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Figure 4.31 Flow velocities distribution aroundt@nsversal sections of the tug hull fen
of 0.181 with dimensionless longitudinal shift +D.&nd dimensionless lateral shift +1.34:
a) Velocity without waves; b) Velocity with wave kiag.
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Figure 4.32 Flow velocities distribution aroundt@nsversal sections of the tug hull fen
of 0.181 with dimensionless longitudinal shift +D.&nd dimensionless lateral shift +1.38:
a) Velocity without waves; b) Velocity with wave kiag.
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Figure 4.33 Flow velocities distribution aroundti@nsversal sections of the tug hull fén
of 0.181 with dimensionless longitudinal shift +D.&nd dimensionless lateral shift +1.41:
a) Velocity without waves; b) Velocity with wave kiag.
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Figure 4.34 Flow velocities distribution aroundtainsversal sections of the tug hull fén
of 0.181 with dimensionless longitudinal shift +D.&nd dimensionless lateral shift +1.64:
a) Velocity without waves; b) Velocity with wave kiag.
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of 0.181 with dimensionless longitudinal shift +D.&nd dimensionless lateral shift +1.95:
a) Velocity without waves; b) Velocity with wave kiag.
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The interaction between ships showed thatFine of 0.181 is better predicted when wave-
making is used. This is because the deformatiorheriree surface is higher than in the case
Fn of 0.121, where the mesh selected is fine enoagthe VOF method. All movements in
the free surface were computed for higlier whereas in the othdfn the predicted wave

patterns were less accurate.

Another problem observed for the I6w , is the distribution of the predicted pressureiciwh
were invariable along of the hull. However, theceiss and inviscid fluid computation in
general (with and with wave-making) show good agrexet between numerical and

experimental results.

The behaviour of the tug, when is assisting th&dgrhas an associated risk due to
their proximity during the manoeuvre. It is obsehvibat the lateral movement of the tug
respect to the tanker has a strong influence imakelts when the position of the tug along of

the tanker is changing or the velocity of the togreases.

The lateral movement of the tug with respect totém&ker could cause accidents if not
proper operations during the navigation are implee For example, the suction produced
when both the tug and the tanker are sailing véowgecthe risk of collision between them

increases significantly.

The negative yaw moment at the bow of the tuguis tw accumulated water, which
can take over it from its sailing direction. Thusg trisk of hitting the stern and the propeller
of the tug in wall side of the tanker increases.

The increment of the hydrodynamic ship resistasca megative effect. For example,
it is necessary an engine with high power to kéepsailing velocity of the tug. In the same
line, it was observed that the flow entering onphepeller region is irregular and caused that
the propeller lost efficiency.

The information obtained from the analysis is uktfipredict the manoeuvre of a tug
assisting a merchant ship when the additional ®oraad moment generated by their
interaction is known. The variation of forces andnmenits can define properly the energy of
the engine or the condition in which the ruder doobperate. In the current study, the
interaction between the ships can be used to aamttents. Also it can be useful for the
selection of ropes, based on the design loadsraatdrom the interaction when the tanker is

assisted.
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Conclusions

Computational Fluid Dynamics (CFD) models were dgyed for computing the
hydrodynamic interaction forces and moments betweensailing ships models in shallow
water. Thecomputations were carried out using viscous andany flow formulations and
with deformable or rigid free surface. The compwgerye and sway force coefficients and the
numerical yaw moment coefficient showed good agezenm general with the experimental
results. Both viscous and inviscid flow models prestl almost the same values for the
hydrodynamic force coefficients. However, substmdtisagreements were found between the
numerical coefficients with and without deformalftee surface, giving indications of the
hydrodynamics phenomena that havuenced the interaction between ships.

The hydrodynamic interaction forces between shipshallow water at short lateral

distance range (betweeyl 1.34 to 1.41) are dominated by the intensive wgermeration and

the complicated wave transformation due to thegmes of the tanker.

The numerical calculations with free surface showed main wave effects in the
component forces. First, the surge force magnitndee tug vessel was increased drastically
in the smaller lateral distances. Second, a repulsivay force was generated between the

ships aty' = 1.34 for both valuesf the Froude number.

The interaction yaw moment coefficients showededéht effects for differenfen . At
smaller Fn , the moment increases drastically whalea larger Fn the moment decreases.
This situation is due to the resultant componentdsrand their location which is defined
mainly by the wave positions on the tug. On theeptiand, the numerical analysis without
free surface at small gaps showed large sway sucbefficients and relatively small surge
force and yaw moment on the tug being underestonati¢h respectto the experimental

coefficients.

The interaction forces for large lateral cleararsf®swed that the main source is the
velocity potential of the flow, generating additsdnsurge and sway suction forces. The
additional yaw moment on the tug was calculatediiately by all proposed models.

Discrepancies were noticed between numerical (w&formable free surface) and
experimental values ofhe hydrodynamics coefficients amaller lateral distances. This
suggested that the meshes in the free surfacenr@ggoe not fine enough and tiis&s most
unfavourable for thd-n of 0.121.
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Conclusion

The longitudinal position didot have strong influence on the results. Howevers it i
mentioned that the tug position at the mid-shigisecf the tanker isessfavourable. Here
the coefficients were not smaller than when thewag at the bow position while that the

velocity was smaller at the first longitudinal poasn.

The main result of the study concerns the effeavafe making and viscosity on the
interaction forces demonstrating predominance efftihmer. The present work demonstrated
the ability of CFD simulation models to quantifyethinteraction between two vessels in

typical harbour manoeuvring.

Also it should be noticed that for a more detailedestigation it would be useful to test a

wider range of hull shapes and ship-length ratosfvariety of waterway configurations.
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Appendix A

Appendix A: Convergence curve of Series 60 model
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Appendix B

Appendix B: Predicted wave profile of Series 60 masl
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Appendix C

Appendix C: Forces monitor at Fnof 0.121
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Appendix C

Burge (1)

Bway (M)

| 0.E+00 "'.A f\
Thne (gec) Time (gec)
Surge force aty’' = 146 Sway force aty’ = 146
Surge (I7) Swray (I
%: e \ @a.ewz
E . \ [E—G.E-KE
:: \ N /—"---.., -2.E+03 .
: \ / i~ 1LE+0d ] __IJ"
Thne (gec) Time (gec)
Surge force aty’ = 195 Sway force aty’ = 195
Surge (I7) Sway (M)
:l:E-K)ﬂ FuY
4.E+05 5.E+03 \
- IR /N
g 3.E+05 g 5 E+03 \ I\ l[ \ / \“-“
E E 1.E+0d \ I \ I \-\\ /
ZE+CE . \ ! ‘l ’ A4
1.E+05 2.E4 \\ II \\]’
0.E400 \/,\_"‘* ::z |

5 10 15 20 =

Thne (gec)

5 10 15 20 = 30

Time (gec)

Surge force aty’ = 226

82

Sway force aty’ = 226



Appendix D

Appendix D: Table of coefficients at Fn of 0.121

y' Experimental
X' Y' N’
1.34 0.03972| -0.02000  0.00709
1.38 0.02321 0.02026 0.00548
1.41 0.01132 0.04259 0.00180
1.45 0.00704| 0.03381 0.00168
1.95 0.00418 0.01238 0.00048
2.26 0.00356 0.01138 0.00054
y' Viscous (vavemaking) Invicisd (vavemaking)
X' Y' N’ X' Y' N’
1.34 0.02147 | -0.05135] 0.00363 0.02593 -0.04249 0.00858
1.38 0.01510 | 0.05077 0.00104  0.00967 0.05713  0.00118
1.41 0.01383 | 0.05364 0.00071 0.00880  0.04925  0.00078
1.45 0.01149 0.03945 0.00060  0.00807 0.03662  0.00059
1.95 0.00785| 0.01296 0.00043 0.00674  0.010Y3  0.00028
2.26 0.00602 0.01003 0.00028 0.00580  0.01019  0.00012
y’ Viscous (waveless) Invicisd (waveless)
X' Y' N' X' Y' N’
1.34 0.01431 0.14013 0.00001 0.01047 0.14943  0.00010
1.38 0.01302 0.08590 0.00099 0.00979  0.09464  0.00143
1.41 0.01297 0.06935 0.00100  0.00902 0.07921  0.00150
1.45 0.01166 | 0.04702 0.00039 0.00763  0.04857  0.00029
1.95 0.00785| 0.00867 0.00008 0.00503  0.00940 -0.00004
2.26 0.00621 0.00649 0.00020 0.00435 0.01024  0.00018
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Appendix E

Appendix E: Table of difference between numerical @ad

experimental coefficients at Fn of 0.121

y' Viscous (wavemaking) Invicisd (wavemaking)
X' Y' N' X' Y' N’
1.34 -84.971 61.055 95.147 -53.160 52.928 49.400
1.38 -53.699 60.092 81.046 -140.110 64.537 78.434
1.41 18.144 20.598 60.803 -28.625 13.529 56.5P3
1.45 38.721 14.299 64.286 12.763 7.684 64.502
1.95 46.745 4.489 10.400 37.989 -15.338 40.916
2.26 40.885 -13.443 48.373 38.629 -11.730 78.608
y' Viscous (waveless) Invicisd (waveless)
X' Y' N' X' Y' N’
1.34 -177.569 | 114.273| -99.904  -73.643 -847.142  -98.584
1.38 -78.278 76.416 -81.888  -57.802 367.141  -73.915
1.41 12.734 38.586 -44.627  -20.345 85.992 -16.527
1.45 39.619 28.088 -77.019 8.395 43.648 -82.885
1.95 46.770 -42.757 -83.27( 20.337 -24.087  -108.202
2.26 42.672 -75.460 -63.462 22.064 -9.997 -67.461

84



Appendix F

Appendix F: Forces and moment monitor at Fn of 0.18
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Appendix F

Monitor Fx Monitor Fy
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Appendix G

Appendix G: Table of coefficient at Fn of 0.181

. Experimental
Y X' Y' N'
1.34 0.0377 -0.0074 0.0172
1.38 0.0289 0.0214 0.0157
1.41 0.0160 0.0467 0.0118
1.95 0.0134 0.0086 0.0081
2.26 0.0377 -0.0074 0.0172
y' Viscous (wavemaking) Invicisd (wavemaking)
X' Y' N' X' Y' N’
1.34 0.0335 -0.0580 0.0113 0.0322 -0.0520 0.0108
1.38 0.0264 0.0146 0.0119 0.0241 0.0142 0.0112
1.41 0.0128 0.0319 0.0089 0.0110 0.0352 0.0096
1.64 0.0113 0.0193 0.0073 0.0101 0.0184 0.0080
1.95 0.0148 0.0060 0.0076 0.0126 0.008%5 0.0080
y' Viscous (waveless) Invicisd (waveless)
X' Y' N' X' Y' N’
1.34 0.0110 0.1342 0.0089 0.0087 0.1420 0.0090
1.38 0.0118 0.0902 0.0084 0.0091 0.0914 0.0082
1.41 0.0134 0.0580 0.0080 0.0113 0.0580 0.00Y9
1.64 0.0078 0.0242 0.0071 0.0065% 0.0225 0.00y0
1.95 0.0110 0.0105 0.0071 0.0101 0.0087 0.0067
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Appendix H

Appendix H: Table of difference between numerical ad
experimental coefficients at Fn of 0.181
y' Viscous (wavemaking) Invicisd (wavemaking)
X' Y’ N’ X' Y' N’
1.34 | -12.6578| 87.2331] -52.365F -17.0148 857650 -58.9655
1.38 | -9.0907 | -46.3322] -32.2616 -19.5818 -50.9758 -4(®8[6
1.41 | -25.5305| -46.4713 -32.6731 -45.7464 -32.536 -X03p
1.64 | -4.2003 | -19.5382] -30.8320 -17.0985 -25.3904 -1B717
1.95 9.6917 | -43.5400 -5.701§ -6.280p -2.0288  -0.1066
y' Viscous (waveless) Invicisd (waveless)
X' Y' N’ X' Y' N’
1.34 | -70.8484| 1055144 -93.0328 -76.9344 1052119 -2998
1.38 | -59.0719| 76.2736] -87.3722 -68.4760 76.5902 -92.1882
1.41 | -16.4565| 19.5442| -46.9285 -29.5920 19.5282 -48.5838
1.64 | -33.7646| 4.6721| -35.0260 -44.5737 -2.5312 -37.8019
1.95 | -17.9363| 17.9508] -13.9485 -24.4276 1.2903  -19.9727
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