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Abstract

To predict the maneuvering performance of a prop&8RARvessel, a mathematical
model was established as a path simulat@sy#tembasednathematical model was
chosen as it offers advantages in cost and time oveCdufiputationaFluid Dynamics
(CFD) simulations. The model is intended to provide a means of optimizing the

maneuvering performance of this new vessel type.

In this study the hydrodynamic forces and control forces are investigated as individual
componentscombined in a vectorial settingnd transferred to body-fixed basis SPAR
vessels are known to be very sensitive to large amplitude motions during maneuvers due
to the relatively small hydrostatic restoring forces. Previous model teSRBARvessels

have shown significant roll and pitch amplitudes, especially during course change
maneuvers. Thus, a full 6 DOF equation of motion was employed in the current

numerical model.

The mathematical model enggked in this studyvasa combination of thenodel

introduced bythe Maneuvering Modeling Group (MMG) and the Abkowitz (1964)

model. The newmodelrepresentshe forces applied to the ship hull, the propdibeces

and the ruddeforcesindependentlyas proposed by the MMG, but uses a 6DOF equation

of motion introduced by Abkowitz to descritiee motion of a maneuvering ship.

Themathematicainodelwasused to simulate the trajectory and motions of the propelled

SPAR vesseh 1 0 e [2100ee/artl® @ e /st8ndagd ziggag maneuver as well as



turning circle testatrudderangeeo f 20e and 30e. wErbused®i mul at i
determinghe maneuverability parameters (eagvancetransfer andacticaldiameter) of

the vesselThe final model providethemeans of predicting and assessing the

performance of the vessel type and can be easily adapted to specific vessel configurations

based on the gene@PARtype vessel used in this study.
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1 Introduction

1.1 Background and motivation

The gerational function of marine vessels in higher sea conditiagalwaysbeena
challenge fothemarineindustry.The concentration diydrodynamidorcesatthesea
surface, i.e. wave and flow foigen harsh sea states casseere motionthatimpair the

V e S sservicé.s

The propelledSPARvessel which was developed at MUN and has been cocratieed

under the name Tr&PARattempts to addreskis problem and has been under
development since 2010, when it was selected as one of the top projects in the Carbon
Trus®H ,0Offshore Wind Accelerator (OWA) Access competition. BRARtype vessel

is a unique solution to the problem of reduced vessel motions. Based on a combination of
offshore structure technology with a vessel condéptpropelledSPARwasoriginally

designed as a service vessel to transfer personnel and equipment to offshore wind
turbines. However, this type of vessel could be applicaldeniile range othe ocean

industieswhere smallstable vessels are required.

The SPARtype vessetoncept is under continuing development and there are areas
where the performance of vessels with surface piercing struts might be improved through
better understanding of the performance parameters and the links bt#tesplkeysical
characteristics antthe dynamic response of the vessel. The significant feature of the

vessel type is the relatively small strut that links the submerged body of the vessel to the



above water loadarrying cab of the vessel. Although this feature directly addresses the
reductian of waveinduced motions, the slenderness of the strut introduces challenges in

terms of the controllability and maneuverability of the vessel.

Figure 1- The Tran-SPAR vessel model

In this research, the maneuvering performaricgeepropelledSPARvessel will be
examined through numerical simulation. Moreover, this research will study the
characteristics of thEPARtype vessel to better understand the influence of the main
vessel characteristics suchtasweight distributionof the struts andheimmersed
propeller hull andhe position of the ruddesindthrusterin maneuvering performance of

the vessel. Better understanding of these aspects of the vessel performance may lead to



overall improvements in the performanceSéfARtype vessels or other applications

where specialized vessels or vehicles makeotisarface piercing struts.

This research is based on a combination of numerical models and physical model tests to
understand and optimize vessel performance. The maticahatalysis is based on

physical laws governing bodies in fluids and boundary conditions. A numerical

computing environment was employed to solve the governing equations irtianesal

simulation.

1.2 Scope ofwork

To predict the vessel trajectory unaeirrtain contrded circumstances and simulate its
motions, the equation of motion is expressed and saliegch timestep of a reatime
simulation. The equation of motion ftitre maneuvering motion of shipsm®rmally
expressed in 3 or 4 degrees offilem (DOF)asthe roll, pitch and heave motions are
relatively small andheir effect in the maneuvering of the ship is negligible. However, for
thecase of this study, as the roll, pitch and heave motions are significant due to the long
surface piercingtsut, the equation of motion is expressed in 6 D@ikich describe all

axial and rotational motions of the vessel.

In order to solve the equation of motiateach time step, the forces and morsentthe
vessel are expressed as rudder forstesdyhydrodynamicforces, propulsion, added
massgravity and buoyancy forcesn this studyrudder forces ansteadyhydrodynamic
forces are measured experimentally and then mathematically modeled. Propulsion and

restoring forces are estimated by empirical forriioies based on the geometry of the



vesseland added mass coefficients are obtainethbpoundary integral equation

method

MATLAB softwareis employed to complete the re¢ahe numerical simulation of the
vessel maneuvering. In this phase, a comprelemsodel of the dynamic behavior of

the vessel is achieved.

Thenumerical model is used to simulate the trajectory and motions of the propelled
SPARIN1 0 e /,2Me/aldd @ e /stardgrd zigag maneuvet as well as turning
circletessatrudderaglesof 20e and 30e. The simul ati on

maneuverability parameters (eagvancejransfer andacticaldiameter) of the vessel.

The final model providethemeans of predicting and assessing the performance of the
SPARvessel and can be easily adapted to specific vessel configurations based on the
genericSPARtype vessel used in this study. In this study, some geometrical
characteristics of the vesselch agheweight distribution of struts and immersed
propeller hull(affecting the center of gravityandthe position of the ruddeaindthruster

are modified to observe their influence in the maneuvering performance of the vessel

type and suggest an enhanced geometry in terms of maneuverability.

1.3 Outline of the thesis

This thesis is presented in 6 chapters:



1.3.1 Chapter 1 z Introduction

The first chapter introduces the purpose and outline of the.study

1.3.2 Chapter 2 z Literature review

In this chapter experimental and analytical methods to study the maneuvering
performance of anarine vesel are introduced and comparé&dedictions based on

captive model tes@andsimulations are represented in more detail as this method is the

basic idea behind this study.

1.3.3 Chapter 3 z Mathematical model of the maneuvering

In chapter 3 the coondate systems that the mathematical model is basaceon

introduced. The equation of motion is then expressed based badjzéxed coordinate
system. Thedrces and momesicting on the vessel are then expressed as rudder forces,
steady hydrodynamiorces, propulsion, added magsavity and buoyancyorces. The

procedurdor evaluating forces and moments is also described in this chapter.

1.3.4 Chapter 4 z Experimental procedure

In this chapter, the procedure of the experiments is explained. In the first part, the
instruments used in the experiments are introduced and the calibration procedure and
results are shown. 75 model towing experiments in various yaw angles, rudderaadgles

towing speedsvereconducted and the results are preseimtekis chapter.

1.3.5 Chapter 5 Z Results and discussion
The mathematical model introduced in chapter 3 is used to simulate the vessel trajectory

and motions during standard zgg and turning cite maneuvers. The outcomes of the



simulations along with maneuvering characteristics of the vedstdrminedrom the

simulationsare presented in this chapter.

1.3.6 Chapter 6 z Conclusions and recommendations
In this chapter the assumption made in the stadgcluding remarks and

recommendations for a future study are presented.



2 Literature Review

In this sectionthe stateof-the-art methods used to predibe maneuvering ba marine
vessel are introduceghd discussed. The purpose of this review isn fihe most
accurate, responsive, fast and flexigilmulationmethod applicable for the case of this

studyunder limitationf time and instrumentation.

To predict the maneuvering parameters of a shgforces and moments acting on ship
must be determined. These forces amamentsare then used to complete the equation of
motion.According toKim et al(2008) the amount ofomputationatesourcesvailable

to predict the manewring of a vessel changesarto-year de to advancein

technology In the following, the methods used to determine hydrodynamic forces on the

ships are summarized and compared.

2.1 Mathematical models topredict ship maneuvering

There are several mathematical models to descrilbdertes and momesacting ona

ship, including Abkowitz (1964)polynomial modelBlanke's £998)2"% order modulus
expansion model, the mod e I|-ratib@sdydamiotheoiy pr i nc
and Lagrangi an me ®Rbsa(R200xandtheimodeldeveloped eyctheb y
Maneuering Mathematical Modeling Group (MMG) in Japarhich studesthe forces

on ship components individual{raki et al. 2012) Among these modelthe Abkowitz

model and the MMG model are the mosteqmted and widelysed models.



The equation of motioatthe center of gravity for a maneuvering ship with 3 degrees of

freedom is expressed @&aojian 2006)

W ao6 vi
® a0 oI (1)
0 4

where X', Yand Nare the external forseand momergacting on the shipn denotes the

total massy/and vdenotesurge and sway velocity amadlenotes the yaw rate

In the Abkowitz model, the hydrodynamic forces on the ship are expresaed as
polynomial function of maneuvering parameters and control parameters, i.e. the propeller
revolution and rudder angle, in foronf t he T dnyhismodél,y paréat i e s .
differentiationof hydrodynamic forces with respect to each variable, the hydrodynamic
derivatives can be obtain€doon & Rhee 2003)Zaojian (2006) expresséhe

hydradynamic forces and moments on the Abkowitz model as:

MM OV, ML M~

& O 6h A h )

0 0 ohbh hohoh h

where) denotes the rudder angle.

In the MMG model, the hydrodynamic forces acting on a ship are studied individually for

the hull, propeller and rudder. Taking the interaction between these forces into account is



critical in the MMG mode(Yoon & Rhee 2008 The hydrodynamic forces and moments

in this model are expressed(@sojian 2006)

W W O W 3

Themain difference between the Abkowitz model ameMMG model is the method
they use to obtain the hydrodynamic forces acting on a maneuveringlstipbkowitz
model studies all the hydrodynamic forceawdtaneouslywhereas the MMG model
breaks the hydrodynamic forces into hull, propeller, rudder $oad their interactions.
The state of the amhethods used to evaluate thésees are described in detail in the

next section.

In reality, the hydrodynamic forces are composed of steady ansteady contributions,

which make it very difficult to budl a descriptive mathematical model. Hence, the

hydrodynamic forces on a ship are assumed to be a functtbeslocity and

acceleration components only. This assumption is knowimessq u-a s e ady appr oac

(Yoshimura 2005)

2.2 Methods for determining the hydrodynamic forcesacting on a

maneuveringship

The hydrodynamic derivatives in the equation of motrarstbe determineth orderto

solve this equation ithetime domain and perform a simulationcéurately determining



these coefficients is sometimes hard to achieve dthetwonlineaity of the slpd s
maneuveng (Luo et al. 2014)Zaojian(2006)effectively categodesthe methods to

determine forces andaments adéhg on a ship in foucategories

2.2.1 Captive model tests

Captive model testsave proved to bhe most accurate way to determine the
hydrodynamidorce coefficients of the ship. However, duethe high cosbf conducting
these testandthelimited availability ofthe experimental facilities, sometimes
institutions and companiesannotuse this methadr mustlimit the number of

experimentgLuo et al. 2014)

Captive model tests are usually conducted in a long and narrow towingitank
seakeeping and maneuvering basin is sometimes employed to ca@imutlar Motion
Test (CMT)(Zaojian 2006) The hydrodynamic derivatives of a shifobtaired by

three types of captive model tefitETC 2002a)

2.2.1.1 Oblique/straight towing testin a conventional towing tank

In the stationary oblique/straight towing test, the drift angle of the vessel is fixed during
each experiment. Maneuvering parameters such as rudder angle, propeller revolution,
drift angle and towing velocity might be changed during experiments to detetha
hydrodynamic forces asfunction of these parameters. Four types of towing tests can be
carried out with this methodTTC 2002a)

Straight towing;

Straight towing with rudder deflection;

10



Oblique towing;

Oblique towing with rudder deflection.

2.2.1.2 Planar motion test in a tank equipped with a Planar Motion Mechanism
(PMM)

A PMM systemconsists otlectromechanical equipment which is designed to tow a

vesseimodelin a preprogramed path in a towing tankof€es and moments on the

model are measured during this procedureaardsed to predict the maneuvering

performance of the fubcale vesséMillan & Thorburn 2009) This device is widely

used tocarry out four types of tes{sT TC 2002a)

Pure sway;

Pure yaw;

Pure yaw with rudder deflection;

Pure yaw with drift.

2.2.1.3 Qrcular tests in a tank equipped with a rotating arm carriage

Like the oblique/straight towing facility and PMM facility, the Rotating Arm Facility
(RAF) is also designed to perform captive towing experiments to measure forces and
moments on aodelvessel As the name of this facility indicatasjs designed to tow

the vessel in circular orbits across water by re@dia rotating arnfOrfano 2009) Four
types of circular towing tests are widely conducted in this fagilityC 2002a)

Pure yaw;

Yaw with drift;

11



Yaw with rudder deflection;

Yaw with drift and rudder deflection.

Among thetestsmentionedabove the ones with no rudder deflection are carried out to
determine the foreeon the hullTess with rudder deflection are designed to measure
rudder induced forces and thereftiney are not applicabl® models with no rudder and

propeller installed.

2.2.2 System identification technique

Another method to determine the hydrodynadedvatives of a vessel is to condact
free-running model or fulscale test. In this method, the control parameseich aghe

rudder angle anthe propeller revolutiopare input data anithe kinematic reaction to

theseinputs such aghevelocity and theacceleratiopare output data. Hydrodynamic
derivatives of the vessel are determinsthgparameter identification metho@aojian

2006)

The traditional methods to identify the maneuvering derivatives of a ship stholeast
square method and extendedlikan filter are widely used. Estimation Before Modeling
(EBM), also called the twastep methods an important system identification method to
determine the maneuvering coefficients. In this method the hydrodynamic coefficients
can be estimated by meawithe extended Kalman filter and modified Brysdmazier
smoother from sea tria{y oon & Rhee 2003)However, using these methods might
affect the accuracy of the prediction since the estimatiepsncon the &rget d study

and initial guessAtrtificial Neural Networls (ANN) can significantly overcome these
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limitationsand provideaneffective means of determining maneuvering derivatives. This
method has been used to identtig ship maneuvering derivativesrfexanple, Zhang

andZou (2011)used the data @1 0 e / 1-Aagtestkto identify the derivativestime

Abkowi tz model and predicted the maneuver.i
maneuvering. The rals show a very good consistertmgtween predicted and simulated

results.

2.2.3 Semi-empirical methods (database methods)

The third method to estimate the hydrodynamic derivatives of a vessel is to gather a
databasef hydrodynamic derivatives of similar vessels. These values can be empirically
formulated and used to determine the hggramic derivatives ofrey of thesame type

of vesselZaojian 2006)However, this method is not always accurate and reliable,
especially when the specifications of the studied olajemtot consistent witlthe

databaséLuo et al. 2014)

2.2.4 Numerical methods
Computational Fluid Dynamics (CF¥ being widelyusedto determine the forseand
moments on a moving vess€lFD methods can be generally classifietbitwo

categories:

1. Potential flow theorymethodgqe.g.Boundary Element Method (BEMy panel

method)

2. Predictiondased on viscous flow theofg.g.solution of Reynolds\veraged Navier

Stokes (RANSgquations)Zaojian 2008.
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2.2.5 Comparison

Runninga sufficientnumber of simulations using CHBa verytime and money

consuming approach, but it requires only the ship geometry along with propulsion system
charactesticsto predict the maneuvering of the ship. On the othed,lsystembased
methods are more accurate anddesst determine the maneuvering derivative, but they

also need access to the test facilities and numerous captive masietéskto be

conducted to estimate the maneuvering coefficightaki et al. 2012)

Database maneuvering method Captive model test Numerical method
Database of » Captive model Equation of motion of| ¢
hydrodynamic derivatives testing rigid body
A A A i l
Full-scale ship Equation of motion RANS Inviscid
testing of rigid body models
¥ k. I
System identification Mathematical Optimization solver
by trial/ferror model or direct model
Y A Y
Maneuvering Maneuvering Maneuvering
derivatives derivatives derivatives
k.

4>{ Trajectory prediction for standard maneuvering tests }4*

L.

‘ Obtaining maneuvering parameters ‘

L.

maneuvering

Figure 2- Overview of maneuvering prediction methodg(Tran Khanh et al. 2013)
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Maimun et al(2011)indicates that obtaing the hydrodynamic coefficiemby means of
captive model testgeneratemore accurate results in comparison with empirical
formulations.Comparison between empirical methods and CFD based nsetfuichtes
that predictionsisingboth the viscous flowalculations and the slendieody
coefficients methodrecloserthan empirical formulat the experimentaksults

(Toxopeus 2009)

2.3 Control application

Understanding the dynamic charagdgcsof the ship is the key to desigg the control
system. It isunderstood thapredictng the maneuveringharactesticsof avesselfrom
model testss hard due tohelack of knowledgef theinteraction between rudder
deflection and roll motionThisis especially true for thease of this study. Thus,
identifying ard analyzing these interactioaseessential not onl{o obtaina
comprehensive maneuvering madait also to design a proper control sys{@erez &

Blanke 2002)

Identifying the maneuvering derivatives of apshlso allows path simulatidn thetime
domain with respect to the control settings. One of the main applications of these
simulations idor training simulators. To be as realistic as possible, the training

simulators generally use the full equation of mo{fgnon & Rhee 2003)

2.4 Purpose ofstudy and methodology

The purpose of this research is to develop a mathematical wfadaheuverindor a

propelledSPARvessel with the following properties:
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Themodel must be able to simulate the maneuvering mofi@propelledSPAR
vessel in the standard maneuvering testeh aghezig-zag test antheturning
circle test.

The dynamic and kinematic parameters of the,shuph as roll angle, drift angle,
lateral force and moment, velocities, etc. must be mebkuat anyiven time
during the simulatiomo provide the means of better understanding of dynamic
behavior of the vessel type

The mathematical modelhsuld be adjustable in tesof the vessel geometry,
since one of the main purposes of this studg fnd effective ways to improve
the maneuvering performance of the vessel type by changimggiine
dimensions.

The simulation time should be minimized to enable the user to study the
maneuveringerformance ofhe vessel in various test types, vessel sizes and new

configurations

To achieve these goals and due to limitations of time and resources, the best achievable

method in each step is taken as follows:

2.4.1 Method selection to determine the hydrodynamic forces acting o n the

maneuvering ship

The CFD simulations are time consumingimulating the maneuvering of the ships with

this method might take few days to few weeks depending on the experiment conditions

16



and mesh sizes. Hence, for thtady as numerous maneuvering tests fofeheship

geometriesreto be conducted, this methadnotapplicable.

To determine the forces on the ship using sempirical methods, a database consisting
of the test results for many same type vesselsaged. As the object of this research is
not a conventional vessel, there is no database available to extract the hydrodynamic

derivatives.

To obtain the hydrodynamic derivatives of a sigingthe system identification method,
the ship model nesdo beequipped with an accurate control system and matawking
systems. Due tthesmall size of the available model and th&ccuracyof the installed
control system, preasapplicatiorand monitoring of the controls is not achievable.
Moreover, the smaBize of the ship results in significant effect of the currentthe

performance of the vessel.

According to the above mentioned conditions and limitations, the best and only
achievable method to determine the forces on thefehtpis studyis the cagptive model
test. Furthermore, as mentioned earligis method is the most accurate and reliable

method at the moment to determine the hydrodynamic coefficients of the ship.

2.4.2 Captive model test mechanism selection

Among the mechanisms to conduct captive model tests, the PMM and RAF tests obtain
the most accurate hydrodynamic model for the sisfhey are able tdefine the

hydrodynamic forces as a function of both magnitude and rate of motion parameters such

asthe yaw angle. However, the available towing tatkUN is not equipped with the
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PMM and RAF systems. Moreover, as the vessel is at the desigrasthgenot
commercializedthe high costof conducting these types of te@siot reasonable at ih

time. Thus, in this study the stationary oblique/straight towing tests are selected as the
captive model test method. This type of captive model tests are widely used by many
researchersand it is proven thatf conducted properly, they can resultreliable

outcomes.

2.4.3 Mathematical model

The mathematical model employed in this stusly combination of MMGnodeland

the Abkowitz (1964) model. This mod&presentshe forces applied to the siigull,

the propeller and the rudder, and the interactions betthese forces independently, as
proposed by the MMG, but uses a 6DOF equation of motion introduced by Abkowitz to

describe the motion of a maneuvering ship.
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3 Mathematical model of maneuvering

In this chapter thdevelopment of thenathematical model used to simulate the trajectory
of the propelledSPAR vessek introduced and forces and moments acting on the vessel

are evaluated.

3.1 Equation of motion at center of gravity

In order to describe forces acting on the vessellaaksuting maneuvering motionsf
the vesseltwo aordinate systems were employéte bodyfixed coordinate systemmat
hasits origin at the center of gravigndmoves withtheship, and a earthfixed

coordinate systerthatlies on the calm water surface.

Figure 2demonstratethetwo coordinate systems used in this study. The odgifithe

body-fixed coordinate ystemis located at the center of gravity aaxksx, yandzlie on

theshi pdos bow, shipos s thexypdaneadowhwagdlnd per pendi
respectively. The origin of thearthfixed coordinate systempas fixed on the calm water
surfaceand is aligned with the initial gition of the bodyfixed system, th&oyo plane

coincides with the calm water surface dine .z axis is vertical downwal.

Unit vectors associated with y, z, x yoandzpare denoted a§y, &, /, &ndK

respectively. Vectofovc an be defined as the position of

Y ,0-0 -0 (4)

So the velocity of the origin is expressed as:
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v )

v

Yo

Figure 3- Coordinate systems

vandvarethesurge velocity and lateral velocity at the center of gravityg andr are
roll, pitch and yaw angleg,and/ denote the drift angle of the origin and heading angle

respectively.
For a small perturbation, it can be shown that:
W w O Wi Oi Q¢

W W o0 PE U QEI
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% % 1O

r [ io (6)

Wherethe subscriptz denoteshevalue of a parametattime f and £ represerga small

increment irtime. 74 and ¢ are roll, pitch and yaw angles respectively.

In this study, the bodfixed coordinate system is used to exptégequation of motion
and evaluate the hydrodynamic forces. Assuming the vissseigid body with six
degrees of freedom in motion and small pitch angles, the equation of motion can be

written as(Fang et al. 2005)

w ao6 vi

w auv oi

W av

0 On 0Oni

0 0OnR 0Oni

0 Oi "0Onn (7)
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whereX, YandZare external forces with respect to surge, sway and heav§ driahd
Nare external moments with respect to roll, pitch and yaw respectivedyerms/m and

/ denotethetotal mass and moment of inertia.this equation, the nediagonal elements

of moments of inertia matrix are neglected as they are small comparing to the diagonal

terms and the vessel assumed tgypametrical in port and starboard.

The left side oEquation7 can be expressed as:

U U 0 ) )
0 0 0 0 0
0 0 0 0 (8)

where subscript&, HS, P, 4nd G-Bdenote rudder forcesteadyhydrodynamidorces,
propulsion, added mass acoimbinedgravity andbuoyancyforces,respectively. Later in
this chaptertheevaluation and calculation of the forces and moments aatitige

vessehlredescribed in detail.
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3.2 Hydrodynamic forcesacting on ship6 bull

Hydrodynamic forces acting on ship hull are expressed as:

A " 0™y T RJ

) " 0™ 1 Ay

A R/ TA R

o -"0dYo r1hj

0 -"0dYO] 1Ay

6 -"0dYO] 1 A] (9)

whereXn, Yr, Zn, KH, Mzand/Nmare expressed as polynomial functiong atndthe
nontdimensionalized yaw rate by rL/U (Yasukawa & Yokimura 2014)However, for
thecase of this studgeveral experiments were conducted in various yaw gregies
hydrodynamic coefficients of forces actiog theship hull are expressed only as a
function oftheyaw angle. Nordimensional damping coefficients are then added to the
model to take the effects of heave, roll, pitch and yaw rate into considendimn.
magnitude of these coefficients were estimated during a trial and error procedure, to

match the manewering behavior of the vessel in fregnning trials. To achieve more
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reliable and accurate estimation of damping coefficier®®aaar Motion Mechanisian

be employed during the towing experiments.

O ® 7 @ 7 YT D

O] ol 7 01( UI(

0] 0] r ol 7 [‘)I( [‘)I( O]

of ol ¢ ol Ol (10)

whereX 777, Xrrry Xeryo XKe s Xoo Yrrry Yrro X, Zrr 27, Zo, Ky Ky K
M,////, M’///, M,/[, M,/, Mlo, N,[/[, N’/[ andN’/ arethehydrodynamic derivatives

of themaneuvering.

Thehydrodynamic derivativeshown abovavereobtainedoy condweting towing
experimentsvhich aredescribed in detaih chapter 4 of this thesis. Table 1 shaws

summary of the result:

Table 1- Non-dimensional hydrodynamic derivatives of the hull

Xrrrr -8.84 Krrr 63.48
Xrrr 0.211 (% -0.393
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Xrr 7.05 K’ -36.38

X7 -0.131 Mrrrr -58.19
X0 0.0946 \Y e -0.506
Yrrr -8.93 Mrr 38.65
Y7r 0.199 M’, 0.00268
Y7 3.56 Mo 0.123
Zrr 2.83 s 0.402
Zr 0.196 N/ 0.0658
Zo 0.0966 N’ -0.382

3.3 Evaluation of rudder forces andmoments

Forces and moments acting on a shigh®rudder can be expressed as:

W -0 Yi E i Q&Y

G -"0Yi Ve DG

O -"00Vi 'R QEi0]

6 -ro0Yi PE DEIV] (11)

whereAris the profile area othemovable part othe maringudder,Uris theresultant
inflow velocity to the ruddetr, r is the effective inflow angle to the ruddeand X% Yk,
KrandN rare nordimensonal hydrodynamic coefficient®f maneuvering and mainly

representhe hydrodynamic interaction betweémerudder and hull.
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The hydrodynamic coefficienghown abovere empirically expanded and described for
conventional marine vesseig. the one introduced yirano (1980) but forthe case of
the propelled SPAR vessdhere is no empirical formulation to describe the coefficients.
Hence, in this study rudder forces and moments are assumed to be a lineamn tfifgtio

U2 g, U tandthéhydrodynamic coefficients aherudder.

These coefficients are evaluated by comparing the results of towing experanents
various rudder angles. When the effective inflow angle to the rudder is zero, rudder
forces and moment aexpectedo be zero and the ship hull is responsible for the total
measured forces. In the same situation, as the rudder angle changes, rudslantbrce

moments are assumed tothe cause of anyariations in results.

Figures3 to 6 show the effect of rudder angda the total hydrodynamic forces and

moments in the towing experiments.
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Figure 4- Surge resistance force vs. yaw anglat various rudder angles
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Figure 5- Sway resistance force vs. yaw anglat various rudder angles
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Figure 6- Roll resistance moment vs. yaw anglat various rudder angles
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The calculateanagnitudeof rudder forces lies on the left side of equatidnOnthe

right side, valies ofAr, (27 rhyardL could be determined in each experimental setup,
so the only unknown parametén each equatioarethe non-dimensional hydrodynamic
coefficients oftherudder Xz Yz Krand/N= The values of these coefficients were

curve fitted tathe experimentalesults withthelowest achievable deviation.

3.4 Propeller hydrodynamic force

The propelledSPARmModel waditted with a Wageningen Beries 4 blade propeller B4
70. Figure7 shows the propeller and rudder components setup on the model sttioe and

propeller specifications are presented able 2

Table 2- Propeller specifications

Designation Modified BSeries
D (Diameter) 0.107m
P/D (Pitch/Diameter) 1.1
Ae 0.7
Z 4
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Figure 8- Rudder and propeller setup

The hydrodynamic force due to propulsioira marine vessel Wi asingle propeller is

expresseas a fraction of the propeller thrust:

® p 0 7Y (12)

The trust deduction factofris assumedtiereto be constant at Din any given propeller

load. Propellertirust 7'is calculated as:

Y "¢ O0 0 (13)

wherenp is the propeller revolution in rpshris the propeller diameterandthethrust
coefficientKris defined as guadratic polynomiafunction ofthe propeller advance ratio
,. The trust coefficient of the propellatthe zeroforwardspeed test wasund to be
0.6 (ExtremeOcean Innovationdn2013)which is 20% higher thatine expected value of

0.5 and reaches zeab anadvance coefficient of 1.17.
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FIGURE #1. WAGENINGEN B-SERIES PROPELLERS
FOR 4 BLRDES AE/AO= 0.700
P/D=0.50 TO 1.40
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0.08
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%
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17
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Figure 9- B-series Wageningen propeller chartfrom (Bernitsas et al. 1981)

0 ™ p T XU T
— (14)

where V4 denotes the speed of advanicethe calculation of propeller force, the effect of
steeringon propeller thrust is neglected as firepeller wasiot installedduring the

experiments.

As the propeller isita different heighfrom thevertical center of gravity, it also
produces @&rimming moment arounthe CoG equivalent to propeller thrust multiplibg
thevertical distance betwetre CoG and propeller hub. As the progioh force is
appliedatthe latitudinal center of the vessel and paralleh&dongitudinal vector of it,

roll and yaw moments can be considered zero.
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3.5 Restoringforces

Gravity and buoyancy forces applied to a floating body are expressed in a matrasform

IV v p p
|’|J(,’,° I’ (NN

w o -
o - 0] oy~ 15
o v I P6sp (15)
') I’y ([
w0 ur o

in which elementszs, G4, Gs, Gs, G4, G5, Gs, Gaand Gss are the only noizero
elements of the matrig: In a small perturbation, all the diagonal terms are negative,
which indcates that GravityBuoyancy forces are opposing the perturbations
(Lewandowski 2004)Center of Floatation (CoF) of a freely floating body béthe
center of its water plan Equation 6 expresssthe restoring forces and moments of a

body with portstarboard symmetry.

(L) ” “@ _ ” “gy_
0 Qo a Y %o
0 "0 A a Y — 7 oty— (16)

where Awris thewater plane area, Sx, andSy are water plane momentgyis volume
of displacementzs is the height ofthe CoG andzsis the height ofthe center of

buoyancy.
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In order to estimate values dfvs, S, Sx, $¥1 0, Zandzs, a detailed 3D CAD model of
the vessel was built. FiguBeshows a renderg of the 3D model beside a picture of the

physical model. Table 3 shows the calculated values of the restoring force parameters

from the CAD model.

Figure 10- Rendering of the CAD model vsthe physical model

Table 3- Calculated parameters of the model vessel

Awp 29365mnft Six 2.2E5m? ZB 95mm

Mo 0.0666n% Sy 2.5E4m* ZG 0
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3.6 Added mass andadded moment ofinertia

Whenabodyacceleratem a fluid, it experiences a hydrodynamic force opposing the
acceleration dueind proportionalto accelerationThis force can be explained as the

amount of force needed to accelerate the fluid surrounding the body. The added mass and
added moment of inertia are defined as matAixwhereA; indicatesheii magni t ude of
the hydrodynamic force in directiordue to unit acceleration in directigh = wh e r e
subscripts andy range from 1 to 6 and correspond the surge, sway, heave, roll, pitch and

yaw directiongLewandowski 2004)

The added mass forces are considesghtive because they oppose the acceleration.
Unit of Aj is themass for/ and/ between 1 and 3hemoment of inertia for and;/

between 4 and 6 aride mass length for all other cases. The added mass matrix is
composed of 36 elementsoweverit is a symmetrical matrix for all floating objects so
Aj=Aji. It can be shown that the added mass forces and moments can be expressed as

(Newman 1977)

"0 B Yo Y b (17)

0 B Y6 Y 8 YY 8 (18)

For a body with porstarboard symmetry, it can be shown that:

A3z2=A34=A36=A 52= A54=A56=A 12=A 14=A 16=0

Dueto thesymmetry property of the matrix:
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A23=A43=A63=A 25= A45=A65=A21=A41=A61=0

Expandingequations ¥ and B and considering the symmetry of the body and added
mass matrix, the final equations of added mass and added moments of inertiamak to

accelerations are:

@ 0 6 6 0 0 n
e AT AT AT (19)
@ 0 6 00 0 n
() O 0L O0n O0'i
Aae AT AT A (20)
® O 0 0N O i

Evaluation of added mass coefficients is obtaungidg theboundary integral equation

method, also known dke panel method. The outer shell of the CAD model was

exported to WAMIT softwar¢Anon 2015b) To estimate the fluid forces, potential flow

theory is considered for the relationship between fluid pressure and interface acceleration,
wherethevelocity potential function satisfighe Laplace equatiof Ba gi | & Par uno
2013) Table 4 shows the added mass coefficients for the vessel calculated by this

method.
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Table 4- Non-dimensional added mass coefficients

ADDEEMASS COEFFICIENTS

[]J FPNOLZWII|J FNYoLZW
1|1 3.34E03 412 2.92E02
1|3 -6.04E05 414 1.73E02
1|5 -1.95E03 4|6 8.56E04
212 4.95E02 5|1 -1.97E03
24 2.92E02 53 4.48E04
2|6 1.35E03 5|5 5.62E03
3|1 -4.91E05 6|2 1.38E03
3|3 5.13E02 6|4 8.74E04
3|5 4.71E04 6|6 2.56E03

The added mass coefficients amn-dimensionalized by ¥ where:

k=3for(i;j=1,; 2; 3)

k=4for(i=1;2;3;j=4;5;6)or(i=4;5;6;j=1; 2; 3)

k=5for (i;j=4;5; 6)
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4 Experimental procedure

4.1 Instrumentation

Scale model experiments were conducted to measure the hydrodynamic forces on the
vessel including the rudder forces at various fixed yaw angles and various forward
speeds. Té purpose ofttese experiments was to obttie hydrodynamiacoefficientsof

the hull and the rudddor the numerical maneuvering mode€his chapter introduces

equipment and devices used for the experiments.

4.1.1 Dynamometer

A global dynamometewas usedo measure forces and moments on the model vessel,
propeller or any other instrument connected to its arm. The global dynamometer used as
the force measurement device in this proyegsa global dynamometetesigned and

built by Mr. AndrewMacNeill, aformerMa st er 6 s Ocedan@ardNavalt i n

ArchitecturaEn gi neeri ng, as a part of his masterod

The dynamometer is composed of 6 individual 1884447 N) loaecdls mounted on
an adaptor frameNith the design of the adaptor and dynamater frame completed in

detail, the flex links and their mountsereadded to the main frame.

In order to achieve design goalghin limitations, the materials usedtime majorityof
the dynamometereremild steel plate and thin walled square tubifige main thought

behind the desigwas togain an optimum design whiehould provide both maximum
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stiffness and lightnesstthe same time. In addition, to ease the machining and fabrication

process, bolt connectioaseused widely in the desigiMacNeill 2011)

Figure 11- NSERC global dynamometer

4.1.2 Flex links

The forces applied to the live frame @r@nsferredo the load cells thrghflex links.

The main purpose of using the flex links is to transfer fooodgfrom the primary
direction to the loadells. The links are stith the axial direction but flexible in the
lateral direction and thus they do not transmit odels to he load cells as the frame
moves slightly under load or moment. This ensures that the measured loads in each

direction are not influenced by small motions in other directions (known as crosstalk).

Moreover, thedesign of the flex linkensures thavhenthe amount of forces or moments
applied to the frame excesthe capacity of the load cells, the flex link attached to the

load cell will break and prevent damage to the load cell.
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The material selected for the flex link was4 PH stainless steel. Thelfmving is the

specification of the 1-:4 PH:

Table 5- Chemical properties of the flex links material(Anon 2015a)

TYPE Cr Ni Cu Cb+Ta C Mn P S Si
17-4 min: 15.0 | min: 3.0 | min: 3.0 | min: 0.15 0.07 1 0.04 0.03 1
(H900) | max: 17.5| max:5.0 | max:5.0 | max:0.45 max max max max M
Table 6- Mechanical properties of the flex links material(Anon 2015a)
Hardening or Precipitation Treatment at 900°F
Thickness, | UMae | 4506 vield Hardness, | Hardness,
Tensile N o Brinell,
) Strength, ksi | Strength, ksi Elongation % in Reducn_on in )
inches ; : H YAy Areamin. % Rockwell, min. / max.
min. min.
min. / max
P'YRSNJ n 190 170 5 T C40c C48 T
nomMy Tp
190 170 8 25 C40¢ C48 388 /477
nd®cHp
nodcHp 190 170 10 30 C40¢ C48 388 /477

4.1.3 Load cells

As mentioned above, six individual load cells are installed on thdffiame, threetwo,

and one load cells i, Xand Ydirectiors respectively. The capacity of each load cell is

1000lbs.

All flex links and load cells are designed with #dality of being installed or removed

independently from other assembl{&4acNeill 2011)
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4.1.4 Adjustable towing arm
The NSERC global dynamometegasinitially designed to measure forces opadded
propeller. As the purpose of this research is to study forces applied to a modelavessel,

few adjustmergneeded to benade tahe instruments.

In order to connect the model vessel to the live frame of the dynamometer, an adjustable
towing armwasdesignedby Cotrim Ferreira Oliveira Botelho, a Brazilian exchange
program student at the ticnand builtby MUN TecmologicalServices. The aluminum
towingarm consist®f a rotatable circular plate bolted to a cubic hollow column. The
whole setting is secured to the live frame of the dynamometer with a thick rectangular
plate. The other end of the column is casted to the vessel with four stainless steel

bolts.

Figure 12- Adjustable towing arm

The aesign of the arm providesfixed roll and pitch angle at zero degseleutan

adjustable yaw angle between 40246°.
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4.1.5 Data Acquisition System
The process of measuring electrical oiphysicalphenomenon such as voltage, pressure
or current is called data acquisition (DA@Jational Instruments 2015yhe DAQ

system consistsf:

1- Sensors: which are the six load cells descradizal/e.

2- DAQ measurement hardware: The NI cDA&Q78(which is an eighslot
National Instruments (NI) @npactDAQ chassjsvas used as the measurement
hardwareThisis a portablehassis thatanbe combined with up to eight NI C
series /0 modules for a custom analog input, analog output, digital 1/0, and

counter/timer measurement syst@gational Instruments 2015)

Figure 13- NI cDAQ-9178 DAQ chassis

The followingarethe highlights othetechnical specification of the NI cDAQ

9178 measurement DAQ chassis:
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Table 7- Technical speci

fication of the NI cDAQ9178 DAQ chassis

Input FIFO size

127 samples per slot

Maximum sample rate

Determined bythe C Series I/O module(s)

Timing accuracy

50 ppm of sample rate

Timing resolution

12.5 ns

Number of channels supporte

Determined by the C Series 1/0O module(s

Onboard regeneration

16

3- Universal analogue input: Two NI 9219 analogue input moduézsused to
digitize voltages after excitation. Three load cells were connected to each module

to cover signals from all six load cellBable8 shows highlights of technical

specifications of the NI 9219 analogue inpuddule:

Table 8- Technical speci

fications of NI 9219 analogue input module

Number of channels

4 analog input channels

ADC resolution

24 bits

Type of ADC

Deltasigma (with analog prefiltering)

Sampling mode

Simultaneous

Type of TEDS supported

IEEE 1451.4 TEDfss Il (Interface)
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Figure 14- NI 9219 analogue input module

4- Industrial controller: the NI 3100 industrial controller is an industrial PC which
incorporates a 1.06 GHz Intel Celeron M processor. This PC is connected to the
measurement hardware via-Bpeed USB connectio This computer reads and

storeddigitizeddata from the load cells.

RS232 Serial

(2) Gigabit

Ethernet
(4) Hi-Speed USB
(1) MXI Express

External Flash
10to 30 VDC
Power

pvi

(1) PCI or PCI Express Slot

Figure 15 NI 3100 industrial controller

PGbased DAQ systembke the one used during these experimentsigechigh power,

connectivity capabilities, flexibility and display optiofisational Instruments, 2015)
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4.2 Calibration

Sectiondescribes the process of calibrating six axial load cells artdwheg carriage

duringthe model experiments.

4.2.1 Load cell calibration

Each load cell was calibrated individuallyanun-installed conditionAs the factory
specification sheet dheload cellsstateghat the slope of the trend line of the load cells

is identical for tensionrad compression, calibrating them in only pull mode was
adequate. To achieve pure tension force on each load cell, the load cell was vertically
installed and fixed on a rigid framand a small steel adaptor was used to install a hanger

on it.

R 1 |

Figure 16- Loading and unloading assembly of load cells
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