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INVESTIGATION OF THE TURNING PERFORMANCE OF A SURFACE
COMBATANT WITH URANS

SUMMARY

The prediction of ship-maneuvering performance have been challenging topics in ship
hydrodynamics research due to its non-linear and highly complex nature. The turning
maneuvering performance of a surface combatant is investigated with URANS method
in this study. Numerical simulations of static PMM (Planar Motion Mechanism) tests
are performed toward this goal by using a commercial RANSE solver software Star
CCM+ in an unsteady manner. The fluid flow is considered as 3-dimensional,
incompressible and fully turbulent. The free surface effect has been taken into account
by including volume of fluid (VOF) method. Grid independence study is performed
for 4 different grid quality. The effect of turbulence model is investigated by using
two-equation models. The URANS and Eulerian approaches are investigated for
several cases. The computational results, e.g., forces, moments, are used to determine
the hydrodynamic derivatives according to Abkowitz’s mathematical model. The
acceleration and angular velocity derivatives are used as described in literature. The
rudder terms are calculated from the results of “drift and rudder” simulations.

The prefered ship model is DTMB 5512, which is a 1/46.6 scale of US Navy DDG51
frigate, with L=3.048 m and geosim of DTMB 5415. Numerical analyses are
performed in a 19.507m x 14.630m x 6.401m virtual towing tank for fixed condition.
Hull is identified as a non-slip wall in order to dictate kinematic boundary condition.
Front, top and bottom faces of the computational domain are defined as velocity inlets.
Side faces are assigned as symmetry-planes and the back face is defined as pressure
outlet. VOF wave is defined at draft of the ship as calm water.

Computational results are compared with the available experimental data. Turbulent
Kinetic energy and vorticity magnitude are observed on the plane sections normal to
the x-direction for several cases. The results for two-equation turbulence models are
examined and the suitable turbulence model for the presented study is selected. Wave
profiles along the hull are plotted and compared with the EFD validation data. The
viscous and inviscid flow results are compared with each other for several cases.
Hydrodynamic derivatives are compared with the EFD results and empirical formulas
and then are used as inputs to DYNEQNOMS (Dynamic Equations of Motion Solver),
which is a custom developed computer program within the scope of this study to
simulate ship turning maneuver. The turning maneuver performance parameters are
compared with the literature.






BiR SU USTU SAVAS GEMISININ DONME PERFORMANSININ URANS
KULLANILARAK INCELENMESI

OZET

Gemilerin manevra performanslarinin belirlenmesi, karmasik ve lineer olmayan
dogasi sebebiyle, gemi hidrodinamigi arastirmalariin zorlu konularindan olmustur.
Bu sebeple yiizen bir cismin hidrodinamik performansinin gerek niimerik gerekse
deneysel olarak tahmin edilmesi biiyiik 6nem arz etmektedir. Genel olarak gemilerin
manevra performanslari; rota tutma veya degistirme, manevra yapma ve hiz degistirme
kabiliyetlerinin birlesiminden meydana gelmektedir. Rota degistirme kabiliyeti
ozellikle savas gemileri i¢cin 6nemli bir manevra karakteristigidir. Dizayn asamasinda
gemilerin manevra performanslarmin tahmin edilebilmesi i¢in pratik ve hizli cevap
verebilen bir ¢6ziime duyulan ihtiyag, CFD metodunun gemi manevra problemlerinde
kullanilmasini tesvik etmistir.

Bu calismada bir su {istii savas gemisinin donme manevrasi performanst URANS
metodu ile incelenmistir. Bu amag¢ dogrultusunda, diizlemsel hareket mekanizmasi
(PMM) yontemi ile yapilan statik ve dinamik model deneylerinden, statik deneyler
zamana bagli olarak, ticari bir RANSE ¢o6ziici yazilim olan Star CCM+ ile
gergeklestirilmistir.

Tez, bes ana boliimden olusmaktadir. Ik bdliimde tezin amaci, kapsami, manevra
performans hesaplarinda kullanilan metodlarin tarihsel gelisimi, ITTC MC’nin
manevra metodlarmi siiflandirma sekli ve IMO manevra standartlar1 verilmistir.
Ikinci boliimde gemilerin manevra denklemleri ve gemiye etkiyen kuvvet ve
momentlerin hesaplanmasi i¢in kullanilan matematiksel model, dogrusal rota
stabilitesinin hesaplanmas1 ve hidrodinamik tiirevlerin fiziksel yorumu ve nasil
hesaplanacag1 agiklanmustir. Ugiincii bdliimde, hidrodinamik analizler i¢in kullanilan
URANS metodu, tiirbiilans modelleri, ayriklagtirma metodu ve ¢dziim metodolojisi
verilmistir. Dordiincii bolimde CFD analiz sonuglar1 ve dénme manevrasi
simiilasyonundan elde edilen donme performans parametreleri literatiirdeki sonuglar
ile karsilastirmali olarak verilmistir. Besinci boliimde ise bu tez kapsaminda kullanilan
¢oziim metodlar1 ve elde edilen sonuglar degerlendirilmis olup, gelecekte yapilacak
calismalara hakkinda bilgi verilmistir.

CFD analizlerinde akisin ii¢ boyutlu, sikistirilamaz ve tiirbiilansli oldugu kabul edilmis
olup, serbest su yiizeyi etkisi VOF metodu ile hesaplara dahil edilmistir. Ayriklastirma
metodu olarak sonlu hacimler kullanilmistir. Agdan bagimsizlik ¢alismasi, dort farkl
ag orgiisii kalitesi i¢in yapilmistir. Tiirbiilans modelinin ¢6ziime etkisi iki denklemli
tirbiilans modelleri igin arastirilmistir. URANS ve Euler yaklasimlar1 bazi 6zel
durumlar i¢in incelenmistir. Kuvvet ve momentler gibi sayisal sonuglar, Abkowitz’in
onerdigi matematik modele gore, hidrodinamik tiirevlerin hesaplanmasinda
kullanilmistir. ivme ve acisal hiza bagh hidrodinamik tiirevler literatiirdeki
sonu¢lardan almmustir. Diimen terimleri “drift and rudder” simiilasyon sonuglari
kullanilarak hesaplanmstur.
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Gemi modeli olarak, Amerikan Donanmasi’na ait DDG51 firkateyninin 1/46.6 6l¢ekli
ve L=3.048 boyundaki ve DTMB 5415 ile geometrik olarak benzer DTMB 5512
modeli kullanilmistir. Niimerik analizler 19.507m x 14.630m x 6.401m boyutundaki
sanal bir tankta, model hareketlerinin kisitlandig1 durum i¢in gergeklestirilmistir. Gemi
modeli, kinematik cisim sartin1 saglatmak i¢in kaymaz duvar sinir kosulu ile
tanimlanmistir. Hesaplama hacminin 6n, st ve dip yiizeylerine, akiskanin hesaplama
hacmine giris yaptig1 ylizeyler olacak sekilde smir kosulu tanimlanmistir. Yan
yiizeyler i¢in simetri diizlemi sinir sart1 atanmistir ve arka yiizey akigkanin hesaplama
hacmini terk ettigi ¢ikis ylizeyi olarak belirlenmistir. Serbest su yilizeyi dalgalar1 gemi
modelinin su ¢ekimi yiiksekliginde sakin su seklinde tanimlanmistir. Serbest su yiizeyi
dalgalarin belli bir enine mesafe sonrasinda soniimlendigi varsayilmistir.

Hesaplama hacmini olusturan ag 6rgiisii genel olarak hexahedral (alt1 yiizlii) yapidadir.
Model etrafinda akisin daha diizensiz hale gelmesinden dolay1 ag yapisinda
iyilestirmeler yapilmistir. Ozellikle modelin bas kismmda bulunan sonardom
cevresinde, yalpa omurgalari civarmda ve ki¢ kisminda daha sik ag Orgiisi
olusturulmustur. Benzer sekilde serbest su ylizeyi deformasyonlarint dogru
hesaplayabilmek i¢in sakin su hatt1 bolgesinde daha sik ag orgiileri ile ¢alisilmustir.
Model yiizeyinden belli bir mesafeye kadar sinir tabaka tanimlanmis ve bu bdlgede ag
yapist siklagtirilmistir. Agdan bagimsizlik ¢alismasi neticesinde sonsuz kiiciikliikte ag
elemanlar1 atilsa da niimerik ¢6ziimiin belli bir degere yakinsadigir goriilmiistiir.
Mevcut bilgisayar giicii de dikkate alinarak hesaplamalar i¢cin uygun ag orgiisii tercih
edilmis ve biitlin analizlerde bu ag 6rgiisii kullanilmistir.

Hesaplamali akiskanlar dinamigi metoduyla elde edilen sonuglar literatiirdeki
deneysel veriler ile karsilastrilmistir. Gemi etrafindaki akis; serbest su yiizeyi
deformasyonlari, hidrodinamik kuvvetler ve momentler agisindan incelenmistir.
Bunlara ek olarak tiirbiilans kinetik enerjisi ve girdaplilik miktar1 da normali x-
yOniinde olan ve gemi boyunca alinan diizlem kesitler iizerinde baz1 6zel durumlar igin
gdzlenmis ve ekte sunulmustur. Tki denklemli tiirbiilans modelleri kullanilarak yapilan
HAD analiz sonuglar1 tekneye etkiyen kuvvetler ve momentler baz alinarak
karsilagtirilmistir. Bu ¢calisma neticesinde, statik PMM simiilasyonlar1 i¢in uygun olan
tiirbiilans modeli belirlenmistir. Gemi boyunca olusan dalga profilleri, boyuna kesitler
alinarak ¢izdirilmis ve literatiirdeki deney sonuglari ile karsilastirilmistir. Viskoz ve
viskoz olmayan akim kabuli ile gergeklestirilen analizlerin sonuglari, serbest su
yizeyi deformasyonlar1 ve hidrodinamik kuvvetler ac¢isindan birbirleriyle
karsilagtirilmistir. Beklendigi tizere viskoz olmayan durumdaki serbest su yiizeyi dalga
genliklerinin, geminin ki¢ kisminda ve diimen suyu bdlgesinde viskoz model
sonuglarma oranla daha yiiksek oldugu goriilmiistiir. Ozellikle yiiksek hiicum
acilarinda, viskoz olmayan ¢6ziimiin sadece ki¢ bolgesinde degil gemi boyunca da
saglikli olmayan sonuglar verdigi gézlenmistir.

Hidrodinamik analizler sonucunda tekneye etki eden kuvvet ve momentler
hesaplanmistir. Bunlar, matematik modelin 6nerdigi sekilde hidrodinamik tiirevlerin
hesaplanmasinda kullanilmistir. Hidrodinamik tiirevler, deneysel veriler ve ampirik
formiiller ile karsilastirilmis ve daha sonra bu ¢alisma kapsaminda donme manevrasini
simiile etmek i¢in gelistirilen DYNEQNOMS (Dynamic Equations of Motion Solver)
bilgisayar programima girdi olarak kullanilmistir. Gelistirilen bilgisayar programina
girdi olarak hesaplamali akigkanlar dinamigi analizlerinden elde edilen hidrodinamik
tiirevlerin yani sra diimen agis1 degerleri ve gemiye ait bazi temel degerler de
kullanilmistir. Gemi manevralarinin simiile edilebilmesi i¢in iki 6telenme (surge,
sway) ve bir donme (yaw) hareketinden olusan gemi manevra denklemleri, Euler
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metodu ile ¢oziilmek lizere matris formuna getirilmistir. Hareket denklemlerinde
gemiye etkiyen kuvvet ve momentler Abkowitz’in 6nerdigi iiclincii mertebeden Taylor
Serisi agilimi ile hesaplanmustir. Elde edilen matris Gauss-Jordan Eliminasyon metodu
yardimi ile her bir zaman adiminda ¢6ziilmiis ve modele ait ¢izgisel ve agisal hiz
degerleri hesaplanmistir. Hesaplanan her bir hiz degeri bir sonraki zaman adiminda
kullanilmak tizere hareket denklemlerinde yerine yazilmistir. Baslangi¢ kosulu olarak
geminin belli bir hizda ileri dogru otelenme (surge) hareketini yaptigi ve diger
hareketlere ait hiz ve ivme degerlerinin sifir oldugu kabul edilmistir.

Modele ait ¢izgisel ve acisal hiz degerleri her bir zaman adiminda bilindiginden
rotadan sapma agisi, kayma agisi, donme dairesi ¢api, modelin baslangigtaki hareket
dogrultusunda katettigi mesafe ve modelin baslangictaki hareket dogrultusuna dik
(enine) yonde katettigi mesafe hesaplanmistir. Hesaplanan bu degerlerden sabit donme
dairesi ¢api, lineer model ve ampirik formiiller ile kiyaslanmistir. Modele ait taktik
cap1 da literatiirdeki sonuglar ile karsilastirilmistir.






1. INTRODUCTION

Prediction of ship-maneuvering performance have been one of the most challenging
topics in ship hydrodynamics research because of its highly complex unsteady and
non-linear nature. The general ship hydrodynamics can be devided into two main part
(Sabuncu, 1985):

e Controlling the ship’s motion in a desired manner (ship-maneuvering).
e Noncontrollable ship motions arising from external forces (seakeeping).

Knowing the maneuvering characteristics of a ship allows us to control the ship’s
motion in a desired manner. The controllability can be necessary for either navy, e.g.,
setting the trajectory of a surface combatant in a specific course when following an
enemies boat, or a cargo ship to maneuver safely in a harbour etc. Whatever the vessel
type, controllability means regulating a ship’s trajectory, changing course, reduce or
increase speed, in general terms, controlling the orientation of a ship at sea. To gather
up, the controllability comprises starting, steering a steady course, turning, slowing,
stopping, backing and diving (for submarines). Figure 1.1 represents a control loop for

conventional ships.

The study of the complex subject of controllability is usually divided into three distinct
areas (Lewis, 1989):

e Coursekeeping (or steering): The important factor is to maintain a steady mean

course or heading.

e Maneuvering: The controlled change in the direction of motion, i.e., turning or
course changing. The important factors are the radius of turning motion and

the distance required to accomplish the change.

e Speed changing: Stopping and backing or speed reduction because of external
factors are the scenarios for speed changing. The important factors are rapidity

and the distance covered in accomplishing changes.
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Figure 1.1 : Closed-loop control system of a ship.

For conventional ships, coursekeeping and maneuvering may tend to work against
each other; an easy turning ship may be difficult to keep on course whereas a ship
which maintains course well may be hard to turn. The optimization is needed here in

order to ensure that the demanding requirements are satisfied.

Maneuvering requirements are a standart part of the contract between shipyard and
shipowner. Although the minimum requirements for all ships are specified by IMO
regulations, shipowners may introduce additional or more severe requirements for

certain ship types, e.g., tugs, ferries, exploration ships (Bertram, 2012).

1.1 Motivation

It is crucial to estimate the hydrodynamic performance of a floating vessel numerically
or experimentally. As known, the experimental methods are expensive and time
consuming. Also there are several uncertainties caused by the experimental
measurement equipments. Meanwhile, numerical methods are cost effective as
compared with the experiments and are quick-responding methods. In addition to this,
computational fluid dynamics (CFD) methods can be employed for both simulating

inviscid and viscous flows.



The course changing ability of the ship is an important maneuvering characteristic
especially for the surface combatants and is expressed by the turning circle maneuver
(Faltinsen, 2006). The need to a practical and quick-responding solution for the
assessment of ship-maneuvering performance at design stage encouraged the author to
use CFD methods to investigate the turning maneuvering performance of a surface
combatant. It is hoped that the presented study will contribute to the future studies in
the field of ship-maneuvering.

1.2 Purpose of Thesis

The objective of this research is to investigate turning maneuvering characteristics of
a surface combatant US Navy DDG51 by performing URANS simulations. The model
used for this purpose is DTMB 5512, a length of L=3.048 m and a geosim of DTMB
5415 for the US Navy DDG51. The model is un-appended except for port and
starboard bilge keels, i.e., not equipped with shaft, struts, propellers, or rudders as is
used in PMM model tests at IIHR (Yoon et al., 2015).

The hydrodynamic forces and moments acting on the hull are calculated with URANS
method and then are used to determine hydrodynamic forces. Finally, the
hydrodynamic derivatives including rudder terms are used to solve the simultaneous

differential equations of motion to simulate the turning maneuvering of DTMB 5512,

1.3 Scope of the Thesis

To assess the turning maneuvering performance of DTMB 5512, static PMM tests
have been conducted by using a commercial RANS solver in an unsteady manner.
Finite volume method (FVM) is used as a discretization technique. The fluid flow is
considered 3D, incompressible and fully turbulent. Free surface effect has been taken
into acount by using volume of fluid method (VOF). Since ship-maneuvering is
traditionally handled in calm water condition (Faltinsen, 2006), the free surface is
considered as calm water in the simulations. The grid independence study is performed
for 4 different grid quality. Two-equation turbulence models are compared with
eachother and appropriate model is chosen to be used in the rest of the simulations. To

investigate the effect of viscosity, several cases have been simulated both with



URANS and Euler methods and the results are compared with eachother and with the

available experimental data.

General PMM testing technique, which is recommended by FORCE, enables various
test conditions to be studied individually. These conditions are “static rudder”, “static
drift”, “static drift and rudder”, “static heel”, “static heel and drift”, “pure sway”, “pure
yaw”, “yaw and rudder”, “yaw and drift” and “yaw and heel” (DMI, 2000; Simonsen
et al., 2012). “Pure yaw”, “pure sway” and combinations with one of these tests are
harmonic tests where the ship model is forces to move in a certain trajectory. In the
remaining tests the ship model is fixed at a certain position, e.g., at an angle of attack

(static drift) or at a roll angle (static heel).

In this study, “static drift”, “static rudder” and “drift and rudder” ship model tests are
simulated with URANS method. Althought the heave, pitch and roll motions play
significant role for the assessment of seakeeping performance (Bhattacharyya, 1978),
e.g., investigation of transverse stability (Ucer, 2011), surge, sway and yaw motions
are considered in the first place for ship-maneuvering motions. Therefore, the turning
maneuvering motion is considered three degree of freedom. The heave, pitch and roll
motion equations have not been employed. The simulation cases are given in Chapter
4 in detail. The hydrodynamic forces and moments acting on the hull are calculated
with URANS method for each case, then are used to determine maneuvering
coefficients. The harmonic derivatives are used as described in Yoon (2009). The
hydrodynamic derivatives are put into the Abkowitz’s mathematical model (Abkowitz,
1964).

Finally, a computer program called as DYNEQNOMS is developed in MATLAB to
solve the simultaneous differential equations of motion to simulate the turning
maneuver of DTMB 5512. Turning maneuver performance parameters such as steady
turning diameter and tactical diameter are compared both with the available validation

data and empirical formulas.

1.4 Literature Review

Traditional perspective to predict ship-maneuvering has been either empirical methods
using databases or experimental model tests. Generally, empirical database methods

use mathematical model and hydrodynamic derivatives based on either empiricism or



mixed semi-theoretical and semi-empirical methods. In recent years, computational
fluid dynamics (CFD) based methods began to gain importance for investigating ship

maneuvering performance, for both viscous and inviscid fluid flows.

1.4.1 Overview of maneuvering prediction methods

The methods include the cross flow drag model (Hooft, 1994), database regression
methods such as, Norrbin (1971), Inoue, Hirano, and Kijima (1981) and Clarke et. al.
(1983), the Kijima method (Kijima et. al., 2003), and more recently the combined
slender body and the cross flow drag theories (Martinussen et. al., 2008 and Toxopeus
et. al., 2008). Most of the time, empirical database methods are relatively simple and
giving quick results. However, if principle dimensions of the ship handled are outside

the database, this method will not response in a healthy way.

Experimental ship model tests can be separated into free running model tests and
captive model tests (Lewis, 1989). In the free-running model test, a scaled model that
is self-propelled and self-steered model performs prespecified maneuvers such as
spiral, zig-zag, or turning maneuvers. In all types of model tests, free-running model
test is the closest to the reality, due to the fact that there is no mathematical modeling
or assumption to simplify the problem. Nevertheless, as yield only the final
results/information, free-running tests give less detail about the individual
maneuvering factors (such as, changes according to the steering angle of sway forces).
Recent studies to extract more information from free-running model testing results, so-
called the system identification method, show progress by using either mathematical
models (Oltmann, 2000; Viviani et al., 2003; Artyszuk, 2003; and Yoon et. al., 2003)
or a Neural Network logic (Moreira and Guedes Soares, 2003). The other ship model
test so-called captive model testing comprises planar motion mechanism (PMM) test
(Gertler, 1966, and Strom-Tejsen and Chislett, 1966), rotating arm test (or circular
motion mechanism, CMT) and oblique towing test. Captive model testing is conducted
according to various mathematical models developed for the ship motion equations, of

which hydrodynamic derivatives are determined experimentally.

In addition to traditional methods, in recent years, computational fluid dynamics
(CFD) based methods began to gain importance for computing hydrodynamic forces,
which are used to calculate maneuvering coefficients, for both viscous and inviscid

fluid flows. The steady flow characteristics around 3-dimensional cavitating or



noncavitating bodies are investigated by a nonlinear iterative boundary element
method (IBEM) which is based on Greens’s theorem (Bal, 2008a). Bal (2008b), used
an iterative boundary element method (IBEM) to predict the wave pattern and wave
resistance of surface piercing bodies. An iterative boundary element method (IBEM)
was developed to predict the flow characteristics such as; wave drag and lift, for both
2-D and 3-D cavitating hydrofoils and ship-like bodies moving with constant speed
under or on the free surface (Uslu and Bal, 2008). The wave deformations caused by
a point source moving under free surface have been investigated by boundary element
method (BEM) (Dogrul, 2015). Besides potential based studies, significant progress
has been made toward viscous flow calculations by applying Reynolds-averaged
Navier-Stokes (RANS) based CFD codes to static maneuvers (Tahara et. al., 2002;
Simonsen and Stern 2003; Toxopeus, 2006; Simonsen et. al., 2006; Bhushan et al.,
2007), to dynamic maneuvers (Kim and Rhee, 2002; Di Mascio and Broglia, 2003;
Broglia et. al., 2006; Sakamoto, 2009; Kim et. al., 2015), and to trajectories or more
direct six-degree-of-freedom (6-DOF) maneuvering predictions (Carrica and Stern,
2008), with generally good agreement with experimental data. The wave deformations
along the hull have been investigated for particularly high Froude numbers by using
RANS based CFD method (Dogrul and Celik, 2016).

The CFD simulations provide detailed information about the entire flow structure
around the hull. Forces and moments are computed during the simulations and then
they are used to determine maneuvering coefficients. There are some difficulties right
along with the advantages of URANS method such as; the implementation of complex
geometries, solving 6-DOF ship motions (needs huge computing capability) and
environmental effects etc. Moreover, RANS methods are required to be verified and
validated (V&V, Stern et al., 2001) to be reliable and accepted by end-users as a
solution tool for use in industry or the navy. Simulating the real world needs validation
data carried out from experiments. The lack of available experimental fluid dynamics
(EFD) validation data, especially for ship motions and maneuvering, makes it harder
for V&V of RANS solvers.

Recently, international workshops are organized via collaboration of related
institutions to meet the demand for EFD validation data. Researches about ship
maneuvering have focused on modern tanker (KVLCC1 and KVLCC2), Kriso
Container Ship (KCS), and US Navy surface combatant (DTMB 5415), which is



currently used in this study, hull forms as per the Gothenburg 2000 Workshop Larsson
et. al. (2003) and Kim et. al. (2001) provided steady-flow data for KVLCC2 and KCS.
For DTMB 5415, data procurement has been part of an international collaboration
between IIHR, INSEAN and DTMB, for more than 10 years (Yoon, 2009). After the
Gothenburg Workshop, SIMMAN 2008 Workshop was organized to discuss more
recent efforts. The purpose of the workshop was to benchmark the prediction
capabilities of different ship maneuvering simulation methods including the system-

based and CFD-based methods through comparisons with results.

1.4.2 24" ITTC MC

The 24" ITTC Maneuvering Committee (MC) reviewed state-of-the-art progress in
maneuvering predictios and categorized typical maneuvering prediction methods into

three groups (Figure 1.2):
e No Simulation
e System Based Simulation

e CFD Based Simulation methods.

' No Simula CFD Based Manceuvring
e Simulation

) Database Method Model Testing Computational methods
Trajectory/ Hydrodynamic Derivatives

| Full-scale Trial I ........................... : = i LS l BEE
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Free Model Tests

System Mathematical model
| Identification

ydrodynammec Denivatives,
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Derived manoeuvring parameters (advance, transfer, overshoots etc ) I; R HE

Figure 1.2 : Categorization of typical maneuvering prediction methods.

The No Simulation method needs no mathematical model. All maneuvering

parameters such as ship advance, transfer, tactical diameter and etc. are calculated by



using a database from full-scale ship trials or model-scale free-running model test by

measuring the ship trajectories.

Contrarily, the System Based Simulation method, simulates the ship trajectories by
solving the equations of motion. For this purpose, various mathematical models have
been developed up till today. One of the well-known mathematical model, which is

basis of this study, is Abkowitz’s Taylor series of expansion.
The System Based Simulation method includes:

e Database

e Model testing

e System identification method.

The databases of full and/or model scale test results are generally used to establish an
empirical formula or regression equations to obtain hydrodynamic derivatives
(Norrbin, 1971; Inoue et. al., 1981; Clarke et. al., 1983; Kijima et al., 1990 and 1993).
Besides, these empirical formulas and/or regression equations can be used together
with theoretical models such as the Japanese Mathematical Model Group (MMG)
model (Kijima et al., 1993) or the cross-flow drag model (Hooft, 1994).

Another method is model testing, which is divided into free-running and captive model
tests. The procedure for these model tests are well defined in the captive model test
procedure (ITTC, 2002) and free-running model test procedure (ITTC, 2014).

The CFD Based Simulation method gives opportunity to simulate the ship’s trajectory
as free-running model tests do and the captive model tests, which are based on
mathematical modeling of motion equations. This method is similar to the System
Based Simulation method in terms of calculating the hydrodynamic derivatives of the

mathematical models or to solve the motion equations directly.

1.4.3 IMO maneuvering standarts

The standart maneuvers should be performed without the use of any maneuvering aids

which are not continuously and readily available in normal operation (IMO, 1993).

In order to evaluate the performance of a ship, maneuvering trials should be conducted

to both port and starboard and at condifitons specified below:

e Deep, unrestricted water;



e Calm environment;
e Full load (summer load line draught), even keel condition;
e Steady approach at the test speed.

The maneuverability of the ship is considered satisfactory if the following criteria are

complied with:
a. Turning ability

The advance should not exceed 4.5 ship lengths (L) and the tactical diameter should

not exceed 5 ship lengths in the turning circle manoeuvre.
b. Initial turning ability

With application of 10° rudder angle to port/starboard, the ship should not have
travelled more than 2.5 ship lengths by the time the heading has changed by 10° from
original heading.

c. Yaw checking ability
The value of the first overshoot angle in the 10°/10° zig-zag test should not exceed:

i 10° if L/V is less than 10 s;
ii. 20° if L/V is 30 s or more;

iii. (5+1/2(L/V)) degrees if L/V 10 s or more, but less than 30 s, where L and
V are expressed in m and m/s, respectively.

The value of the second overshoot angle in the 10°/10° zig-zag test should not exceed:

i 25°if L/V is less than 10 s;

ii. 40° if L/V is 30 s or more;

iii. (17.5+0.75(L/V)) degrees if L/V 10 s or more, but less than 30 s.
The value of the first overshoot angle in the 20°/20° zig-zag test should not exceed
25°.

d. Stopping ability
The track reach in the full astearn stopping test should not exceed 15 ship lengths.
However, this value may be modified by the administration where ships of large

displacement make this criterion impracticable, but should in no case exceed 20 ship

lengths.






2. MATHEMATICAL MODEL

2.1 General Equations of Motion

The generalized 6-DOF rigid-body equations of motion in a body-fixed, non-inertial
frame of reference xyz that is moving relative to an Earth-fixed, inertial reference

frame x,Y,z, (Figure 2.1) can be derived as (Fossen, 1994):

m_U—vr+a)q—xG(q2+r2)+yG(pq—r')+zG(pr+q)]=X (2.1a)
m_\'/—cop+ur—yG(r2+p2)+zG(qr—p)+xG(qp+r‘):|:Y (2.1b)
m:a‘)—uq+vp—zG(p2+q2)+xG(rp—q)+yG(rq+p)}:z (2.1c)
Lp+(L, =1, )ar=(r+pg)l, +(r*=g®)I, +(pr—q)l
D+(1, =1 )ar = (¢ +pa)l, +(r* —a®) 1, +(pr-a)l, .19)

+m[ ys (@ -ugq+vp) -z (V-wp+ur)]=K

La+(1,—1,)rp—(p+ar)l, +(p> —r?)l, +(ap-1)1,

(2.1e)
+m| zg (U—Vr +@q) - X; (@—ug +vp) | =M

Lr+(1,=1,) pa—(a+rp)l,, +(q2— pz)lxy+(rq— )1,

(2.1f)
+m[ X; (V=wp+ur)—ys (U-vr+eq)]=N

The first three equations represent the translational motion; surge-x, sway-y and heave-

z while the last three equations represent the rotational motion; roll- ¢, pitch-6 and
yaw-y , respectively.

The origin of ship-fixed reference frame is located at the gravity center of the ship
(Figure 2.1). Right hand side of the 6-DOF equations of motion represents the forces

and moments; X, Y, Z are the external forces acting on the vessel and K, M, N are the

external angular moments respectively. m is the mass of the vesseland I, , I , I, are

the moments of inertia of the vessel wrt each axis. The center of gravity of the vessel

is given at the point defined with X;, Y. Z; on the earth-fixed reference frame.
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Figure 2.1 : Coordinate systems.

The translational velocities and accelerations are given below for each axes:

X=UuU —»surge velocity X=U —»surge acceleration

d
y=v —sway velocity ;—%—><y=v —sway acceleration

Z=w —heavevelocity Z=a —heave acceleration
The rotational velocities and accelerations are given below for each axes:

¢=p —rollrate . #=p —roll acceleration
0=q —pitchrate,—% {6 =¢ —>pitch acceleration

w=r —Yyawrate w =Ff —yaw acceleration

For surface ships moving on unbounded and calm water, forces and moments acting
on the hull are in the horizontal plane. Hence, the heave, roll and pitch motions can be

neglected such that w=p=q=@= p=¢=0. Due to symmetry of the vessel in the
xz-plane, y; =0. The equations of motion for surface ships take the following form

when these simplifications are made:

m(U—vr—xGrz):X (2.2a)
m(V+ur+x;f)=Y (2.2b)
I,F +mx (V+ur)=N (2.2c)

for surge, sway and yaw, respectively.

12



2.2 Equations of Ship Maneuvering Motion in a Moving Reference Frame

The basic equations of motion (2.1) are described using Newton’s second law of
motion. Basic equations in the horizontal plane can be established with two sets of
axes either. First set of axes is earth-fixed and the second one is ship-fixed.

Referring to the first axes fixed in the earth, the Newtonian equations of motion of the

ship are:
Xo = Aog (2.3a)
Yo = AVos (2.3b)
N =1y (2.3¢)

where the two dots above the symbols X.;, Yo and y indicate the second derivatives
of those values with respect to time, t. X, and Y, are total forces in x, and vy,
directions, respectively. A is mass of the ship (displacement tonnage). N represents
the total moment about an axis through the center of gravity of ship and parallel to the
z,-axis. |, is mass moment of inertia of ship about the z, -axis, and finally y indicates
yaw angle in the horizontal plane measured from the vertical x,z, plane to the x-axis
of the ship.

Althought the equations (2.3) are simple to use, expressing these equations in ship-

fixed moving reference frame is more convinient for a ship moving relative to earth-

fixed coordinate system.

In order to convert equations (2.3) from axes fixed in the earth to axes fixed in the

moving ship, the total forces X and Y inthe x and vy -directions, respectively, are

expressed in terms of X, and Y, (Lewis, 1989):

X =X, cosy —Y,siny (2.4a)

Y = X, siny +Y, cosy (2.4b)
likewise

Xog =UCOSY —Vsiny (2.5a)

Yoo =USINy +VCosy (2.5b)
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where the dot above the symbols indicates the first derivative of the related quantity
with respect to time, and u and v are the components of ship’s velocity V along x and

y , respectively. If one more derivative of equations (2.5) is taken, accelerations can

be written in the following forms:
Sos =UCOSY —Vsiny —(usiny +vcosy )y (2.6a)
Yoo = Usiny +Vcosy +(ucosy —vsiny )y (2.6h)

Substituting equation (2.6) in equation (2.3) and inserting the resulting values of X,

and Y, in equation (2.4) yields the following expressions:
X =A(U—-vy)
Y =A(V+uy)

The last two equations obtained and the third equation of (2.3) express the equations
of motin in the horizontal plane with the assumption of zero roll, pitch and heave.

Thus, 3-DOF equations of motion in the horizontal plane can be written as:

X =A(U—-vy) (2.7a)
Y = A(V+uy) (2.7b)
N =1,y (2.7¢)

As will be realised that equation (2.2) and (2.7) are the same except for the x location
of gravity is non-zero in equation (2.2). These two sets of equations are obtained in a
slightly different way. First set is come from the generalized equations of motion
making simplifications and assumptions. The second set is procured with writing the

Newton’s second law of motion for 3-DOF and performing coordinate transformation.

There is a small difference arising from additional terms, between the equation (2.3)
and (2.7). These terms are Avyy and Auy called as centrifugal-force terms which
result from the moving reference frame. In the earth-fixed axes, these terms are not

considered.

In the presented study, equations (2.7) is employed where the origin of the moving

reference frame is located at the center of gravity.
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2.3 Forces and Moments Acting on a Vessel During Maneuver

The left hand side of the equation (2.7) are represents the forces and moments built up
of four types of forces that act on a ship during a maneuver (Lewis, 1989):

e Hydrodynamic forces resulting from ship velocity and acceleration, rudder
deflection and propeller rotation.

e Inertial reaction forces caused by ship acceleration (this type of force can be
considered as the added mass in the seakeeping problems).

e Environmental forces due to wind, waves and currents.
e External forces such as tugs or thrusters.

The simple case of controllability is taken into account in this study. Hence, the last
two type of forces are not included in the calculations due to assumptions of

unbounded, deep and calm water (without wind, waves, current and external forces).

Hydrodynamic forces can be separated into two groups which arise from ship velocity
(damping forces) and ship accelerations (added mass forces). The inertial reactions
that are needed to balance the added mass forces called as d’Alembert forces and

moments.

The deflection of a rudder effects the ship indirectly on turning motion. When the
deflection begins, the rudder induces a moment that causes the ship to change its
trajectory and to have an angle of attack (leeway angle) to the direction of motion of
the center of gravity. Afterwards, hydrodynamic forces generated on the hull cause a
change of lateral movement of the center of gravity. During this motion, ship is
opposed by the inertial reactions. If the rudder remains at a fixed angle ¢, a steady
turning condition will evolve when hydrodynamic and inertial forces and moments

come into balance (Lewis, 1989).

2.4 Mathematical Model and Hydrodynamic Derivatives

There are two kinds of manner for expression of the hydrodynamic force and moment,
one is that introduced first by Prof. Martin A. Abkowitz from MIT in USA and the
other one is due to the Mathematical Modeling Group (MMG) from Japan (Yoshimura,
2005).
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In 1964, Prof. Abkowitz proposed a method for expression of the hydrodynamic forces
and moments acting on a ship by using the Taylor Series expansion. The hydrodynamic
forces and moments are expressed as functions of the kinematical parameters and the

rudder angle in the following form:

X =F, (u,v,r,u,v,r,6) (2.8a)
Y =F (u,v,r,u,v,f,6) (2.8b)
N=N (uv,ruvt,5s) (2.8c)

and then expanded in Taylor Series about the initial steady state of forward motion
with constant speed, i.e., u,=U, v, =0, u,=0, v, =0, =0, , =0, &, =0. It

results in:

X:XO+%(u—V)+%v+%r+%u+%\7+%r‘+%§
ou ov or ou ov or 00
2
1 %(u—V)+%v+%r+%u+%\7+%r’+%§} X (2.9a)
21| ou ov or ou ov or 00
ot %(u—v)+%v+%r+%u+%v+%r‘+%5 X +...
n'| ou ov or ou ov or 00
Y:YO+Q(U—V)+ﬂv+ﬂr+ﬁ'+ﬁ\7+ﬁr+ﬁ§
ou ov or ou ov or 00
2
+l ﬁ(u— )+ﬁv+ﬁr+ﬁu+ﬁ\7+ﬁf+ﬁ5} Y (2.9b)
2! ou ov or ou oV or 0o
+...+l ﬁ(u—V)+ﬁv+ﬁr+ﬁu+1\7+ﬂr+ﬁ5 Y +...
n'| ou ov or ou ov or 00
N:NO+@(u—V)+ﬁv+@r+ﬁu+ﬁ\7+ﬂr‘+@§
ou ov or ou oV or 00
2
+l ﬁ(u—V)+@v+@r+ﬁu+@\7+@r+@5} N (2.9¢c)
21l ou ov or ou oV or 0o
+...+l @(u—V)+®v+%r+ﬂu+ﬁv+ﬁr’+@5} N +
n'| ou ov or ou ov or 00
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X, Y, and N, are the steady state values X , Y, N, respectively . For a ship moving
forward at a constant speed, X, will be zero due to the balance between the total

resistance of ship and thrust T. The derivatives in equation (2.9) are called as
hydrodynamic derivatives. In the simplified derivative notation of SNAME

(Nomenclature, 1952) these derivatives can be expressed as:

X _y X _y X _y X _, X oX oX

o T T T T T s
°X *X

ou? “aveu W

9 e o

and so on. Substituting equation (2.9) into equation (2.7), the equations of ship
maneuvering motion yields the well-known Abkowitz model, or whole ship model

which is employed in this study to simulate turning maneuver of DTMB model 5415.

Abkowitz (1964) also proposed to use a 3™ -order Taylor Series expansion of the

equation (2.9) with the following additional assumptions:

a. Forces and moments have symmetry in xz -plane except for a constant force

and moment caused by the propeller, and

b. There are no second- or higher-order acceleration terms, and cross-coupling

between acceleration and velocity parameters is negligible,

as per re-stated by Strom-Tejsen and Chislett (1966). Considering these assumptions,
for small disturbances and at a constant forward speed, the Abkowitz’s mathematical

model takes the following form:

X =X, + XU+ X, (Au) + X, (Au)? + X, (Au)® + X V2 + X 1?
+X ;507 + X, V2 (AU) + X, 12 (AU) + X ;5,87 (AU) + X, vr (2.10a)
+X5VO + X 518 + X,V (AU) + X5, VO (AU) + X 5,8 (Au)

Y =Y, +Y,(Au) +Y,, (AU)® +Y,,, (AU)> + YV +Y,v+Y, Vv
+Y, V2 +Y, vr? +Y, 8% +Y, V(Au) + Y, V(AU)?
Y F Y r+Y, P+ Y v +Y 8% + Y, r(Au) (2.10b)
+Y, FAUY? +Y,8 +Y,558° + Yy, 002 + Y, 017

orr
+Y,,0(AU) + Y, 0 (AU)? + Y55, 0° (AU) + Y, V1S

uu vro
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N =N, + N, (Au) + N, (Au)?* + N, (Au)* + N,V + N v+ N v
+N,, V¥ + N, vr? + N ,v5% + N V(Au) + N, V(Au)?
+N P+ N r+N_ r®+N_rv+N,ré*+N,_ r(Au) (2.10c)
+N,, F(AU)? + NS + Ny 8° + Ny, 6V2 + Ny, Sr?
+N,,8(Au) + N, 5(AU)? + N, 8°(AU) + N, ,vr S

uuu

ouu 600U
where Au =u-V is the disturbance in surge velocity. The coefficients in equation
(2.10) are written according to simplified derivative notation of SNAME
(Nomenclature, 1952). Each coefficient represents a term in the Taylor Series
expansion, e.g.,
1 0°X _O*X
" 28(Au)? Y95V

To mention briefly, another mathematical model to represent the hydrodynamic forces
and moments was proposed by the Japanese Mathematical Modeling Group, IMMG,
in the late 1970s last century. In this expression the hydrodynamic forces and moments
are separated into several parts, such as; acting on the ship hull, the propeller and

rudder, respectively, in the following form:

X =X, + Xp + Xq (2.11a)
Y=Y, +Y, +Y, (2.11b)
N =N, +N,+N, (2.11c)

where the subscripts “H”, “P” and “R” denote the hull, the propeller and the rudder,
respectively. Substituting equation (2.11) into equation (2.7), yields the equations of
ship maneuvering motion. This kind of equations is called MMG model, or moduler
model (Yasukawa and Yoshimura, 2015). The forces and moments are generally

calculated by using empirical and/or theoretical formulas (Kijima et al., 1993).

2.5 Linear Equations of Ship Maneuvering Motion

In the Abkowitz’s mathematical model, Taylor series expansion involves higher order
terms. If the only linearized terms of the Taylor expansion are considered and higher
order terms are removed from the equation, consequently, linearized equations of ship

maneuvering motion without a rudder effect will take form as:
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A(u_w/)):XO+8_X(U_V)+6_Xv+8_Xr+6_)$U+8_)§V+8_)§r. (2.12a)
ou ov or ou oV or

A(V+uy)):YO+8—Y(u—V)+a—Yv+a—Yr+a—Yu+a—Y\7+a—Yr (2.12b)
ou ov or ou oV or
|Zl/7:NO+@(U—V)+ﬂV+@r+$U+ﬁV+ﬂI’ (2.12¢)
ou ov or ou oV or

Since the initial equilibrium condition is straight-line motion at constant speed, as
described in the Abkowitz’s mathematical model, there can be no Y-force acting on
the ship, and considering the xz- symmetry; X,, X,, X,, X,, Y,, Y,, N,, N,
derivatives are zero.

Using the notation of SNAME mentioned before and organizing equation (2.12), the

linear equations of ship maneuvering motion with moving reference frame in the

horizontal plane are:

—X,(U=V)+ (A= X, )i=0 (2.13a)
YV (A=Y, V=(Y, —AV)r—Y.r =0 (2.13b)
~N,V=NV-N.r+(l, —N,)f =0 (2.13¢)

2.5.1 Non-dimensionalization

In order to generalize the problem and to ease studying influence of parameters, it is
convenient to nondimensionalize the equation (2.13). The procedure follows the prime
system of SNAME (Nomenclature, 1952). According to this system, L, L/V and

1 pL°T are used as the dimensions for length, time and mass, respectively, where L
is the ship advance speed, o is the water density and T is the draft of the ship. Then,

some of the nondimensional parameters are given below:

A':yALB; (Au)':u\_/v —u'-1; v:\‘;—';;
2P
L rL , X , N
=y K=o =g (@14
Y, % pVALT 1 pV LT
T Yv . " Nr . T Nf
Yy VLT Ty VT " yplT
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2.5.2 Control forces and moments

Repeating the nondimensionalization procedure for related terms and neglecting the

surge equation, equation (2.13) becomes in nondimensional form:
Y V(A=Y (YL A=Y L =0 (2.15a)
N, v'=N', V'-=N' r'+(I',—-N")f'=0 (2.15b)

In the linearized equations of motion, it should not be overlooked that all of the terms
must include the effect of the ship’s rudder held at zero degrees (on the centreline).
Considering the effect of controls working on the path of a ship, on the other hand,
must include terms that express the control forces and moments created by rudder

deflection or any other control devices as functions of time (Lewis, 1989).

The rudder deflection creates two linearized components acting at the center of gravity

of the ship. The first one is y-component denoted by Y;o and the second one is the

moment created about the z -axis of the ship and denoted by N;o'.

There are some restrictions for the case of small perturbations, suchas Y, , N,, Y, and
N, which are evaluated at ¢ = 0assumed not to change at any rudder deflection and
for usual ship configurations Y, ~0 and N, = 0. Including the rudder force and

moment, the equations of motion become as follows:

n' =N, v=N'r'=N"& (2.16a)
A=Y V(Y ==Y S (2.16h)
where
n,=1,-N'\, =2l

2.5.3 Motion stability of a ship

Motion stability of a ship is associated with coursekeeping or stability of direction.
Assume that a vessel is in a stable condition, until an external force or moment disturb
it for an instant. After the disturbance factor released from the vessel, it tends to return

to the state of equilibrium existing before the body was disturbed. What is desired for
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motion stability of a ship is to return the original path after the disturbance factor is

cleared, without any intervention by the helmsman or automatic control (Lewis, 1989)
There are various kinds of motion stability associated with ships (Arentzen, 1960):

a. Straight-line stability (so-called dynamic stability)

b. Directional stability

c. Positional motion stability.

Before describing all cases of motion stability, assume that the ship is initially traveling
at constant speed along a straight course.

a. In the straight-line stability, the final path, after the disturbance factor

disappears, is also a straight-line but in a different direction of the first one.

b. Directional stability is divided into two different types. In the first type, the
final path has the same direction and possess straight-line as well as the first
one but in a different transverse position. The second one is the same as the

first but the ship doesn’t oscillate under the thumb of disturbance factor.

c. Positional motion stability may be the ideal stability for a ship that the ship not
only returns to its original path and possess straight-line but also has the same

transverse position relative to the surface of the earth.

Case b and c are more complicated that it is not possible for a ship to have these kinds
of motion stabilities without various degrees of automatic control. However, achieving
straight-line stability (case a) is more feasible for most ships which are steered

manually.

2.5.4 Controls-fixed stability

The equation (2.16) consists of two simultaneous differential equations of the first
order in two unknowns, the sway velocity v' and the yaw angular velocity r'. The
simultaneous solution of these two equations provide a stability criterion, which is

denoted by C, given below:
C=Y',N',=N'\(Y'-A) (2.17)

For the positive values of C, the ship is considered to have dynamic course stability.

Otherwise, it does not have.
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2.6 Physical Interpretation of Hydrodynamic Derivatives

Hydrodynamic derivatives are the change of hydrodynamic forces and moments
according to independent variables, such as u, v, § and u . Besides the value, the
sign of hydrodynamic derivatives are also important to define the characteristics. In
order to understand the physical meaning of hydrodynamic derivatives, e.g., linear
derivatives are treated.

Firstly, the derivative Y, will be considered. The mathematical definition is the rate of

change of Y -force with respect to acceleration v . In this condition, bow and stern will
be accelerated in the same direction, hence the inertial reaction forces will occure in

the negative y -direction. As a result, derivative Y, will always have a negative value.
For ship-shaped bodies with large length to beam (L / B) ratios, the magnitude of this
derivative is approximately equal to the ship’s displacement. In the same way, N, is

also always negative and has a large value approximately as I, .

In the case of Y, and N,, bow and stern reacting oppositely. Therefore, these

derivatives have a relatively small values of uncertain sign.

Derivative Y, has always negative value in a similar manner of Y,. For derivative N,

whether having a rudder has a great importance. This derivative has usually negative
value for ships without fins or rudders at the stern. However, if a rudder exists and

located at the stern of the ship, it will decrease the negativity of N, .

The effect of an angular velocity r on Y and N is that a positive r causes to a large

negative N,. On the other hand, positive r causes to a small positive or negative Y -

force (Y,). If the bow dominates, Y, has a negative value.

2.7 Determination of Hydrodynamic Derivatives

Hydrodynamic derivatives are determined from the captive model tests (ITTC, 2002).

The harmonic derivatives are calculated from the pure sway, pure yaw and yaw and

!

drift data. Derivatives such as  X,, X,,, X,, X, Ys, Yss, Ng and Ny, are

calculated from the static speed, static rudder, static drift and rudder and drift CFD

simulations. When the rate of change of X -force versus v is plotted and fitted by
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using a curve of 3™ -degree, then only the even powers of v will be considered and
the odd powers must be zero. This is also adopted for v,r,f and §. As aresult, X

is an even function of this variables, e.g.:

X(V)=a, +a,v> +a,v*+a,Vv® +.. (2.18a)
X(V)=a, +a,v’ +a,v*' +a,Vv°® +... (2.18b)
X(8)=a, +a,0° +3,0" +a,0° +... (2.18c)

The coefficients denoted by a, represents each term of Abkowitz’s Taylor Series
expansion, e.g., in equation (2.18a) a, = % X, . The point to be noted here is that the
a, calculated from the functions represents the hydrodynamic derivative multiplied

by Taylor Series coefficients. The expression of Abkowitz’s mathematical model also

has the same manner for simplicity.

The expressions of Y and N functions differ from X, in suchaway that Y and N

are odd functions of the variables mentions above, e.g.:
Y(V)=a, +aV' +a,v’ +a Vv +... (2.19a)

Y(0)=a, +a0 +a,0° +a,8° +... (2.19b)
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3. URANS METHOD

It is crucial to estimate the hydrodynamic performance of a floating vessel numerically or
experimentally. As is known, the experimental methods are expensive and time consuming.
Also there are several uncertainties caused by the experimental measurement equipments.
Meanwhile, numerical methods are cost effective as compared with the experiments and are
quick-responding methods. In addition to this, CFD method can be employed for both
simulating inviscid and viscous flows. These methods have been used in order to calculate the
hydrodynamic forces and moments acting on the ship.

As mentioned in Chapter 1, viscous effects play a significant role in ship maneuvering motions.
Starting from this point of view, well known computational fluid dynamics (CFD) technique
based on finite volume method (FVM) is preferred instead of the empirical/semi-empirical
approaches and theoretical calculations.

This chapter is divided into six sub-sections. In the first sub-section, the URANS method will
be introduced. In the second sub-section turbulence models will take part. Then, the finite
volume discretization technique will be explained. The Volume of Fluid (VOF) method will
follow and pressure and velocity coupling technique will be presented right after. Finally, the

solution methodology will be given.

3.1 Reynolds-averaged Navier-Stokes (RANS) Equations

A fluid element considered in a fluid motion must satisfy the conservation laws which are

governing all natural phenomena, given below:
e Conservation of mass
e Conservation of momentum
e Conservation of energy

Each law is represented with a spesific formula called governing equation. The continuity

equation for the mass conservation and the Navier-Stokes equations for the conservation of
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momentum, govern the 3D motion of the incompressible and viscous fluid. Continuity equation

can be represented by the following equation:
Dp
—+pV.V =0 3.1
ot FP 3.1)
The open form of continuity equation:
%0+V.Vp+pV.V :%O+V.(pV):O (3.2

The viscous flow calculations have been made assuming that the flow is 3D, incompressible,

transient and fully turbulent. For an incompressible flow, the rate of change of density p with
respect to time must be zero, i.e., p=const. This condition leads us to reduce continuity

equation to the following statement for incompressible fluid flow:
V.V =0 (3.3)

Navier-Stokes equations are given as follows:

Du 4 of —6—p+i{y(—3v.v +28_uﬂ

Dt = X ox ox 3 ox
(3.4a)
2l 2], of (om0
oyl “\ox "oy )| e | ek T a
Dv op a{ ( 2 avﬂ
p—=pf ——+—| u|—=VV+2—
Dt~V 3
t » o (3.4b)
Lo fv ouy 9 (0o v
x| ox oy )| ey e
Do _ o 0 2gy 4000
Por P 82+az[ﬂ( 3"V Zézﬂ
(3.4¢)
of (22,2, 2 (22,2
x| “ox T )| oy Yl ey T @

Considering the flow is incompressible with constant viscosity, Navier-Stokes equations can be

represented with a closed formula:

p%:—Vp+yV2V +pf (3.5
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In CFD simulations, the problem is recast as a system of equations for mean flow quantities,

such as mean velocity and pressure U, p, Reynolds stresses U;U;, instead of computing the

actual state of fluid flow. The results are obtained after averaging over many realizations. This
approach is called the Reynolds-averaged Navier-Stokes (RANS) method.

The RANS equations for the flow fields which are generated by applying the averaging
operation to the Navier-Stokes equations, described as (Zikanov, 2010):

aU a(U|UJ) aﬁ 2 aTij 6U
+ =+ Vo -—L — =0
P TP M T T ox.

J J

(3.6)

3.2 Turbulence Modeling

Solving the Reynolds-averaged Navier-Stokes equations coupled with a turbulence model is a
common approach used in recent engineering problems. Generally, the turbulence models are
employed when the flow is fully turbulent. The Navier-Stokes equations govern the velocity
and pressure of a fluid flow. In a turbulent flow, each of these quantities are separated into a

mean part (U) and a fluctuating part (u), e.g.,
U=U-+u' (3.7)

where the time-averaging velocity component is defined as:
_ 1"
U ==|Udt 3.8
= j (3.8)

where T is the averaging interval. In an unsteady flow, Ferziger and Peri¢ (2002) described the

following formula instead of time averaging:

N

G=1%0 (3.9)
N =

Although there are several types of RANS turbulence models, the most popular models, k — &
(Jones and Launder, 1972) and k — are used in the presented study. These models are also
called two-equation models. The main reason for the preference of two-equation models is that

they demand less computer resources than the other turbulence models.
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3.2.1 k- & turbulence model

The equations of this model are the transport equations for the turbulent kinetic energy k(x,t)

and the rate of viscous dissipation &(x,t). The dissipation rate, ¢ of the energy is written as:

(3.10)

where k is the kinetic energy of the flow and L is the length scale involved. The k—& is

related to the turbulent viscosity, v, based on the Prandtl mixing length model:

2

Vt = ,OC# ? (311)

where p is the density of the flow and C, is an empirical constant obtained from the

experimental data. Including this constant to the governing equations, the k equation of the

standart k — & model is written as:

o(pU .k : - oU. 4
o 2 _ 0 fv ok | dUifay, AU 10 (3.12)
OX; oX; | oy 0X; ox; | Ox;  0Ox; ) OX
and the ¢ equation:
o(pU . . - oU. . 2
Ui m :i V_t@ +C31£Vt 8U' 6U' + J 6U' _,OC,;Q g_ (313)
OX; oX; | 0, OX; k= ox; (| ox;  Ox; ) OX, k

The commonly used values of constant parameters in the equations are:

C,=009; C, =144; C,, =192; 6, =1.0; o, =13 (3.14)

3.2.2k-w SST turbulence model

The Shear Stress Transport (SST) k —» model was developed as an alternative to k —¢
model. The main purpose in the development of this method was to resolve the lack of k —&
model. Unlike the k —& model, in the SST k — wthe variable ¢ is replaced by the dissipation

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

Oy OX;

d(pU k) a*[vt ak] aui(aui aujjau
U———-= +V, +

o ox ox, | ox,  ox, |ox

]

L pko (3.15)

]
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and the o equation:

o(pU . : . oU. :
Ui—(p i) _ 0\ oo +a2y, U, 2y, + v, - B’ (3.16)
OX; OX; | 0, OX; k = ox; | ox;  OX; ) OX;
where:
Vv, = ,0E (3.17)
[0

3.3 Finite Volume Method (FVM)

The finite volume method (FVM) is a discretization technique for partial differential equations,
especially those that arise from physical conservation laws. These methods are mainly
employed for the numerical solution of problems in fluid mechanics where they were
introduced in the 1970s by McDonald, MacCormack, and Paullay. FVM uses a volume integral
formulation of the problem with a finite partitioning set of volumes to discretize the equations.
In general, the FVM involves the following steps:

1) Decomposition of the problem domain into control volumes,

2) Formulation of integral balance equations for each control volume,

3) Approximation of integrals by numerical integration,

4) Approximation of function values and derivatives by interpolation with nodal values,

5) Assembling and solution of discrete algebraic system.

3.4 Volume of Fluid (VOF) Method

The free surface flow problem is included to the CFD simulations by using Volume of Fluid
(VOF) method which is utilized by Eulerian fluid approach. The VOF method developed by
Hirt and Nichols (1981) is a fixed mesh technique designed for two or more fluids, where in
each cell of a mesh it is necessary to use only one value for each dependent variable defining
the fluid state (Fonfach, 2010).
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3.5 Segregated Flow Solver

The Segregated Flow solver is usually used for incompressible and mildly compressible flows.
This solver controls the solution update for the Segregated Flow model to the SIMPLE
algorithm (CD-adapco, 2014). It controls two additional solvers:

e Velocity solver
e Pressure solver

The algebraic multigrid parameters and under-relaxation factors can be set for each of these

solvers.

3.6 Solution Methodology

The main objective of the presented computational study is to investigate the turning
maneuvering performance of a surface combatant. According to the selected mathematical
model, evaluation of the hydrodynamic derivatives takes an important part since they are used

directly in the mathematical model to simulate definite ship maneuvers.

The hydrodynamic derivatives are calculated from a series of numerical simulations described
in Chapter 4 in detail. The derivatives arising from acceleration and angular velocity are taken
from the experimental data (Yoon, 2009). The rudder terms are also calculated numerically.
Then are used in the right hand side of the ship maneuvering motion equations to simulate the
turning circle maneuver. The simultaneous differential equations of motion are solved and the
turning maneuver is simulated (Figure 3.1). The turning performance parameters of the ship

model are compared with the available experimental data, linear model and empirical formulas.
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Figure 3.1 : Simulation of turning maneuver.
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4. COMPUTATIONAL RESULTS

It is crucial to compare the CFD simulation results with EFD validation data in terms
of accuracy of the study. In this chapter, numerical results are presented in an orderly
manner. Firstly, the grid independence study is introduced. Secondly, the effect of
turbulence model choice is presented. Then, hydrodynamic forces and moments take
place in comparison with EFD validation data. The viscous and inviscid analyses
results are also presented. Free surface deformations are examined afterwards. The
hydrodynamic derivatives obtained from numerical analyses follow. Finally, the
turning maneuver simulation results are presented in comparison with available

validation data.

4.1 Numerical Model

As previously mentioned, the computational fluid dynamics (CFD) method is used to
determine the hydrodynamic derivatives of DTMB model 5415. In this sub-section,
the numerical model is described in detail. Firstly, the geometric properties of the ship
model take place. The description of the problem and appropriate numerical setup is
given next. The simulation matrix is presented. The computational domain and grid
topology where the numerical analyses were done, are defined. Boundary conditions
that are given to identify the physical conditions at the boundaries of computational

domain take part.

4.1.1 Ship model geometry

The prefered model used in this study is DTMB 5512, a length of L=3.048 m and a
geosim of DTMB 5415 for the US Navy DDG51. The model is un-appended except
for port and starboard bilge keels, i.e., not equipped with shaft, struts, propellers, or

rudders Figure 4.1.

The ship speed is 20 knots (10.456 m/s) and so the model speed is 2.929 knots (1.531
m/s). The CFD simulations were performed for Fn=0.280 condition. Principal
particulars of DTMB model 5512 is given in Table 4.1 (SIMMAN, 2014).
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Figure 4.1 : DTMB 5415 geometry.
4.1.2 Simulation cases

It is appropriate to introduce the CFD simulation cases before giving the numerical
setup. Standart PMM tests consist of both static and dynamic captive model tests
(Gertler, 1967). To predict the turning maneuver characteristics of a surface
combatant, a series of static PMM model tests are performed. These tests are static
drift, static rudder and drift and rudder. In static drift tests, drift angle is changed from
0 to 20 degrees (Table 4.2).

Table 4.1 : DTMB model properties.

Main Full IIHR
Particulars Scale  model

Ler (M) 142  3.048
Lwe (M)  142.18 3.052
Bw. (m) 19.06  0.409
Bu(m) 20 0.429
T (m) 6.15  0.132
V(m®)  8424.4 0.084

Cs 0.507  0.507
Cwm 0821 0.821
S(m?)  2972.6 1.37
Fn 028  0.28

Similarly, in static rudder tests, rudder angle is switched from 0 to 35 degrees but drift
angle is fixed at O degree (Table 4.3). Drift and rudder tests are composed of static
drift and static rudder tests, i.e., drift and rudder angles are switched parametrically
(Table 4.4).
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Table 4.2 : Static drift simulation cases.

Test Drift Rudder
name angle (°) angle (°)

0 0

o oo b~ DN

Static
drift 10

12
16
20

O O O O O oo o o o

Table 4.3 : Static rudder simulation cases.

Drift angle  Rudder
) angle (°)
0 0

5

10

15

20

25

30

35

Test name

Static
rudder

O O O O O o o

Table 4.4 : Drift and rudder simulation cases.

Drift o

Test name angle (°) Rudder angle (°)
0 0,5,10, ..., 30,35

4 0,5,10, ..., 30,35

Drift and 8 0,5,10, ..., 30,35

rudder

12 0,5,10, ..., 30,35

16 0,5,10, ..., 30,35
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4.1.3 Grid topology and numerical setup

Static PMM tests (Table 4.2, Table 4.3 and Table 4.4) have been numerically simulated
by using a commercial RANS solver in an unsteady manner. The ship model is fixed
to sinkage and trim throughout the simulations as in the experiment (Yoon, 2009). The
fluid flow is considered as 3D, incompressible and fully turbulent. The k-¢ realizable
turbulence model is selected. The free surface effect has been taken into account by
including VOF method which is utilized by Eulerian fluid approach.

The computational domain and boundary conditions are illustrated in Figure 4.2. The
origin of the coordinate system is the intersection point of forward perpendicular and
base line. Hull surfaces are identified as non-slip walls. Front, top and bottom faces of
the computational domain are defined as velocity inlets. Side faces are assigned as
symmetry-planes and the back face is defined as pressure outlet. VOF waves are
defined at draft T=0.132 m as calm water.

Domain Tep

Dermain et

Figure 4.2 : Computational domain and boundary conditions.

The computational domain dimensions are given in Table 4.5. Upstream is in the
negative and downstream is in the positive x-direction. The top boundary distance

indicates the distance between top of domain and the origin of coordinate system.

Volumetric controls are used to refine the grid around the hull (Figure 4.3, Figure 4.4,
Figure 4.5). Mesh density is increased around the free surface to capture the wave

deformations well.
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Table 4.5 : Computational domain dimensions.

Domain dimensions (m)

Upstream 1.8Lsr 5.486
Downstream 3.6Lgp 10.973

Boundaries Top 1.6Lesp 4.877
Bottom  2.1Lsp 6.401

Transverse 2.4Lsp 7.315

Figure 4.3 : Grid topology: profile.

It is seen that triangular mesh refinements around the free surface gives almost the
same results with the rectangular ones. Considering the computational capability,

triangular mesh refinements are prefered for the simulations.

Figure 4.4 : Grid topology: top view.
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Figure 4.5 : Grid topology: x/L=0.2.
4.2 Grid Independence Study

The effects of grid quality on numerical results are investigated . For this purpose, grid
independence study is performed for f=10° static drift case. The numerical simulations
are repeated for different cell numbers. The finer grid is generated by multiplying base
size by the square root of two and the course grid is generated by dividing base size
by the square root of two. Notice that, the total number of cells doesn’t take a value of
the multiplication or division of two root two due to the volumetric controls. The
computational results of different grid qualities are compared with the available

experimental data (YYoon, 2009) and are given in Table 4.6.

Table 4.6 : Computational results of different grid qualities for 10° condition.

Grid Cell .
quality  Number

Finer 2,363,291 0.02016 0.06092 0.02301 3.13 4.66
Fine 1,124,926 0.02050 0.06002 0.02295 4.85 6.07
Coarse 568,844 0.02082 0.05813 0.02267 6.52 9.03
Coarser 310,977 0.02151 0.05927 0.02300 10.01 7.25

Y N' % €x % ey

38



Finer grid provided better results for computing forces and moments acting on the hull.
If the grid quality increase, results will converge to the EFD results. Figure 4.6, Figure
4.7, Figure 4.8 and Figure 4.9 show the grid topology for each grid quality.

<
il -
- $ﬁ++ SRRIaRS!
Figure 4.6 : Grid topology: finer.
HEEER
s

Figure 4.7 : Grid topology: fine.
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Figure 4.8 : Grid topology: coarse.

T
AT

Figure 4.9 : Grid topology: coarser.

The wave profiles of each grid quality at windward side for 10° static drift condition

are plotted and compared with each other (Figure 4.10).
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p=10°, Windward side, y/L.=-0.229
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Figure 4.10 : Wave cuts of different grids at windward side for p=10°.
4.3 The Effects of Turbulence Model

The effects of turbulence model are also investigated for f=2°, f=10° and f=12° static
drift cases. Two-equation models are compared with each other and with the EFD data
(Table 4.7).

Table 4.7 : Comparison of two-equation turbulence models.

Static Turbulence

drift model X Y N' Y% ex Y% ey % en
p=2° k-o SST 0,01870 0,01117 0,00515 15,77 26,26 11,89
p=2° k-¢ 0,01822 0,01134 0,00513 12,84 28,13 11,57

p=10° k- SST 0,02127 0,05930 0,02267 13,15 09,21 13,47
p=10° k-¢ 0,02050 0,06002 0,02295 9,08 10,54 1241
p=12° k-0 SST 0,02251 0,07049 0,02706 12,28 2,30 17,62
p=12° k-¢ 0,02163 0,07159 0,02713 7,90 0,77 17,42

Considering the overall table, the k-¢ turbulence model is seem to be more suitable for
the presented study. Surge forces and yaw moments are closer to the experimental data
with k-e. However, k-© SST gives better results in the calculation of sway force at

=2°and f=10° drift angles.
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4.4 Validation of Forces and Moments

Forces and moments acting on the gravity center of ship are computed for each case.

The mean values of these quantities are obtained from time-averages of numerical

results. The averaging operations were performed within the quasi-steady state

interval.

The unappended simulation results are compared with EFD validation data (Yoon,

2009) in Table 4.8. Then the percentage of errors are given in Table 4.9. Forces and

moments are given in the ship-fixed coordinate system. X’, Y’ and N’ indicate the

surge force (resistance), sway force and moment, respectively.

Table 4.8 : Comparison of computational and experimental results.

Test Drift

name  angle (°) X Y N’ X'erD Y'erD N'erD
0 0.01722 0.00000 0.00000 0.01600 0.00320 0.00100
2 0.01726 0.01124 0.00517 0.01615 0.00885 0.00460
6 0.01812 0.03211 0.01566 0.01735 0.02870 0.01500
) 9 0.01934 0.04688 0.02400 0.01845 0.04670 0.02310
S(;[ﬁ';ltc 10 0.02001 0.05183 0.02664 0.01880 0.05430 0.02620
11 0.02043 0.05754 0.02902 0.01955 0.06390 0.03000
12 0.02122 0.06303 0.03106 0.02005 0.07215 0.03285
16 0.02611 0.09372 0.03881 0.02385 0.10485 0.04490
20 0.03244 0.13059 0.04650 0.02750 0.14365 0.05530

Table 4.9 : The error of computational results.

Test Drift

name angle (°) ex% ey % en %
0 7.62% - i
2 6.85% 26.97% 12.48%
6  443% 11.87% 4.41%
_ 9  481% 038%  3.89%
S(’;f‘ltf'tc 10 6.42% 455%  1.68%
11 448% 9.96%  3.26%
12 586% 12.64% 5.46%
16 9.46%  10.61% 13.56%
20 17.96% 9.09%  15.91%

42



As seen in Table 4.9, computational results are agreeable with EFD data. It is observed
that the percentage of error decreases with the increase of drift angle for sway forces
where drift angle is less than 9°. Forces and moments obtained from numerical
analyses are plotted with EFD data (Yoon, 2009) in the following figures (Figure 4.11,
Figure 4.12 and Figure 4.13).
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Figure 4.11 : Comparison of CFD and EFD results for X".
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Figure 4.12 : Comparison of CFD and EFD results for Y*.
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N' moment -
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Figure 4.13 : Comparison of CFD and EFD results for N’.

Figure 4.11 shows that surge forces calculated numerically are slightly higher than the
EFD results. Sway forces also show good agreement especially for drift angles lower

than 11° (Figure 4.2). However, moment values increase significantly for drift angles

higher than 11° (Figure 4.3).

To calculate the rudder terms, numerical simulations of appended ship model are also

performed. The additional forces and moments acting on the hull due to the rudder are

given in Table 4.10.

Table 4.10 : Additional forces and moments due to the rudder.

10
DRIFT ANGLE (°)

an[;lrelefEO) AX' AY' AN'
0  0.0079 0.00000 0.00000
2 0.00097 0.00010 -0.00004
6  0.00077 0.00444 -0.00201
Rudder 9  0.00052 0.00730 -0.00329
force& 10  0.00049 0.00819 -0.00369
moment 11 0.00055 0.00858 -0.00381
12 0.00041 0.00856 -0.00393
16 0.00014 0.00950 -0.00524
20 -0.00006 0.01220 -0.00574
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Figure 4.14 and Figure 4.15 show the wall shear stress distribution on the hull and
rudders for 20° static drift condition.

Figure 4.14 : Shear stress on the hull for f=20° condition.

z

Ay

Figure 4.15 : Shear stress on the rudders with no deflection for f=20° condition.
4.5 Free Surface Deformation

As known, nonlinearities and flow separations increase with the increase of drift angle.
The accuracy of the analyses at higher drift angles must be examined. Hence, free
surface deformations for two different cases will be discussed in this section. These

are p=0° and p=20° static drift cases.



The first case is straight-ahead condition. Free surface deformation at the symmetry

plane can be seen in Figure 4.16. Deformations are observed at bow and aft. Free

surface tends to rise in positive z-direction around the wake and the bow.

Volume Fraction of Air
0.20000 0.40000 0.60000 0.80000

Figure 4.16 : Wave deformations at the symmetry-plane for f=0°.

The free surface wave contours are presented in Figure 4.17. Wave crests and wave
troughs are formed along the ship by turns. The Kelvin waves can also be observed
especially around midship and wake.

016E50 00052742 [0 : 3 [LOZESES [ 0AREAE

Figure 4.17 : Free surface wave contours at Fn=0.28 for =0°.
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The free surface deformations obtained from numerical analyses are compared with
the EFD validation data (Longo et. al., 2005) in Figure 4.18. The x-axes of this figure
is nondimensional ship length and y-axes is nondimensional transverse distance. The
wave elevation scale is located in the upper right corner of the figure. In this
comparison the locations of wave crest and wave trough take an important place. The
general trend of free surface waves can clearly be seen to be compatible with the EFD

data.

C: -0.005 -0003 -0.001 0001 0003 0005

06

y=0.232

y=0.082

Figure 4.18 : Wave deformations for =0° condition: CFD-top, EFD-bottom.

To make a more detailed investigation, a particular section is taken from the free
surface at y/L=0.082 for 0° drift angle case. The location of this section can be seen in
Figure 4.18. The wave profile on this section is plotted and compared with the EFD
validation data (Bhushan et al., 2015) in Figure 4.19. The x-axes and y-axes of the
wave profile figures are nondimensional x-position and nondimensional wave
elevation, respectively. Figure A.1 illustrates the turbulent kinetic energy and Figure
A.2 illustrates the vorticity magnitude on the sections taken around the ship and normal

to x-direction.

The general characteristics of numerical results show good agreement with the EFD

data. Free surface tends to rise in the front zone. Just behind the sonar dome, a wave
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trough is observed in both figures. A wave crest can also be noticed around the wake

where the flow is separated from the ship.

p=0°, y/L=0.082

0,010 4
e CFD
—+—EFD
0,005
~r 0,000
L ]
-0,005
-0,010 >
-0,25 0 025 05 _ 075 1 1,25 1,5

x/LL

Figure 4.19 : CFD and EFD wave profiles at y/L=0.082 for =0°.

The next case is S =20° static drift condition. Free surface tends to rise at the bow-

port side of the ship (Figure 4.20). The flow is separated at bow (Figure 4.23) and aft

and is tended to keep the initial direction.

Figure 4.20 : Wave deformations for 20° condition.
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Figure B.1 illustrates the turbulent kinetic energy and Figure B.2 illustrates the

vorticity magnitude on the sections taken around the ship and normal to x-direction.

06} EE T .

C -0.005 0003 0001 0001 0003 0005

| .

CFD results
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y=0212

y=-022%
y=-0.312
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-0.2 0 0.2 0.4 OXG 0.8 1 1.2 14

Figure 4.21 : Wave deformations for =20° condition: CFD-top, EFD-bottom.

The wave contours on the leeward side are agreeable with the EFD data. However,
windward side has some differences. Wave contours, which are calculated

numerically, on the windward side are shorter and more spread.
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To make a more detailed investigation, a particular section is taken from the free

surface at y/L=0.302 for 20° drift angle case. The location of this particular section

can be seen in Figure 4.21. The wave profile on this section is plotted and compared
with the EFD validation data (Figure 4.22). The x-axes and y-axes of the wave profile

figures are nondimensional

respectively.

x-position and nondimensional wave elevation,

p=20°, Leeward side, y/1.=0.302
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Figure 4.22 : CFD and EFD wave profiles at y/L=0.302 for =20°.

The general characteristics of numerical results show agreement with the EFD data.
Free surface tends to rise around the midship. A wave trough around the first quarter
and the last quarter of the ship is observed in both figures. Three wave crests can also

be noticed around the x/L=0.6, x/L=0.85 and x/L=1.30 positions.

Figure 4.23 illustrates the flow separation around sonar dome with vorticity magnitude

scalar.
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*Z Vorticity: Magnitude (/s)
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Figure 4.23 : The flow separation around sonardome for 3=20°.
4.6 Comparison of Viscous and Inviscid Models

The hydrodynamic forces and moments calculated both for viscous and inviscid flows

are shown in Table 4.11.

Table 4.11 : Comparison of viscous and inviscid flows.

Type S(’;f‘lt]!tc X' % N ex% ev%  en%

Viscous  p=0° 0.01801 0.00000 0.00000 12.56% - -
Inviscid  p=0° 0.00736 0.00000 0.00000 53.98% - -
Viscous p=10° 0.02050 0.06002 0.02295 9.03% 10.54% 12.41%
Inviscid p=10° 0.00972 0.05929 0.01983 48.31% 9.19% 24.31%
Viscous p=20° 0.03238 0.14280 0.04076 17.73% 0.59% 26.29%
Inviscid p=20° 0.02425 0.13586 0.04044 11.81% 5.42% 26.87%

The wave deformations for f=0° and p=20° are given in the following figures (Figure
4.24, Figure 4.25).
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Figure 4.24 : Viscous and inviscid wave profiles at y/L=0.082 for f=0°.
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Figure 4.25 : Viscous and inviscid wave profiles at y/L=-0.380 for =20°.
4.7 Hydrodynamic Derivatives

The forces and moments calculated from static PMM simulations are used to determine
the hydrodynamic derivatives.
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Table 4.12 : Hydrodynamic derivatives (drift and rudder).

Derivative Numerical Derivative Numerical Derivative Numerical

results results results
Xo' -0.0320 Yo' 0.2975 Nd' 0.1416
X590 0.3548 Yo' -0.2379 N666' -0.0303
Xvo' -1.1106 Y 560" -0.0928 Noéu' 4.9011
Xoou' 10.0370 Yov' 3.3048 Nodou' 34.9550
Yovv' -12.2940 Novv' 0.1985
Yvéo' -6.7551 Nvoo' 13.9600

You' -3.7854

Yédou' -12.5000

Table 4.13 : Hydrodynamic derivatives (static drift).

Numerical Yoon

Derivative el (2009) % er
X*' -0.0185  -0.0170 8.82
Xw' -0.1688 -0.1528  10.47
Yy -0.3970 -0.2961  34.08
Ywy' -2.0947  -1.9456 7.66
Nv' -0.1395 -0.1667 16.32
Nwwv' -0.0777 -0.4355 82.16

Table 4.14 shows the empirical hydrodynamic derivatives (Yilmaz, 2008) in

comparison with EFD validation data (Yoon, 2009) and numerical results.

Table 4.14 : Empirical hydrodynamic derivatives.

Derivati - Numerical EFD Norrbin Clarke Inoue Wag_ner Ankudinov
ve results Smitt
Yv' -0.3970  -0.2961 -0.0102 -0.0063 -0.0102 -0.0094  -0.0098
Yr' - -0.0485 0.0026 0.0027 0.0029 0.0019 0.0000
NV' -0.1395 -0.1667 -0.0036 -0.0036 -0.0038 -0.0037  -0.0043
Nr' - -0.0485 -0.0022 0.0092 -0.0571 -0.0012  -0.0020

4.8 Turning Maneuver Simulation

The turning maneuver simulation results of DTMB model 5415 will be given in this
section. A computer program called as DYNEQNOMS has been developed within this
thesis to solve the ship-maneuvering motion equations simultaneously according to the

Abkowitz’s mathematical model. The hydrodynamic derivatives calculated from the
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numerical analyses are put into the ship maneuvering simulator to simulate the turning
maneuver (Figure 4.26). Motion equations are written in matrix form and solved via
Gauss-Jordan Elimination method. The Euler method is used to calculate each velocity
components for the next time step. The time step is chosen as 2x1072.

MATHEMATICAL
MODEL

NUMERICAL
RESULTS

SHIP
MANEUVERING
SIMULATOR
VELOCITY TURNING RATE,
COMPONENTS OF HEADING AND DRIFT
TURNING MOTION ANGLES
A 4
TURNING
MANEUVER

PARAMETERS

Figure 4.26 : Ship maneuvering simulator diagram.

The computer program gives the turning maneuver parameters, e.g., velocity
components of turning motion, turning rate, heading angle and advance, as outputs.
Besides, the straight-line stability of DTMB 5512 is investigated.

Table 4.15 : Straight-line stability terms.

Straight-line stability

terms Quantity
m' 0.0058
Xg' 0.5052
YV' -0.3970
NV’ -0.1395
yYr -0.1970
Nr' -0.0704

p 997.5610
L 3.0480

Table 4.15 gives the terms which are used in stability index formula described in
Chapter 2. The straight-line stability index is calculated as C=0.00082. According to

mathematical model, positive stability index indicates that the ship has straight-line
stability.
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Figure 4.27 : Turning maneuver: yaw rate (left) and sway velocity (right).
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Figure 4.28 : Turning maneuver: axial velocity (left) and heading angle (right).
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Figure 4.29 : Turning maneuver: drift angle (left) and turning radius (right).
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Tuming Circle: Trajectory
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Figure 4.30 : Turning maneuver: trajectory.

The steady turning diameter is compared with the linear model and several empirical
formulations (Table 4.16). The tactical diameter is compared with the experimental

and numerical validation data (Table 4.17).

Table 4.16 : Steady turning diameter.

Linear model
Thieme
Schoenherr
Lyster & Knight
CFD

Steady Steady
turning turning
radius (m) diameter (m)
3.8025 7.6051
0.8039 1.6078
7.9681 15.936
7.5034 15.007
2.6506 5.3012

The nonlinear model estimates the steady turning diameter lower than linear model.

The selected empirical formulas were proposed for cargo ships and not suitable for

warships.



Table 4.17 shows that the numerical results are compitable with the available

numerical and experimental data (Stern et al., 2011).

Table 4.17 : Tactical diameter.

Tactical

diameter
CFD 4.79Lpp
FORCE PMM 4.05Lpp
MARIN - Free sailing ~ 4.55Lpp
MARIN - Sursim 2.6Lpp

IOWA RANS Cst RPM  4.6Lpp
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5. CONCLUSION AND DISCUSSION

The computational results show good agreement with the available EFD data. The
URANS method is found to be suitable for the presented ship-maneuvering problem.
The grid independence study shows that the finer grid gives the better results.
Although, k-w SST gives better results in the calculation of sway force at low drift
angles, k-¢ turbulence model gives more accurate results than k-w SST considering the
overall table. Therefore, k-¢ turbulence model is used for the analyses. Wave profiles
along the ship model are compatible with the experimental results. To investigate the
effect of viscosity, several cases have been simulated both with URANS and Euler
methods and the results are compared with each other and the available experimental
data. As expected Eulerian approach is insufficient for capturing the wave
deformations in the wake zone and for positive drift angles it may also be insufficient
along the hull. Besides, the hydrodynamic forces are computed with unexceptable
errors when compared with EFD data. Therefore the computations are performed for

viscous flow.

The hydrodynamic derivatives are calculated in a satisfactory manner for practical
applications. The derivatives arising from acceleration and angular velocity are taken
from the experimental data (Yoon, 2009). The rudder terms are also determined
numerically. Turning maneuver of DTMB model 5512 is simulated by custom
developed ship-maneuvering simulator called as DYNEQNOMS which is developed
in the scope of this study. The turning maneuver parameters are compared with

empirical formulas and available validation data and the results are promising.

In the future studies, the dynamic PMM tests will be simulated with URANS method
and maneuvering coefficients will be calculated including acceleration and angular
velocity terms. The heel effect on the turning maneuver will be taken into account. The
computational grid quality will be increased. Besides turning maneuver, the other
definite maneuvers, e.g., the zig-zag, spiral and pull-out maneuvers, will also be
simulated with the ship-maneuvering simulator. The maneuvering performance of

multihull vessels such as; catamaran, trimaran, will be investigated.
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APPENDIX A

(b)

(d)

(9)

Figure A.1 : Turbulent Kinetic energy (5=0°): (a) x/L=0.06. (b) x/L=0.1. (c)
x/L=0.12. (d) x/L=0.2. (e) x/L=0.3. (f) x/L=0.4. (g) x/L=0.6. (h) x/L=0.8.
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(h)



(b)

(d)

(9)

Figure A.2 : Vorticity magnitude (5=0°): (a) x/L=0.06. (b) x/L=0.1. (c) x/L=0.12.
(d) x/L=0.2. (e) x/L=0.3. (f) x/L=0.4. (g) x/L=0.6. (h) x/L=0.8.
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APPENDIX B

(9)

Figure B.1 : Turbulent kinetic energy (p=20°): (a) x/L=0.06. (b) x/L=0.1. (c)
x/L=0.12. (d) x/L=0.2. (e) x/L=0.3. (f) x/L=0.4. (g) x/L=0.6. (h) x/L=0.8.

71



(h)

(9)

Figure B.2 : Vorticity magnitude (8=20°): (a) x/L=0.06. (b) x/L=0.1. (c) x/L=0.12.
(d) x/L=0.2. (e) x/L=0.3. (f) x/L=0.4. (g) x/L=0.6. (h) x/L=0.8.
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